7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Bi-directional charge transfer channels in highly
crystalline carbon nitride enabling superior
photocatalytic hydrogen evolutionf
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Introducing a donor—acceptor (D—-A) unit is an effective approach to facilitate charge transfer in polymeric
carbon nitride (PCN) and enhance photocatalytic performance. However, the introduction of hetero-
molecules can lead to a decrease in crystallinity, limiting interlayer charge transfer and inhibiting further
improvement. In this study, we constructed a novel D—-A type carbon nitride with significantly higher crys-
tallinity and a bi-directional charge transfer channel, which was achieved through 2,5-thiophenedicar-
boxylic acid (2,5-TDCA)-assisted self-assembly followed by KCl-templated calcination. The thiophene
and cyano groups introduced serve as the electron donor and acceptor, respectively, enhancing in-plane
electron delocalization. Additionally, introduced potassium ions are intercalated among the adjacent
layers of carbon nitride, creating an interlayer charge transfer channel. Moreover, the highly ordered struc-
ture and improved crystallinity further facilitate charge transfer. As a result, the as-prepared photocatalyst
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exhibits superior photocatalytic hydrogen evolution (PHE) activity of 7.449 mmol h™ g~ which is 6.03
times higher than that of pure carbon nitride. The strategy of developing crystalline D—A-structured
carbon nitride with controlled in-plane and interlayer charge transfer opens new avenues for the design
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Introduction

With the ever-rapid consumption of limited fossil fuels and
consequent environmental problems, there is urgent need to
explore alternative clean and renewable energy sources.'
Hydrogen, with its high energy density and zero greenhouse
gas emissions, is considered the most promising secondary
clean energy option.*” Semiconductor-based photocatalytic
hydrogen evolution (PHE) is believed to be the most viable
method for producing high purity hydrogen due to its low cost
and scalability.® Among the various photocatalysts investi-
gated, polymeric carbon nitride (PCN) has garnered significant
interest due to its easy synthesis, affordability, relatively high
chemical stability and tunable band gap for visible light
absorption.” In 2009, Wang et al. first utilized PCN for PHE,
highlighting the advantages of this low-cost, metal-free photo-
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of carbon nitride with enhanced properties for PHE.

catalyst.® However, pristine PCN suffers from high recombina-
tion rates of photo-generated electron-hole pairs, resulting in
a relatively low PHE performance. To enhance the PHE per-
formance of PCN, a spectrum of strategies has been adopted,
including element doping,” ™" defect engineering,">™** co-cata-
lyst compositing,'®*® heterostructure construction,'*>" etc.
Among these various strategies, incorporating a donor-
acceptor (D-A) structure into the PCN skeleton is a facile and
effective approach. By introducing electron-donating groups
(D) and electron-accepting groups (A), we can promote electron
delocalization over the heptazine units of PCN, which can
induce intramolecular charge transfer from D-units to A-units
under photoexcitation accompanied by efficient electron-hole
separation.””>* Additionally, D-units and A-units can respect-
ively lift up and pull down the HOMO and LUMO energy
levels, narrowing the band gap of PCN and expanding the light
absorption spectrum.>>?® Nevertheless, the incorporation of
the D-A structure does not effectively strengthen the weak
interlayer interaction of PCN, limiting charge transfer along
the stacking direction. In other words, while the D-A structure
improves in-plane charge transfer, it contributes little to inter-
layer charge transfer, which is critical for enhancing photo-
catalytic performance.>’*® Furthermore, introducing hetero-
molecules can induce the distortion of the pristine crystalline

This journal is © The Royal Society of Chemistry 2024
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structure and reduce the overall crystallinity of PCN, affecting
the mobility and separation rates of photo-generated charge
carriers.>**® Therefore, it is of interest to explore strategies to
prepare highly crystalline D-A-structured PCN with enhanced
interlayer charge transfer.

