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ABSTRACT: Exfoliation into a 2D nanosheet structure can lead
to enhanced surface activity and unique optical and electronic
properties in polymeric carbon nitride (PCN). In this study, four
common exfoliation strategies (liquid ultrasonication, thermal
oxidation, hydrothermal oxidation, and chemical oxidation) were
adopted, and their effects on the structural and electronic changes
in PCN were analyzed in detail. This allows us to understand the
relationship between the exfoliation mechanism and the structural/
optical properties. Here, we demonstrate that the thermal and
ultrasonic exfoliation methods can effectively reduce the thickness
of PCN while preserving its original structure. In contrast, the
chemical and hydrothermal treatments can strongly affect the
morphology and structure of PCN, leading to a decreased
performance in phenol photodegradation. Therefore, depending on the employed exfoliation method, the surface area,
functionalization, band edge positions, charge carrier generation, and mobility are influenced differently up to the point where
semiconducting behavior is entirely lost. Our results allow conclusions about the applicability of the different exfoliation methods to
obtain distinct material properties for photocatalytic applications.
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B INTRODUCTION

Polymeric carbon nitride (PCN) is considered a desirable
photocatalytic material because of the abundant raw materials

to produce atomically thin PCN nanosheets, such as thermal
oxidation method,"” liquid-assisted ultrasonic method,'®
hydrothermal oxidation method,"” and chemical oxidation

and a suitable optical bandgap of 2.7 eV."” Numerous
photocatalytic reactions have been reported with PCN, such
as CO, photoreduction,” ™ water splitting,°"® pollutant
photodegradation,”™"" and selective synthesis of organic
compounds.'” However, due to the limited light absorption
ability, coupled with the rapid recombination rate of
photoinduced electron—hole pairs and low surface area, the
photocatalytic performance of unmodified PCN is poor and
unsatisfactory for industrial applications.'>"*

The fast development of exfoliation technologies for two-
dimensional (2D) materials offers a possibility to enhance the
photoactivity of PCN." Exfoliation enables the conversion of
three-dimensional materials into a 2D structure, with optical
and electronic properties that change greatly from those of the
pristine counterpart due to the quantum confinement of
electrons. The most typical example is graphite,'® where
exfoliation into a monolayer or a few layers of graphene gives a
wide range of different electronic, optical, mechanical, and
electrochemical properties. Motivated by the discovery of
graphene, a number of exfoliation methods have been adopted
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method.”® Several special methods have also been reported,
like the melamine-assisted method,”' steam reforming
method,”” and mechanical grinding method.*

Notably, different exfoliation methods have distinct effects
on the morphology and electronic structure of PCN.>* For
liquid-assisted ultrasonic exfoliation, the acoustic energy of
ultrasonic wave is transmitted to overcome the van der Waals
forces between the layers to obtain the nanosheets.””*°
Thermal oxidation etching of pristine PCN in air was first
reported by Niu et al. in 2012."” The in-plane hydrogen bonds
between the adjacent strands of polymeric melon units are
destroyed by the oxidation processes in air, which leads to a
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Figure 1. Schematic illustration of different exfoliation processes for synthesizing nanolayered PCN.

gradual decrease in the thickness of pristine PCN, achieving
nanoscale range through a layer-by-layer thermal etching
process. Additionally, inspired by graphene oxide, the treat-
ment of PCN with oxidizers, such as H,SO,, results in the
addition of hydroxyl and epoxide groups to the basal plane.””
The delamination mechanism in concentrated H,SO, is
mediated by its oxidation and protonation effect, along with
the exothermic effect after mixing with H,O. These effects
facilitate the cleavage of hydrogen bonds and structural defects
in PCN to produce small-sized fragments. Thus, PCN
nanosheets can be obtained via a range of methods, which
are suspected to result in a variety of physicochemical
properties, such as surface area, optical/electronic properties,
surface groups, structural defects, etc.

