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Atomically thin two-dimensional nanosheets of nitrogen-rich
C3N4.8 CsNg, and C3N; are synthesized by sonochemical process.
Despite their high nitrogen content, their triazole-based crystal
structures remain intact after exfoliation. Among the present
materials, the nitrogen-richest C3;N; nanosheets display the
highest photocatalytic activity for ammonia production, highlight-
ing the synergetic effect of composition control and exfoliation.
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Although carbon nitrides of triazole-based C3N,g, C3Ng, and
C;N; have recently been synthesized, their inherent properties
have remained largely unknown." Whereas g-C5N, has a hepta-
zine-based framework,? the C3N, g, C3Ng, and C3N systems are
stabilised through triazole frameworks together with triazine
or tetrazine," as indicated by density functional theory (DFT)
calculations and supported by a range of techniques including
X-ray diffraction (XRD), X-ray absorption spectroscopy (XAS),
Fourier-transform infrared (FT-IR) spectroscopy, and trans-
mission electron microscopy (TEM)." The nitrogen-rich charac-
ter of carbon nitrides plays important roles in various reac-
tions. For example, introducing nitrogen into the sp> carbon
framework opens a bandgap on the carbon, enabling its use as
a visible-light-sensitive g-C;N, semiconductor for photocataly-
sis.® Triazole-based CsN,g shows enhanced basicity over
g-C3N,, facilitating CO, feedstock reactions.”® Our previous
studies reported promising activities of triazole-based C3;N, g,
C;3N6, and C3N;, which outperform g-C;N, in the oxygen
reduction reaction (ORR)" and the carbon dioxide reduction
reaction (CO,RR)’ and in applications in lithium- and sodium-
ion batteries.® In this context, nitrogen-rich carbon nitrides
have become a focus of research.'””” Triazole-based C3Nj is
particularly noteworthy as it shows the highest nitrogen
content of the carbon nitrides reported to date.

The exfoliation of g-C3N, has been attempted using various
strategies, including sonochemical,® thermal expansion,’ inter-
calation,’® and oxidation-reduction methods." Exfoliated
¢-C3N,; nanosheets often exhibit enhanced performance in
catalytic applications owing to their expanded surface area and
changed electronic band positions."*™** However, exfoliation of
the triazole-based C3;N,g, C3Ng, and C3;N, has not been
achieved. Because they consist of not only conjugated C-N
bonds but also N-N bonds,! it is uncertain whether these
thermodynamically unstable N-N bonds retain their integrity
in triazole-based C3N, g, C3Ng, and C;N; upon exfoliation.

In this study, we successfully exfoliated bulk triazole-based
C3N, 5, C3Ng, and C;N- into nanosheets via a fast and efficient
sonochemical process using isopropyl alcohol. XAS confirmed
the retention of the triazole-based crystal structures of C3N, g,
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C3Ng, and C3N; upon sonochemical exfoliation. These
materials have been employed as photocatalysts for nitrogen
reduction reactions (NRRs). Considering the many reports on
the photocatalytic NRR activities of g-C;N,,">*° triazole-based
carbon nitrides provide the opportunity to enhance the NRR
activities of carbon nitrides. Because the appropriate conduc-
tion band position and specific element-deficient character-
istics of carbon nitrides make them suitable photocatalysts for
the NRR,'® it is important to clarify the band structures of
exfoliated triazole-based C;N,gs, C3Ng, and C;N, nanosheets
and study the relationships between their band structures and
NRR properties.

The XRD patterns of bulk g-C3N,, C3N, g, C3Ng, and C3N;
are shown in Fig. S1 (see the ESI{). All samples show a strong
peak between 26° and 28° corresponding to the (002) reflection
of carbon nitride. As the nitrogen content in the carbon
nitride increases, the (002) reflection appears at lower 26
angles. The d(oo,) spacings of bulk g-C3N,, C3Ny 5, C3Ng, and
C;3N- are 0.328, 0.330, 0.330, and 0.330 nm, respectively. The
expansion of d(yg,) Spacing is due to the repulsion of nitrogen
and nitrogen.! For bulk g-C;N,, a weak peak is observed at 13°,
which accounts for the in-plane reflection of the heptazine
units. The peak is displaced to higher 20 angles for bulk
C3N, 5, C3Ng, and C;N, indicating that their core structures
differ from those of bulk g-C;N,.