Herein, we have designed and synthesized D-A-structured
carbon nitride with K ion intercalation (TCCN-K) via the
method of 2,5-thiophenedicarboxylic acid (2,5-TDCA)-assisted
self-assembly followed by KCl-assisted calcination. On the one
hand, self-assembly helps form a highly ordered precursor sus-
tained by hydrogen bonding, thus improving in-plane order in
carbon nitride production. Simultaneously, KCl-assisted calci-
nation could accelerate the diffusion rates of reactants and
promote the crystallization of heptazine units. On the other
hand, the cyano groups induced by KCl-assisted calcination,
along with the introduced thiophene groups, form the D-A
structure, which  promotes electron delocalization.
Furthermore, K ions are intercalated into the adjacent layers of
the carbon nitride during the calcination process and serve as
interlayer electron transfer mediators. These three advantages,
induced by a rationally designed synthesis approach, allow a
bi-directional electron transfer pathway to be constructed,
effectively facilitating charge transfer and separation. As a
result, the as-prepared TCCN-K exhibits excellent PHE activity
(7.449 mmol h™" g™") and service stability. This work details a
novel method to synthesize crystalline D-A-structured carbon
nitride with both excellent in-plane and interlayer charge
transfer, providing a new perspective for designing and devel-
oping D-A-structured carbon nitride for PHE applications.

Results and discussion

The formation procedure of TCCN-K is illustrated in Scheme 1.
As melamine, cyanuric acid and 2,5-TDCA are all soluble in
DMSO and contain abundant H and O/N atoms, these three
types of molecules can combine to produce a hydrogen-
bonded MCT supramolecular precursor by a self-assembly
method, as depicted in Fig. S1.7 SEM images at lower magnifi-
cation (Fig. S2t) reveal that the MCT precursor consists of
microspheres with an average diameter of 3-5 pm. At higher
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Scheme 1 The synthesis process of TCCN-K.
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Fig. 1 SEM images of MCT (a) and TCCN-K (b). TEM image (c) and the
corresponding elemental mapping (d: C, e: N, f: K, g: S) of TCCN-K.

magnification (Fig. 1a), it becomes evident that the micro-
spheres are composed of 2D planes stacked via n—n interaction.
Fig. S31 shows the XRD patterns and FT-IR spectrum of MCT.
Three peaks at 10.6°, 18.4° and 21.6° correspond to the (100),
(110) and (200) crystal planes, respectively, indicating a hexag-
onal lamellar structure. The intense peak at 27.7° arises from
the graphite-like stacking of the 2D sheets.’" The FT-IR spectra
reveal additional structural details of MCT. The peaks at 1737
and 1781 cm™" correspond to the stretching vibration peaks of
the C=0 bond in cyanuric acid, while the peak at 769 cm™" is
ascribed to the vibration mode of the triazine ring in mela-
mine. Notably, these three peaks are significantly shifted com-
pared with those in pure cyanuric acid or melamine, indicating
the formation of N-H:-O and N-H---N hydrogen bonds
between cyanuric acid and melamine.?” The above characteriz-
ation results confirm the successful self-assembly synthesis of
the MCT supramolecular precursor. Comparing it with MC,
which is prepared by self-assembly of melamine and cyanuric
acid, the FT-IR spectra of MCT exhibit two extra peaks. The
signal at ca. 1250 cm™" is assigned to the characteristic band
of the C-O bond,’? while the signal at ca. 1500 cm ™" is attribu-
ted to the stretching vibration of the aromatic C=C bond.****
These two peaks indicate the presence of thiophene molecules
in the MCT precursor. Although MC shares a similar mor-
phology and structure with MCT due to the comparable self-
assembly process, as evidenced by SEM images, XRD patterns
and FT-IR spectra, the catalysts derived from them exhibit dis-
tinct properties.

From SEM (Fig. 1b) and TEM (Fig. 1c) images, TCCN-K exhi-
bits a bulk structure constructed by stacking 2D layers, which
results from the confinement of KCl crystals, and the corres-
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ponding EDS elemental mapping (Fig. 1d-g) shows that the C,
N, K and S are rather uniformly distributed within the
material. The other three samples display distinct morphology
features, as seen in Fig. S2.1 TCCN (obtained by removing K
ions from TCCN-K) closely resembled the latter in its mor-
phology due to the similar synthesis method. However, DCN
(prepared by calcinating an MC precursor without KCI) pre-
sents a totally different morphology, namely a hollow micro-
sphere with many large voids, which is formed due to the pre-
ferable decomposition of the MC precursor in the center of
microsphere.>® KTCCN (prepared by calcinating the mixture of
melamine, cyanuric acid and KCl) exhibits a stacking bulk
structure, but the size is larger and the surface appears coarser
compared to that of TCCN-K. The various morphologies of
these samples correlate with their widely different BET specific
surface areas. As shown in Fig. S4,7 TCCN-K has a specific
surface area of 6.472 m> g~*, which is lower than that of DCN
(60.835 m* g™ '), TCCN (9.758 m* g~') and KTCCN (26.535 m>
g ). Interestingly, this result suggests that the specific surface
area alone does not account for the enhancement of photo-
catalytic performance.