PCN nanosheets ideally consist of only single monolayers,
but they are often manifested as incompletely exfoliated flakes
comprising a small number (<10) of stacked monolayers.**
Previous studies have utilized high-speed centrifugation to
separate nanosheets from large particles; however, the principle
of the method relies on mass rather than thickness."”** As a
result, the final centrifuged PCN still contained a mixture of
nanosheets and small particles. Additionally, particles in their
bulk counterparts exhibit varying sizes and thicknesses. When
applying exfoliation to the bulk PCN, whole particle sizes will
gradually decrease,, i.e., large particles will exfoliate into small
particles, and small particles will exfoliate into nanometer-sized
moieties. The consequence of exfoliation is therefore a broader
size distribution, which is inevitable.

In this work, we did not adopt a centrifugation method to
separate the final product. Instead, we focus on examining the
changes in properties that occur as the overall particle size
decreases throughout the whole sample. Here, urea, an oxygen-
containing nitrogen-rich material, was chosen as the precursor
to synthesize pristine PCN through a thermal-condensation
method. In comparison to alternative precursors like melamine
or dicyandiamide, urea-derived PCN is usually more porous,
with a thinner thickness and a higher specific surface area.””
The PCN was then exfoliated or delaminated via four different
methods: liquid ultrasonication, thermal oxidation, hydro-
thermal oxidation, and chemical oxidation etching (Figure 1).
Through a series of characterization techniques, the differences
in the exfoliated PCN are presented, considering morphology,
crystal, and molecular structure, as well as optical and
electronic properties.

B RESULTS AND DISCUSSION

Process of Exfoliation of the Pristine PCN. Ideally, the
exfoliation of PCN results in the breaking of weak interlayer

van der Waals interactions and separation in a layer-by-layer
manner starting from the surface layer. Such layer-by-layer
exfoliation requires strong in-plane bonding via C—N covalent
interactions, which are optimized with an ideal C/N ratio of
0.75. In fact, the composition of PCN is usually closer to
C;N,;H, 5, with a hydrogen content of 1.5 wt % or more, and
the hydrogen atoms exist in the form of in-plane N—H--N
bond.”® Thus, during the chemical and physical exfoliation of
PCN, not only is the interlayer 7—x stacking broken but the in-
plane hydrogen bonding is also likely to be disrupted. Here,
density functional theory (DFT) calculations were conducted
to study the interlayer van der Waals interactions and in-plane
hydrogen bonds. We started from the interlayer van der Waals
interactions and determined it by layer-by-layer exfoliation of a
ten-layer hydrogen-bonding PCN model (Figure S1). The
interlayer energy per atom (72 atoms: C,,H;,N;() in the unit
cell, E,, was determined by the eq 1

E,—nxE
E, = (%)/72

(1)

where  is the number of layers in the model (i.e., 10), E,, is the
corresponding energy of the n-layer model, and E, is the
energy of the monolayer model. The average interlayer energy
E, is calculated as —0.03 eV/atom. The value is derived by
assuming that the interlayer interaction energy is equally
shared among all species.

After determining the interlayer energy, we analyze now the
in-plane hydrogen bonds (Figure S2). The energy of in-plane
hydrogen bonds (12H atoms in one unit) for the monolayer
model, Ey_y..y Was determined by the eq 2

En-m.n = [(Etotal + ZPEtotal) - (Eleft + ZPEleft)

— (g + ZPE)1/12 (2)
where E,, is the energy of the monolayer model, E,. is the
corresponding energy of the left fragment of the monolayer
model, and Eg, is the corresponding energy of the right
fragment of the monolayer model. The zero-point energies
were determined independently for each model to determine
the lowest energy state. The energy of a hydrogen bond
En_p.n is calculated as —0.30 eV per interaction, which is
significantly stronger than the interlayer van der Waals
interactions. This suggests that exfoliation will only occur
between the layers when the input energy is kept within the
range of —0.03 to —0.30 eV. If the input energy is sustained
above —0.30 eV, exfoliation will disrupt the interlayer
interactions as well as the in-plane hydrogen bonds. However,
at the current level of experimental exfoliation, the input
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Figure 4. AFM images and corresponding height profiles of pristine PCN (a), t-CN-6 (b), u-CN-16 (c), and c-CN-16 (d).
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Figure S. (a) XRD patterns and (b) DRIFTS spectra of differently exfoliated PCN.