Because the XRD results do not provide information on the
in-plane crystal structures of the triazole-based carbon
nitrides, we analysed their structures for the first time using
solid-state *C magic-angle spinning (MAS) nuclear magnetic
resonance (NMR) spectroscopy. Fig. 1 shows the solid-state *C
MAS NMR spectra of bulk C;N, g, C3Ng, and C3N, as well as
their crystal motifs together with the crystal motif of g-C;N, It
has been reported that g-C;N, shows two well-resolved signals
in the solid-state ">*C MAS NMR spectrum. The two signals at
approximately 155 ppm and approximately 162 ppm corres-
pond to different carbon environments, denoted as C1 and C2
in Fig. 1(b), respectively.’®*' Interestingly, the *C NMR
spectra of C3N,g, C3Ng, and C;N;, present broad overlapping
signals that can be deconvoluted into at least three signals at
148-151, 155-158, and 161-165 ppm, as shown in Fig. 1(a).

(a) 1614%25
155158

i N—N '
NTSN c1 c1
” _ c P &
ib151Exfoliated C,N, N)'\N " (\7)://\)»«\)\1
I c2 e
A T O S e
3'V7 N3 N2
i c1 ¢
Exfoliated C,N,/ g-CoN, CiNis
N3
Sl st HIN‘rTiNm@ H'N‘Ni:Nsm
c1 . c1 .
/Y™,  Exfoliated C,N, & NJ\N)\/N,\LN“» - N)\N%N)\CZ
22, / C2.] 2 ~NH,
Wlkc N H,N)\N ] HNJ\N’N' HN
34,8 N3 .
AT, Arh N2 NG

N1 N2’
220 200 180 160 140 120 100 80 ct
Chemical shift (ppm) CiNg CaN;

Fig. 1 (a) Solid-state *C MAS NMR spectra of bulk and exfoliated
C3N4.g C3Ng, and C3N;. (b) Crystal motifs of g-C3N4, C3N4s, C3Ng, and
C3N7.
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Compared to C3N, g, the >C NMR signals of C;Ng and C;N,
appear at slightly higher frequencies. Interestingly, C;N,g,
C3Ng, and C3N; commonly display additional signals at
148-151 ppm, presumably due to the effect of the triazole
motif. The relatively weakened signal at 151 ppm for C;N;
might be due to the altered bonding environment of carbon in
the triazole motif such as the neighbouring guanidine group
in C3N; that is different from C3;N, g and C3Ng. Triazole exhi-
bits "*C NMR signals that are typically 20 ppm lower than
those of triazine. The *C NMR spectra of the triazole-based
carbon nitrides demonstrate that the in-plane crystal struc-
tures of C3N,g, C3Ng, and C;N; differ, providing additional
support for the crystal structures of C3N,g, C3Ng, and C3N;
proposed in Fig. 1(b).

Photographs of the colloidal suspensions of exfoliated
nanosheets are shown in Fig. 2. The colloidal suspensions of
the g-C3N,, C3N4g, and C3;Ng nanosheets exhibit faint ivory
colours, suggesting visible-light-sensitive bandgaps. The col-
loidal suspension of C;N; nanosheets was white, indicating a
large bandgap for UV light absorption. The Tyndall phenom-
enon induced by exfoliated nanosheets is observed for col-
loidal suspensions of g-C3N,;, C3N,3, C3Ng, and C3N,
nanosheets, confirming their incorporation into nano-
structures. The negative zeta potential values ranging from
—60 to —40 mV for the g-C3N4, C3N,g5, C3Ng, and C;3N;
nanosheets (Table S1, see the ESIT) demonstrate that they can
form stable dispersions in isopropyl alcohol.

In terms of the crystal morphology observed by TEM,
g-C3N,, C3N, g, C3Ng, and C3N, exhibit exfoliated two-dimen-
sional nanosheets with lateral sizes of approximately 100 nm
(Fig. 3(a)). Their thicknesses are evaluated to be 0.47-0.98 nm
based on their atomic force microscopy (AFM) height profile
(Fig. 3(b) and (c)), which is slightly larger than the theoretical
thickness of a monolayer of carbon nitrides (ca. 0.33 nm).
Considering the presence of an adsorbed water layer on the
surface of the carbon nitrides, it is believed that g-C3;Ny,
C3N, 5, C3Ng, and C3N; are exfoliated into mono- or bi-layer
flakes. The surface area of the exfoliated nanosheets was inves-
tigated by N, sorption analysis. The g-C3N,, C3N, g, C3Ng, and
C;3;N; nanosheets have 3-6-fold expanded Brunauer-Emmett—
Teller (BET) surface area as compared to their parent bulk
materials (Fig. S2, see the ESIf). The expanded surface area
and better N, adsorption ability of exfoliated carbon nitride
nanosheets could contribute to increased catalytic perform-
ance of g-C3N,, C3N, g, C3Ng, and C3;N, upon exfoliation.