The TDCA/KCl-assisted self-assembly synthesis not only
affects the morphology but also influences the phase structure
of the samples, as observed from the XRD patterns (Fig. 2a).
DCN exhibits two characteristic peaks at 13.4° and 27.4°,
assigned to the (100) plane of tri-s-triazine units and (002)
interplanar packing of the graphitic units.*” TCCN-K, TCCN
and KTCCN show three peaks located at ca. 8°, 10° and 28.2°,
corresponding to the (110), (010) and (001) peaks of poly(hep-
tazine imide), respectively.*® And the diffraction peaks of these
three samples possess smaller full width at half-maximum
(FWHM) as compared to DCN, indicating improved crystalli-
nity. The change of XRD patterns indicates that the KCI-
assisted calcination could lead to the re-arrangements of the
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Fig. 2 XRD patterns (a) and FT-IR spectra (b) of DCN, TCCN-K, TCCN
and KTCCN; (c) solid-state *C MAS NMR spectra and the corresponding
structure of TCCN-K and DCN.
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heptazine units. The (001) peak of TCCN slightly shifts to a
higher angle when compared with TCCN-K and KTCCN, indicat-
ing a smaller interlayer distance. The difference could be due to
the varying degrees of intercalation. Since K intercalation could
enlarge the interlayer distance and TCCN has lower potassium
content than TCCN-K, it is suggested that the potassium ions are
intercalated between the layers. Notably, KTCCN exhibits several
extra peaks at 15.1°, 23.1°, 32.4° and 35.5°, attributed to the diffr-
action peaks of the poly(triazine imide) phase.***® These peaks
are absent in the XRD patterns of TCCN and TCCN-K, possibly
because DMSO-assisted self-assembly helped form an ordered
structure. To validate this assumption, the crystallinities of the
samples are calculated using the formula X, = I/(I. + I,), where I,
and I, refer to the integral intensity of crystalline peaks and
amorphous peaks in XRD patterns, respectively. As shown in
Fig. S5 and Table S1, the crystallinities of the samples are
33.6%, 46.2%, 43.8% and 39.0%. These results indicate that the
TDCA/KCl-assisted self-assembly synthesis likely promoted the
ordered arrangement of heptazine units and enhanced the crys-
tallinity of carbon nitride.*"*?

The molecular structures of the as-prepared samples are
characterized using Fourier transform infrared (FT-IR) spec-
troscopy (Fig. 2b). All samples exhibited three bands at ca. 810,
1200-1700 and 3000-3500 cm™', corresponding to breathing
vibrations of the heptazine units, stretching vibrations of the
C-N aromatic heterocycles and stretching vibration modes of
the N-H/O-H groups, respectively.”>** Compared with DCN,
the other three samples show several additional peaks. Signals
at ca. 1000 and 1150 cm ™" are assigned to the symmetric and
asymmetric vibrations of the K-NC, groups, respectively; a
weak signal at ca. 1500 cm™' is assigned to the stretching
vibration of the aromatic C=C bond in the thiophene
ring;**?* the peak at ca. 2180 cm™" corresponds to the term-
inal cyano groups formed in the presence of KC1.*"** There are
no signals of K-C3, C-K=C or N-K=N, indicating that K ions
will not substitute C or N atoms in heptazine heterocycles. The
solid-state "*C NMR spectrum further confirms the molecular
structure of TCCN-K. As shown in Fig. 2c¢, DCN exhibits two
peaks at 164.4 and 156.5 ppm, attributed to C1 atoms of the
N=C-N(NH,) bond and C2 atoms of the N=C-(N), bond,
respectively.*®*” For TCCN-K, the two main peaks slightly shift
to 163.5 and 157.1 ppm, and several additional peaks emerge.
The two peaks at 118.7 and 170.8 ppm correspond to C4 atoms
of the N-C=N bond and the neighboring C3 atoms,
respectively.”**® Besides, the peaks from 130 to 139 ppm are
attributed to the carbon atoms in thiophene groups.”* The
above results of the solid-state NMR indicate the expected
structure tuning effect of the KCl/TDCA-assisted synthesis and
confirm the introduction of cyano and thiophene groups.