energy transmitted through the medium to the material is
difficult to control and measure; furthermore, to make sure
exfoliation occurs, the input energy is usually much greater
than the minimum energy required to break interlayer
interactions. Therefore, two processes are expected to occur
during exfoliation, as depicted in Figure 2: (i) the breaking of
weaker 7—7 interactions between the layers and (ii) the
breaking of stronger in-plane hydrogen bonds between strands
of heptazine units. Theoretical elucidation of the exfoliation
process provides hints to help understand the structural and
electronic changes obtained from the experimental character-
ization.

Morphology and BET Surface Area. The morphology
and microstructure of exfoliated samples were investigated by
scanning electron microscopy (SEM). Pristine PCN exhibited
an irregular wrinkled morphology with an already thin
structure (Figure 3a). After thermal oxidation exfoliation, the
resulting t-CN displayed an ordered sheet-like morphology
with a soft and loose structure (Figures 3b and S6b). In the
case of c-CN, the wrinkled structure of PCN was fully
destroyed after chemical oxidation exfoliation (Figure 3c),
transforming into a dense block structure (Figures S6¢c and
S7). No pores can be observed on its surface. The morphology
of u-CN resembled that of pristine PCN, suggesting that the
original morphology of PCN has been largely preserved after
ultrasonication treatment. SEM images of h-CN (Figures 3e/f,
and S6e,f; the water-soluble samples were referred to as h-CN-
S12 and h-CN-S24) showed that the materials transformed
into large rod-like structures. To sum up, thermal, chemical,
and hydrothermal oxidation exfoliation strongly affected the
original structure of PCN, while ultrasonic exfoliation did not.

The thickness of the exfoliated PCN was evaluated using
atomic force microscopy (AFM). The average thickness of

pristine PCN (Figure 4a) was determined to be 3.9 nm
equivalent to approximately 13 monolayers, considering the
interlayer distance in the pristine PCN of about 0.320 nm.*
The thicknesses of t-CN-3 (Figure S8) and t-CN-6 (Figure 4b)
decreased to 3.2 nm (equivalent to 11 layers) and 2.8 nm
(equivalent to 10 layers), respectively. The AFM image in
Figure 4c shows that the thickness of u-CN-16 is 2.4 nm
(equivalent to 9 layers). The reduced thicknesses in t-CN and
u-CN confirm effective exfoliation by thermal and ultrasonic
treatments. A thinner nanostructure often provides materials
with a greater surface area, exposing more active sites for
catalytic reactions. For c-CN-16, the AFM image (Figure 4d)
exhibits flakes with much smaller sizes, most up to around 0.7
um, whereas its thickness increased to 4.2 nm (equivalent to
14 layers). This suggests that the chemical exfoliation of PCN
disrupted the surface hydrogen-bonding network, causing
aggregation into a block structure, consistent with the SEM
observation.

Figure S9 provides quantitative details of the Brunauer—
Emmett—Teller (BET) surface areas for all samples. The BET
surface area of t-CN-3 is calculated to be 131 m?* g_l, higher
than that of pristine PCN (103 m* g'). However, the specific
surface area of t-CN-6 did not increase further but decreased
to 92 m* ¢! due to the denser packing structure caused by
excessive thermal exfoliation. A similar trend occurred also in
the u-CN samples. The surface area of u-CN-8 is similar to
pristine CN, but that of u-CN-16 decreased to 91 m* g~'. After
chemical exfoliation, to our surprise, the BET surface areas of
¢-CN-8 and ¢-CN-16 plummeted to 7 and 13 m’® g7/,
respectively. This is due to the destruction of the porous
structure caused by the oxidation effect of H,SO,. Similarly,
the BET surface area of all h-CN samples dropped below 10
m?* g™, Therefore, except for t-CN-3, the BET surface areas of
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Figure 6. XPS survey spectra (a) and high-resolution XPS spectra of Cls (b) and N1s (c) of differently exfoliated PCN.

all other exfoliated samples did not increase as desired and
even badly decreased.