(b) g-CiN; C3Ngg C3Ng

(a) g-C3N; C;3N,p

C3Ng

Fig. 2 (a) Photographs and (b) Tyndall phenomenon of colloidal sus-
pensions of exfoliated g-C3N4, C3N4 5, C3Ng, and C3N7 nanosheets.
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Fig. 3 (a) TEM and (b) AFM images and (c) height profiles for exfoliated
g-C3Ny4, C3Ny4 g, C3Ng, and C3N; nanosheets.

The structural retention of triazole-based carbon nitrides
upon exfoliation are confirmed by solid-state ">C MAS NMR
spectroscopy as shown in Fig. 1(a). The "*C MAS NMR spectral
features of exfoliated C;N,g, C3Ng, and C;N, nanosheets are
identical to those of their parent bulk materials. X-ray photo-
electron spectroscopy (XPS) analysis results also support the
structural retention of the triazole-based carbon nitrides after
exfoliation. The C 1s and N 1s XPS spectra of the exfoliated
2-C3Ny, C3N,g, C3Ng, and C3;N; nanosheets are shown in
Fig. S31 and Fig. 4(a), respectively. The overall N 1s XPS spec-
tral features of the exfoliated C;3;N,g5, C3Ng, and C3Ny
nanosheets are the same as the XPS spectral features of bulk
C3N, g, C3Ng, and C3N, (Fig. S4, see the ESIt), indicating a
retention of the triazole-based structure after exfoliation In
both bulk and exfoliated nanosheet systems, g-C;N, samples
display an intense binding energy of C-N=—C (N1) and a
weaker binding energy of N-(C); (N2), which are typical N 1s
XPS spectral features of g-C;N4.>**> In contrast, exfoliated
C;3N,45, C3Ng, and C3;N,; nanosheets and their bulk samples
have an additional component at a binding energy of approxi-
mately 400.0 eV in their N 1s XPS spectra, which correspond to
the binding energy of N-N (N4) in the triazole-based structure.
The terminal N-H, (N3) feature at approximately 404.6 eV is
weak or negligible in N 1s XPS spectra of all present carbon
nitride samples due to their low portion in materials.

Detailed local atomic structures of exfoliated g-C;Ny,
C3N, g, C5Ng, and C;N-, nanosheets were further examined via
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Fig. 4 (a) N 1s XPS spectra and (b) (left) C K- and (right) N K-edge
NEXAFS spectra of exfoliated g-CszN4s, C3Nss CsNg, and CizN;
nanosheets.

near-edge X-ray absorption fine structure (NEXAFS) analysis at
the C K- and N K-edges (Fig. 4(b)). In the C K-edge spectra, the
¢-C3N, nanosheets show n* excitations from the C=C plane,
HN-C=N (C2), and N-C=N (C1) at 285.2, 287.3, and 288.0 eV,
respectively.”>** While the n* positions of C=C for g-C;N, and
triazole-based C;N,5, C3;Ng, and C;N; nanosheets are the
same, the triazole-based C;N, g5, C3Ng, and C3;N; nanosheets
exhibit n* of N-C=N (C1’ and C1") at higher energy compared
to g-C3N,. The n* blueshift of N-C=N (C1) is an intrinsic spec-
tral feature for triazole-based carbon nitrides, which arises
from reinforcement of N-C=N (C1’ and C1") by neighbouring
N-N (N4) bonds." In the N K-edge spectra, unlike g-C;Nj
nanosheets, the triazole-based C;N,5, C3Ng, and C;N;
nanosheets display n* of heterocyclic N-N (N4) bonds at 400.2
eV. This is an additional unique spectral feature of triazole-
based carbon nitrides, which is associated with the emergence
of the N-N (N4) component at a binding energy of approxi-
mately 400.0 eV in the N 1s XPS spectra of triazole-based
C3N,4 5, C3Ng, and C3N; samples. The C K- and N K-edge
NEXAFS spectral features of exfoliated C3;N, g, C3Ng, and C3N5
nanosheets are in good agreement with those of highly

This journal is © The Royal Society of Chemistry 2025
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ordered mesoporous C3;N,g, C3Ng, and C3;N, reported pre-
viously," highlighting that all the triazole-based materials
maintained their crystal structure after exfoliation into
nanosheets.