X-ray photoelectron spectroscopy (XPS) analysis provides
valuable insights into the chemical composition and structure
of the catalysts. In C 1s spectra (Fig. 3a), DCN exhibits two
peaks at binding energies of 284.8 eV and 288.1 eV, assigned
to C-C/C=C bonds and N-C=N bonds, respectively.*’ In the
case of TCCN-K, the N-C=N peak shifts to 288.3 eV, and a
new peak at 286.65 eV emerges, corresponding to the binding

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 High-resolution XPS spectra of C 1s (a) and N 1s (b) of DCN,
TCCN-K, TCCN and KTCCN; high-resolution XPS spectra of S 2p (c) and
K 2p (d) of TCCN-K, TCCN and KTCCN.

energy of -C=N.">* In the C 1s spectrum of TCCN, the
binding energy of the N-C=N and -C=N bonds are 288.45 eV
and 286.55 €V, respectively. As for KTCCN, the binding energy
of the N-C=N and -C=N bonds are 288.35 eV and 286.75 €V,
respectively. It is noted that the binding energies of TCCN-K,
TCCN and KTCCN are higher than those of DCN, indicating
lower electron intensity, attributed to the electron-withdrawing
effect of the cyano groups. In N 1s spectra (Fig. 3b), the peaks
of the samples with D-A structure are also shifted. DCN shows
three peaks at 398.9 eV, 400.3 eV and 401.4 eV, attributed to
the C-N=C, N-(C); and C-NH, bonds, respectively.’>>" For
TCCN-K, the peaks negatively shift to 398.75 eV, 400.25 eV and
401.4 eV, respectively. For TCCN, the peaks shift to 398.7 eV,
400.15 eV and 401.0 eV, respectively. In the case of KTCCN, the
binding energies are 398.8 eV, 400.25 eV and 401.3 eV, respect-
ively. The negatively shifted peaks indicate higher electron
intensity of N atoms. In S 2p spectra (Fig. 3c), TCCN-K, TCCN
and KTCCN exhibit 2 peaks located at 164.9 and 163.9 eV, dis-
tributed to S 2pi, and S 2pjp,, respectively. The two peaks
show an intensity ratio of 1:2, indicating the introduction of
thiophene groups.’” In K 2p spectra (Fig. 3d), TCCN-K, TCCN
and KTCCN exhibit 2 peaks at 295.8 and 293.05 eV, close to
those of KCl, indicating the existence of K' ions coordinated
with negatively charged N atoms.’*** The peak intensity of
TCCN is obviously weaker than that of TCCN-K, indicating a
lower K content. Furthermore, the in-depth XPS was conducted
to measure the concentration of K ions at different depth.
According to Fig. S6 and Table S2,i the concentration of K
ions ranges from 11.28% to 12.42% at depths of 0 to 40 nm,
indicating a uniform distribution throughout the bulk. Based
on the above characterization studies, we can confirm the for-
mation of D-A units and uniform K ion intercalation.

UV-vis diffuse reflectance spectroscopy was conducted to
investigate light absorption properties of the samples (Fig. 4a).

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 UV-vis spectra (a), the corresponding Tauc plots derived from
the Kubelka—Munk rule (b) and experimental energy band structure
diagram (c) of all samples; (d) EPR spectra of DCN, TCCN and TCCN-K
under dark (D) and light (L) conditions.