Crystal Structure, Surface Group, and Structural
Defects. Powder X-ray diffraction (XRD) was conducted to
identify the present phases and gain insights into their crystal
structures. For u-CN (Figure Sa), the positions and intensities
of the main diffraction reflexes are similar to those of pristine
PCN, indicating that the original crystal structure of PCN is
well retained. The strong (002) reflex at 27.7° and weak (210)
reflex at 12.8° are attributed to the interlayer 7—n stacking
structure of heptazine units (C¢N;) and in-planar repeats
between heptazine units, respectively.‘n’32 However, the
relative intensity of the (002) reflex of c-CN becomes weaker
and broader and its (210) reflex is missing. These changes
demonstrate that the crystallite size along the (002) direction
is decreasing and the lattice-like structure along the (210)
direction is disappearing, providing evidence of exfoliation. In
contrast, the (002) reflex intensity for t-CN becomes
significantly higher than that of pristine PCN due to its
increased crystallinity.”® The most significant change occurred
in the h-CN samples. For h-CN-12 and h-CN-24, the
intensities of the (002) reflex decrease over time, and the
(210) reflex disappears and is replaced by a new and sharp
reflex at 10.7°, proving the complete decomposition of PCN by
the time applying high pressure and temperature and
conversion into a new compound. The newly formed
compound was assigned to the supramolecular derivatives,
which is a complex of melamine and cyanuric acid, containing
hydrogen bonding.”** With respect to the soluble samples h-
CN-S12 and h-CN-S24, the diffraction reflexes were indexed to
the melamine.®® Therefore, it is certain that the hydrothermal
treatment has a significant decomposition effect on the crystal
structure of PCN and thus possibly destroys its 7-delocalized
electronic system. Consequently, the photocatalytic activity
could be lost. On the basis of XRD analysis, we conclude that

the 2D conjugated structures of PCN are well maintained after
liquid ultrasonic exfoliation, while thermal oxidation and
chemical oxidation strongly affect the crystal structure of
PCN. Certainly, the most destructive method is hydrothermal
oxidation.

The potential change in molecular structure was evaluated
by DRIFTS. As depicted in Figure Sb, the characteristic
DRIFTS spectra of t-CN and u-CN closely resemble those of
the pristine PCN, suggesting that the original PCN backbone
remained the same. The broad peak at 3500—3000 cm™’ is
assigned to the stretching modes of the N—H, N—H,, and O—
H stretches.”*** The strong bands in 1700—1200 cm™
correspond to the stretching and bending modes of the
heptazine heterocyclic ring. The sharper band at 821 cm™
belongs to the typical heptazine breathing mode.*” However,
upon chemical oxidation exfoliation, ¢-CN exhibits a
broadened band in 3500—3000 cm™' due to the increase in
oxygen-containing groups, as further confirmed by CHNS and
XPS elemental analysis (Table S2). At the same time, the
weakened peaks in 1700—1200 and 821 cm™ indicate the
partial fracture of heptazine units after treatment with H,SO,,
leading to a less ordered in-plane structural packing motif.””*>
Obviously, the molecular structures of h-CN-12 and h-CN-24
are no longer identical to PCN, aligning with the observation
of XRD. The newly emerged band at 1794 cm™ is attributed
to the formation of carbonyl groups. In h-CN-S12 and h-CN-
S24, we observed discernible and additional absorption peaks
of melamine. Specifically, the two distinct bands at 3471 and
3426 cm™ are assigned to the stretching vibrations of the N—
H in the terminal amine group. The band at 782 cm™ is the
typical absorption of the melamine structure, attributed to the
bending and stretching vibrations of C—N heterocycles.”