The spectroscopic analyses support the conclusion that the
triazole-based atomic structures of C3;N,g, C3Ng, and C3N;
remain unchanged after the sonochemical process, which is
contrary to the general expectation that nitrogen-rich com-
pounds can easily decompose under high external energy.>®
When additional TEM analyses were conducted to confirm
whether the nitrogen-rich triazole-based C3;N,g, C3Ng, and
C;N; nanosheets decomposed or were retained, the exfoliated
C3N, 5, C3Ng, and C3N-, nanosheets maintained the nanosheet
morphology after 30 d in isopropyl alcohol, indicating their
excellent long-term stability (Fig. S5, see the ESI¥).

Because band structural features, including the bandgap
and band position, are critical for carbon nitrides as photoca-
talysts,>” the band structures of the triazole-based C;Ngg,
C;3Ng, and C3N; nanosheets were examined by UV-Vis spec-
troscopy and ultraviolet photoelectron spectroscopy (UPS). As
shown in Fig. 5(a), the bandgaps of the triazole-based C3;N, g,
C;3Ng, and C3N; nanosheets increased upon exfoliation, with
bulk g-C3N,, C3N, g, C3Ng, and C3N, having optical bandgaps
of 2.63, 2.00, 2.70, and 3.00 eV, respectively. The optical band-
gaps of g-C3N,, C3N, g, C3N, and C3N; nanosheets were 2.72,
2.26, 2.84, and 3.18 eV, respectively. All the exfoliated
nanosheets show visible-light absorption below the band edge
termed the Urbach tail owing to their low crystallinity.>® The
UPS provides information on the top position of the valence
bands of carbon nitrides.>® Based on the UPS spectra of the tri-
azole-based C3N,g, C3Ng, and C;N; nanosheets plotted in
Fig. 5(b), the band structures of the corresponding nanosheets
are shown in Fig. 5(c). Their valence band top position does
not significantly differ from that of the g-C;N, nanosheet in
the range of 1.80-1.90 eV vs. NHE;*® however, the conduction
band position shifts toward negative potentials as the nitrogen
content increases for the triazole-based carbon nitrides. The
conduction band positions of triazole-based C;N, g, C3Ng, and
C;N; nanosheets are —0.36, —0.94, and —1.38 eV vs. NHE,
respectively. As compared to g-C3N, nanosheets, triazole-based
C;N; nanosheets have a more negative conduction band posi-
tion, indicating higher potential energy to reduce nitrogen to
ammonia at 0.55 eV vs. NHE.*® This characteristic of C;N;
nanosheets could help lower the activation energy of N, for the
NRR.

Prior to examining the photocatalytic NRR activities of the
triazole-based nanosheets, those of bulk carbon nitrides were
investigated. The NRR performances of bulk g-C3N,, C3N,g,
C3Ng, and C;3N; are shown in Fig. S6 (see the ESIT). Bulk C;N;
exhibits the highest activity for ammonia production, under-
scoring the usefulness of nitrogen enrichment in improving
the NRR activity of carbon nitride. As presented in Fig. 6(a), all
present carbon nitride materials commonly show a significant
improvement of photocatalyst performance upon exfoliation.
Based on N, sorption analysis, the improvement in the NRR
activity upon exfoliation is ascribed to enhanced N, adsorption
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Fig. 5 (a) UV-Vis absorption spectra, (b) UPS spectra, and (c) schematic

illustration of the band position for exfoliated g-C3N4, C3N4.g C3Ng, and
C3zN7 nanosheets.

efficiency on the expanded surface of exfoliated nanosheets of
carbon nitrides. The ammonia production rates of exfoliated
g-C3N,, C3N, 5, C3Ng, and C3N; nanosheets are approximately
242.1, 60.8, 265.8, and 472.4 pmol g.,. " h™", respectively. In
the triazole-based carbon nitride system, the ammonia pro-
duction rates are enhanced as the nitrogen content in carbon
nitride increases. Furthermore, triazole-based C;Ng and C;N;
nanosheets outperform exfoliated g-C;N, nanosheets as cata-
lysts for the photocatalytic NRR. These results highlight the
importance of the nitrogen-enrichment of triazole-based
carbon nitrides in developing efficient NRR photocatalysts.
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Fig. 6 (a) Amount of generated ammonia under a N, atmosphere and

(b) PL spectra for exfoliated g-C3N4, CsN4, C3Ng and C3sN; nanosheets.