Compared with DCN, the other three samples exhibit red-
shifted absorption edges and enhanced light absorption in the
long-wavelength visible light region, which is due to the
extended conjugated structure resulting from the introduction
of the thiophene and cyano groups, as well as the enhance-
ment of crystallinity.>>>® As shown by the Tauc plots in
Fig. 4b, the band gaps of DCN, TCCN-K, TCCN and KTCCN are
2.88, 2.64, 2.72 and 2.76 eV, respectively. The valence band
positions measured by XPS-VB spectra are 2.40, 2.47, 2.45 and
2.50 eV, respectively (Fig. S71). Following the equation Eyg nuE
= @ + Eyp_xps — 4.44, (Eyg_nue: VB value in the standard hydro-
gen electrode potential; ¢: the electron work function of the
XPS analyzer; Eyg xps: VB value tested by VB-XPS plots),””®
the Eyg_nug values of DCN, TCCN-K, TCCN and KTCCN are cal-
culated to be 1.84, 1.91, 1.89 and 1.94 eV, respectively.
Therefore, the CB potentials are calculated to be —1.04, —0.73,
—0.83 and -0.82 eV, respectively. Consequently, the band
structures of the samples can be illustrated as shown in
Fig. 4c. Among the 4 samples, the TCCN-K exhibits the narrow-
est band gap and broadest light absorption range. However,
the down-shifted conduction band thermodynamically
decreases the reduction ability. Therefore, the adjustment of
the energy band structure is not the main reason for the
enhancement of PHE activity.

The introduction of the D-A structure would lead to the
delocalization of electrons, which is confirmed by an electron
paramagnetic resonance (EPR) test. As shown in Fig. 4d, all
the samples exhibit one single Lorentzian line with a g value
of 2.0034, ascribed to the unpaired electrons in n-conjugated
heptazine rings.*>®® Among the four samples, TCCN-K shows
the highest EPR signal under dark conditions, indicating the
highest concentration of unpaired electrons, which implies
that the D-A structure and K ion intercalation extend the delo-
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calization of m-electrons. Under visible-light irradiation,
TCCN-K also exhibits the highest signal intensity, indicating
the largest number of photo-induced electrons and effective
separation of electron-hole pairs.

Photocatalytic hydrogen evolution (PHE) performance of
the samples was tested under visible light irradiation (1 >
420 nm) with Pt as co-catalyst and TEOA as sacrificial agent. As
shown in Fig. 5a, TCCN-K exhibits a PHE rate of 7.449 mmol
h™" ¢7" in 6 hours of testing, which is 6.03 times higher than
that of DCN (1.236 mmol h™" g™") and 2.62 times higher than
that of TCCN (2.841 mmol h™ g™"), respectively. These results
suggest that the D-A structure and K ion intercalation can
effectively improve the photocatalytic activity of PCN. It is
noted that TCCNK has a relatively poor PHE rate performance
of 1.251 mmol h™ g™, which is close to that of DCN, indicat-
ing that the self-assembly synthesis method is critical in
enhancing the photocatalytic activity by enhancing the crystal-
linity to facilitate the charge transfer. Besides, as displayed in
Fig. S8, although DCN displays the lowest H, generation rate
among the four samples, it is still 6.28 times higher than that
of bulk carbon nitride (BCN) prepared by traditional thermal
calcination, owing to the rich active sites and multiple occur-
rences of light scattering caused by a large specific surface
area and hollow spherical morphology. Nevertheless, the low
crystallinity, large band gap and lack of charge transfer
channel limit the photocatalytic performance. Fig. 5b shows
the AQE values of PHE for TCCN-K under certain wavelengths
(420, 435, 450 and 475 nm), which exhibit a similar changing
trend with light absorption and reach up to 4.91% at 420 nm.
The cycling test was conducted to evaluate the stability of the
TCCN-K sample (Fig. 5c). After 4 cycles and reactions for
24 hours in total, the PHE rate was maintained at 7.015 mmol
h™" g7', which is 94.2% of that in the first cycle. After the
cycling test, the sample was collected by centrifugation and
washed by deionized water and ethanol several times. TEM,
XRD, FT-IR and XPS were then utilized to investigate the struc-
tural stability of the sample (Fig. S9 and S10%). It is seen that
the morphology, phase components and chemical structure
were well maintained after the cycling of photocatalytic reac-
tions. The decrease of photocatalytic activity could result from
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the consumption of sacrificial agent and the mass loss of the
photocatalyst in the degas and reaction progress. From the
results of the cycling test and characterization studies, the
excellent structural and chemical stabilities of the TCCN-K
sample are confirmed.