XPS was used to further probe the changes in the chemical
states of C, N, and O. As displayed in the survey spectra
(Figure 6a), the relative intensities of the O 1s atoms for c-CN
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Figure 7. (a) '3C CPMAS NMR spectra at 8 kHz, recorded with the near-quantitative multi-CP sequence,*” and (b) "H MAS NMR at 60 kHz
rotational frequency of differently exfoliated PCN. * Mark an impurity signal from isopropanol. (c) Chemical structures of heptazine unit. * Atomic
connectivity to the next heptazine unit. (d) EPR spectra of differently exfoliated PCN with (red line) and without (black line) the light (>420 nm)

irradiation.

and h-CN were much stronger than that of pristine PCN,
especially for h-CN, confirming the presence of a higher
concentration of surface O atoms within the material. The
high-resolution C 1s spectrum (Figure 6b) of pristine PCN,
ranging from 281.8 to 298.1 eV, was resolved into four peaks
located at 289.8, 288.3, 286.4, and 284.6 eV, assigned to N=
C—-0, N-C=N, N—(C);, and C—C bonds, respectively.***'
For h-CN-12 and h-CN-24, the binding energy of N—=C—N is
positively shifted compared to that of pristine PCN due to the
introduction of O atoms with higher electronegativity in the
aromatic CN heterocycles (Allen electronegativity: O = 3.6, N
= 3.1, C = 2.5). Additionally, the relative peak area of N—=C—
O for t-CN-3 and ¢-CN-8 is significantly larger than pristine
PCN, whereas N—=C—N is smaller (Table S3). This result is
reasonable because part of the N—=C—N was oxidized to the
N=C-O. The loss of nitrogen atoms was further confirmed
by comparing the surface C/N atomic ratios before and after
the treatments. The surface C/N atomic ratios for ¢-CN-16
and t-CN-6 increased to 0.82 and 0.80 (Table S2),
respectively, which are higher than that of pristine PCN of
0.70. The decrease in N content and the increase in the level of
O content confirmed that the aromatic CN heterocycles were
oxidized during the thermal and chemical treatments.

For the N 1s XPS spectrum, there are no obvious binding
energy shifts of N 1s core electrons in t-CN, c-CN, and u-CN.
The large peak, ranging from 396.4 to 402.7 eV, can be
deconvoluted into three peaks (Figure 6c). The peaks at
binding energies of 398.8, 400.1, and 401.2 eV correspond to
the sp> C=N—C bonds in the tri-s-triazine (pyridinic N), sp*
tertiary nitrogen N—(C), groups, and amino functions carrying
hydrogen (C—N—H), respectively.”” The small peak located at
404.6 eV is attributed to the charging effect or 7z electrons
delocalization in heterocycles.”> For h-CN-12, the binding
energies of C—N—H and N—(C); are all positively shifted
(Table S4). In contrast, the binding energies of C—N—H, N—
(C)3;, and C=N-C in h-CN-S12 are all negatively shifted.
Such binding energy shift of N 1s and C 1s core electrons in h-
CN-12 and h-CN-S12 is caused by the decomposition of the
heptazine unit and the introduction of surface oxygen-
containing groups.g’44