The NRR performance of carbon nitride increases in the
order of C3N, g < g-C3N, < C3Ng < C3N; in both bulk and exfo-
liated nanosheet systems, which is an inverse trend with an
expectation on NRR performance based on the bandgap size
of photocatalysts. Generally, it is expected that a broader
bandgap results in reduced photocatalytic performance owing
to the reduced light harvesting ability.>" Our opposite obser-
vation to the expectation indicates that light harvest ability is
not the most critical factor affecting NRR performance in the
present triazole-based carbon nitrides system.

The other affecting factors for the NRR performance of carbon
nitride catalysts are their surface area and N, adsorption
efficiency. Given that the NRR performance of g-C;N, nanosheets
with the largest surface area is lower than those of triazole-based
C;Ng and C3N;, nanosheets, the surface area and N, adsorption
efficiency are not the primary factors for the NRR.

The increasing NRR performance trend in the order of
C3N, ¢ < g-C3N, < C3Ng < C3N; nanosheets is exactly matched
with the more negative conduction band position trend of
C3N, 5, 2-C3Ny, C3Ng, and C3;N; nanosheets. This good agree-
ment strongly demonstrates that carbon nitride nanosheets
with a more negative conduction band position exhibit better
NRR activity due to their higher potential energy to reduce
nitrogen to ammonia at 0.55 eV vs. NHE.

We also investigated the charge recombination behaviour of
all exfoliated carbon nitride nanosheets by photoluminescence
(PL) spectroscopy. In general, the low photocatalytic activity of
2-C3N,; nanosheets is due to their rapid charge
recombination.®*** As shown in Fig. 6(b), the g-C;N,
nanosheets display a strong PL signal at 468.6 nm, suggesting
significant charge recombination. In contrast, triazole-based
C;3N, 5, C3Ng, and C3N; nanosheets exhibit either negligible or
very depressed PL signals, highlighting good charge separation
within them. Compared to g-C;N, nanosheets, the C;N;
nanosheets represent a blue-shifted PL at 432.2 nm, which is
associated with their bandgap broadening. In addition to the
optimization effect of the conduction band position, the
efficient charge separation in the C;N; nanosheets evidenced
by their weak PL signal synergistically contributes towards
enhancing their photocatalytic NRR performance.

As present carbon nitrides are nitrogen-rich, cautious
ammonia quantification is required when using them as a
photocatalyst in the NRR.>*® To confirm that the present
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carbon nitride nanosheets are not decomposed to contribute
to ammonia production, the photocatalytic NRR under an Ar
atmosphere and cyclability test of a photocatalyst were per-
formed for triazole-based C;N,; nanosheets. As shown in
Fig. S7 of the ESI,} negligible ammonia production on C;N;
nanosheets under an Ar atmosphere obviously demonstrates
the fixation of atmospheric N, into ammonia on the C;Nj
nanosheets. The excellent photocatalytic stability of the C3;N;
nanosheets is confirmed by the consecutive NRR activity test,
showing no significant degradation in the continuous 5 cycles;
see Fig. S8 of the ESL.{

Conclusions

We developed a sonochemical exfoliating process for triazole-
based C;N, g, C3Ng, and C;N- nanosheets with thicknesses of
0.47-0.98 nm. The crystal structures and band structures of
the triazole-based C;N,g, C;Ng, and C3;N, nanosheets were
revealed by systematic spectroscopic analyses. The exfoliated
triazole-based C;N, g, C3Ng, and C;N; nanosheets retain the
parent triazole-based crystal structures and possess more nega-
tive conduction band positions with respect to the reduction
potential of N, to NH; (0.55 V vs. NHE at pH 0), while their
valence band positions do not differ significantly. The NRR
performance of the carbon nitrides increases in the order of
C3N, s < g-C3N, < C3Ng < C3N; in both bulk and exfoliated
nanosheet systems, which is exactly matched with the conduc-
tion band position trend of g-C3N,, C3N,4s, C3Ng, and C3N5
nanosheets. Additionally, PL analysis of all present carbon
nitride nanosheets shows that charge recombination is alle-
viated within triazole-based carbon nitride nanosheets rather
than g-C;N, nanosheets. Given all these factors, it is con-
cluded that the optimized conduction band position and sup-
pressed charge recombination make triazole-based C3;N;
nanosheets the best catalyst in the photocatalytic NRR. The
nitrogen-richest C;N, nanosheets highlight the high efficacy of
the simultaneous composition control and exfoliation
approach for optimising the photocatalytic activity of triazole-
based carbon nitrides.
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