Solid-state nuclear magnetic resonance (NMR) spectrosco-
py was employed to further elucidate the compositional and
structural changes in the exfoliated samples. In the *C NMR
spectrum (Figure 7a), two peaks appeared at about 165 ppm
(C1/C1’) and 157 ppm (C2), corresponding to heptazine
units (Figure 7¢) and in agreement with a previous report.45
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The signal at 163—165 ppm can be further divided into two
carbon environments: the carbon atom near an NH, group
(C1’ at 165 ppm) and the carbon atom near a bridging —-NH—
nitrogen atom (Cl at 163 ppm). Another signal at 157 ppm
(C2) is assigned to carbon atoms that are bonded to three
non-hydrogen-carrying nitrogen atoms. The presence of two
3C NMR signals in t-CN-6, ¢-CN-16, and u-CN-16 is
consistent with that of PCN, indicating the maintenance of
heptazine units. The shift of the center of weight of the C1/
C1’ peak in c-CN-16 is attributed to a relative increase in the
Cl (R,—NH) contribution, suggesting that the edge —NH,
group was destroyed. The h-CN-24 and h-CN-S24 have
different spectral fingerprints, indicating that partial oxidation
of the aromatic system could lead to deshielding (downfield
shift). Specifically, the observed two signals in h-CN-S24 at
167.6 and 169.3 ppm suggest the formation of a melamine
structure.*® Additional evidence of the modification of PCN
comes from 'H MAS NMR spectra (Figure 7b). The profiles
are similar, with the main features at 9.2 and 4.2 ppm; the
former is assigned to the hydrogen-bonded NH, group, and
the latter is assigned to NH, substituents lacking hydrogen
bonds. The increased peak intensity at S ppm in ¢-CN-16 can
be assigned to the OH groups arising from the oxidation of
heptazine units. The significantly lower intensity of the peak at
9 ppm indicates the decrease of the edge —NH, group,
consistent with the observation from *C MAS NMR spectra.
The signal appearing at about 7 ppm in the spectra of h-CN-
S24 is attributed to NH;*, which could explain its water
solubility. The peak at 15 ppm in the spectra of h-CN-524
could point to the presence of keto-imines, originating from
the oxidation of melamine. This tentative keto-imine peak was
also observed in h-CN-24, which provides further support for
the formation of supramolecular complexes.

Further evidence of structural changes in the exfoliated PCN
was obtained by in situ EPR spectroscopy. As shown in Figure
7d, an EPR signal with a g value of 2.0038 was observed in
PCN, t-CN-6, c-CN-16, and u-CN-16. This signal is attributed
to the unpaired electrons on the sp>-carbon atoms inside the 7-
conjugated C;N, network.”® With further visible light
irradiation, an enhanced EPR signal was found, suggesting
the generation of more free electrons as a result of the light

irradiation.” However, in h-CN-24 and h-CN-S24, this signal
is not present, indicating the absence of free charge carriers
due to decomposition of the 7-conjugated C;N, network.

Optical and Electronic Properties. The optical absorp-
tion properties of the exfoliated PCN were investigated by
UV—vis DRS. As shown in Figure S10, there are no obvious
shifts of light absorption edges in t-CN, ¢-CN, and u-CN
compared to pristine PCN. However, evaluation of the spectra
of h-CN revealed an apparent decrease in absorbance and a
blue-shift in absorption edge over time. The corresponding
optical bandgaps of pristine PCN and exfoliated PCN were
estimated from the Tauc plot,” as shown in Figure S10c. In
combination with the flat band potential (versus Ag/AgCl at
pH 6.6), this potential was estimated by Mott—Schottky plots
(Figure S11), and the electronic band structures of exfoliated
PCN are calculated and illustrated in Figure 8. We found that
the highest occupied molecular orbital (HOMO) potential of
t-CN exhibits an upward shift with increasing exfoliation time.
Conversely, the HOMO potential of c-CN shows a downward
trend. The HOMO and lowest unoccupied molecular orbital
potentials (LUMO) of u-CN are considered the same as
pristine PCN.

The shift trends of the valence band (VB) edge in t-CN and
c-CN were further proven by VB XPS spectra (Figure S12).
The VB potential of t-CN-6 is 2.56 eV, which shows a
noticeable upshift compared to pristine PCN (2.67 eV). On
the contrary, the VB edge of c-CN shifted progressively
downward with increasing exfoliation time. Thus, chemical
exfoliation could result in a downward shift in the potential of
VB and CB edges. The resulting c-CN possesses a higher
thermodynamic driving force for photooxidation reactions of
the photogenerated holes but weakens the photoreduction
ability of electrons. In contrast, thermal exfoliation could lead
to the potential of VB and CB edges of PCN upward, thus
improving the photoreduction ability of electrons but reducing
the photooxidation ability of holes. Due to the lack of free
charge carriers in h-CN (confirmed by EPR), its band structure
is not discussed.

Charge-Carrier Separation and Transport. Photo-
current response was performed to evaluate the charge transfer
behaviors (Figure 9a). It is generally acknowledged that the

https://doi.org/10.1021/acsanm.4c00133
ACS Appl. Nano Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c00133/suppl_file/an4c00133_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c00133/suppl_file/an4c00133_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c00133/suppl_file/an4c00133_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c00133/suppl_file/an4c00133_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00133?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00133?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00133?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00133?fig=fig8&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c00133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

a —4.0x10°¢
r\ —PCN
~3.5%10 o t-CN-3
™ ——t-CN-6
~=3.0x10 h ¢-CN-8
s ™ ¢-CN-16
§ —2.5x107 u-CN-8
g u-CN-16
“ -2.0x10 ——— h-CN-12
- ——— h-CN-24
S -1.5x10
1S
-
=
© _1.0x10° 4 m
—5.0x1077 < . §
=
0‘0 T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280
Time (s)
C 1.0 . C— —— - - y
I 1 —— -
—
og ] Blank N\ ¥
© | —e—rcN
#— -CN-3
0.6 7 t-CN-6
s 4—c-CN-8
S <— ¢-CN-16
0.4 > u-CN-8 ~
@—u-CN-16
h-CN-12 s
0.2 h-CN-S12
h-CN-24
h-CN-S24 ~
0.0 ~u

T T T T T T T T T T
-30 0 30 60 9 120 150 180 210 240

Time (min)

b
—PCN
t-CN-3
——— t-CN-6
¢-CN-8
- ¢-CN-16
2 u-CN-8
> u-CN-16
"2’ h-CN-12
] ——— h-CN-S12
= h-CN-24
———h-CN-S24
400 4;0 S(I)o 5;0 6(I)0 650
Wavelength (nm)
d 0.010
0.008 -
T:
.E
= 0.006 -
E
S 0.004-
9
2
&
0.002
0.000 | l
Blank PCN t-CN ¢-CN u-CN h-CN

Figure 9. (a) Transient photocurrent (I—T) curves and (b) PL (emission) spectra of differently exfoliated PCN. (c) Photocatalytic activity and (d)
pseudo-first-order rate constants of phenol degradation with differently exfoliated PCN.

higher photocurrent intensity means elevated photoelectric
conversion eﬂ‘iciency.51 In comparison with pristine PCN, the
photocurrent intensity remains the same in u-CN, while a
significant drop in intensity is observed in c-CN and h-CN.
This suggests that the generation of photoexcited electrons is
suppressed after chemical and hydrothermal treatments.
Conversely, we observed a considerable enhancement in
photocurrent with increasing exfoliation time in t-CN,
suggesting a higher light utilization efficiency compared to
pristine PCN.>” The photocurrent density of t-CN-6 was about
2 times higher than that of pristine PCN. Notably, under light
irradiation, the photocurrent of t-CN-3 gradually increased
until reaching its maximum. A similar photocurrent curve is
also observed in pristine PCN and u-CN. In contrast, for t-CN-
6, the initial illumination produced a large photocurrent and
then dropped to form a small spike, which might be due to the
rapid recombination of photoinduced electron—hole pairs.”
Figure 9b shows the photoluminescence (PL) spectra of the
differently exfoliated PCN. Upon excitation at 365 nm, the
PCN generates a PL spectrum in the range of 400—650 nm,
with a main emission peak at 468 nm. All t-CN, c-CN, and u-
CN show an enhanced PL intensity compared to that of
pristine PCN, and their intensities further increase over the
exfoliation time. This indicates the suppressed separation
efficiency of charge carrier after exfoliation.'”** Thus, thermal
exfoliation promoted the generation of photoexcited electrons
but also resulted in a high charge-carrier recombination. In

addition, ¢-CN exhibits a blue-shift of 30 nm due to the
quantum confinement effect caused by the decreased size.”’
Same as the above photocurrent analysis, due to the low
charge-carrier generation, a weak PL signal was observed in h-
CN.

Photocatalytic Performance and Mechanism. The
visible-light photodegradation of phenol was used to determine
the activity of the exfoliated PCN samples. The reaction
kinetics are modeled by the pseudo-first-order kinetics model:
In (c/cy) = —kt, where ¢, and c are the initial concentration and
instant concentration at reaction time t, and k is the rate
constant. As shown in Figure 9¢,d, t-CN-3 shows the highest
rate constant (0.0088 min~"), which is the one higher than the
pristine PCN (0.0085 min™"). However, the rate constant of t-
CN-6 is decreased to 0.0037 min™", which is only half that of t-
CN-3. The decreased activity might be due to the high
electron—hole recombination rate, pointing out the negative
effects of excessive exfoliation. A similar trend was observed in
the c-CN, u-CN, and h-CN samples. It is worth mentioning
here that in our test, the t-CN and u-CN are still highly active
for the reaction, while for ¢-CN and h-CN, the activity is
reduced by 90%, which is due to their low surface area and
poor generation rate of photoexcited electrons.

To understand the mechanism of phenol photodegradation,
we performed DMPO spin-trapping EPR measurements. It is
known that the EPR can be used to verify the formation of
reactive radicals. As illustrated in Figure S16, the distinguish-
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able DMPO-OH was detected in pristine PCN, indicating the
formation of -OH radicals under visible-light irradiation. The
HOMO level of PCN is 2.49 V (vs NHE), which is more
positive than those of -OH/OH™ (1.99 V vs NHE) and -OH/
H,O (2.31 V vs NHE), and the production of -OH is allowed.
However, the -OH radical generation ability in ¢-CN-16 and u-
CN-16 has deteriorated. Instead, the signal of photoexcited
electrons from VB to CB in the bulk can be observed,
indicating that the electrons are mostly captured by the bulk,
and only a few electrons are able to reach the surface and react
with H,O to generate the -OH radical. Similarly, the -OH
signal intensity in t-CN-6 slightly decreased compared to
pristine PCN. This decrease is caused by the fast
recombination of charge carriers in the bulk. For the best-
performing sample t-CN-3, except for the *OH radical, an
additional *O,” radical was observed (Figure S17). Accord-
ingly, the related flat band potential of t-CN-3 is —0.49 V (vs
NHE), which is more negative than the standard potential of
0,/°0,” (-0.18 V vs NHE), and thereby °O,” can be
thermodynamically generated.

B CONCLUSIONS

In summary, the PCN nanosheets prepared by four different
exfoliation methods exhibit varying morphologies and band
structures. Our approach of not separating different fractions of
the exfoliated product allowed us to unravel the mechanisms
by which the size reduction occurs. While it has been
anticipated that exfoliation is necessarily associated with partial
destruction of the internal order in the pristine PCN, there are
surprising deviations between the various exfoliation methods.
The hydrothermal route destroyed the extended structure
almost completely, leading to the formation of melamine units
and hardly any retained semiconductor properties. Chemical
exfoliation retains the semiconducting properties of the PCN;
however, a decreased performance is observed due to
disruption of the original porous structure. Thermal and
ultrasonic exfoliation methods demonstrated effectiveness in
reducing the thickness of PCN while preserving the original
structure. Notably, only the thermally exfoliated PCN
exhibited better activity than the pristine PCN, and controlling
the exfoliation time is vital. The negative shift of the band
edges and the additional formation of superoxide radicals may
play a decisive role here. It is important to note that always two
processes will occur during the exfoliation process that affect
the PCN structure: one is to overcome the interlayer van der
Waals forces, and the other is the rupture of in-plane hydrogen
bonds. Therefore, the preparation of PCN nanosheets without
any fragmentation remains a great challenge. This work
provides a comprehensive understanding of PCN exfoliation,
which would serve as valuable guidance for the future design of
PCN nanosheets for photocatalytic applications.
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