Electrochemical impedance spectra (EIS) and transient
photocurrent analysis were employed to describe the charge
separation and transfer capability of the samples. Fig. 6a dis-
plays the Nyquist plots of the samples and corresponding equi-
valent circuit. R1, R2 and CPE represent electrolyte resistance,
electrode/electrolyte interface resistance and constant phase
element, respectively. According to the fitting results, TCCN-K
has a smaller interfacial charge transfer resistance (663.4 Q)
than DCN (963.3 Q), KTCCN (721.1 Q) and TCCN (692.6 Q),
consistent with the smallest “arc radius”. Fig. 6b shows the
photocurrent responses of the samples. The TCCN-K also exhi-
bits the highest photocurrent intensity, suggesting the fastest
charge transfer, which is consistent with the results of EIS.
Photoluminescence (PL) spectra and time-resolved photo-
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Fig. 5 The average photocatalytic hydrogen evolution activity of the samples in the 6 hours of testing (a); wavelength-dependent AQE of PHE over
TCCN-K (b); and time courses of all samples for photocatalytic hydrogen evolution and the cycling stability test of TCCN-K for 24 h (c).
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luminescence (TRPL) spectra were employed to analyze the
electron-hole recombination behavior. As shown in Fig. 6c,
DCN displays one single strong emission peak, indicating the
severe recombination of electron-hole pairs. In comparison,
TCCN-K, TCCN and KTCCN each exhibits an extra peak at
~500 nm, which arises from the introduction of thiophene
groups.®’ The quenched intrinsic emission peak suggests that
the recombination of electron-hole pairs is inhibited, indicat-
ing the effective separation of electron-hole pairs induced by
the presence of a D-A structure. Specifically, TCCN-K exhibits
a further reduced emission peak intensity compared with
TCCN, implying that K ion intercalation plays a significant role
in facilitating charge transfer. Fig. 6d exhibits the TRPL
spectra and average lifetime of photo-generated charge carriers
obtained by double-exponential fitting. TCCN-K and TCCN
display much shorter lifetimes (2.30 and 2.50 ns) than that of
DCN (13.89 ns), which reflects the rapid charge carrier transfer
to the surface through nonradiative pathways due to the intro-
duction of a donor-acceptor structure and K intercalation as
well as the enhanced crystallinity, thus facilitating the photo-
catalytic redox reaction.*"*®*> Notably, despite the D-A struc-
ture and K ion intercalation, KTCCN exhibits a stronger PL
emission peak and longer lifetime (7.86 ns) than TCCN-K. This
further proves the importance of a self-assembly synthesis

Table 1 The measured resistivity, Hall mobility and carrier concen-
tration of TCCN and TCCN-K

Resistivity Hall mobility Carrier concentration
Sample (Q cm) (em?> v~ s™) (em™
TCCN 835.1 5.857 1.278 x 10*°
TCCN-K 627.8 5.871 1.696 x 10"

«Q

Electrostatic Potential

>

Electrostatic Potential
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method. With the assistance of DMSO, melamine, cyanuric
acid and 2,5-TDCA can assemble into highly ordered precursor
MCT driven by hydrogen bonding, so that the TCCN-K sample
upon calcination can keep its high crystallinity and structure
completeness after K ion intercalation, which is advantageous
for charge carrier separation and transfer.”’ In contrast,
KTCCN synthesized by direct calcination suffers from dis-
ordered structure and low crystallinity, thus exhibiting poor
charge transfer capability.

To investigate the contribution of K ions to the enhance-
ment of charge transfer, Hall effect testing of TCCN-K and
TCCN was conducted, and the interlayer electrical conductivity
of the two samples was measured. As shown in Table 1,
TCCN-K exhibits lower resistivity and higher carrier concen-
tration along the in-plane direction, but the Hall mobility is
nearly the same as that of TCCN, which indicates that the K
ion intercalation does not contribute significantly to the in-
plane charge transfer, and the excellent PHE performance of
TCCN-K should be explained by some other factor. The inter-
layer electrical conductivity and resistivity of TCCN-K and
TCCN were measured using the four-point probe method. As
shown in Fig. S11,7 TCCN-K has an obviously lower resistivity
(0.189 MQ cm) and higher conductivity (5.28 pS cm™) than
TCCN (3.33 MQ cm and 0.30 pS cm™, respectively). These
results suggest that K ion intercalation greatly facilitates the
charge transfer between carbon nitride layers, which is the
main factor of the enhancement of the PHE performance.
Apart from establishing an interlayer charge transfer channel,
K ion intercalation also helps with the adsorption of H,O
molecules. The static contact angles of a water droplet on the
samples were measured. As shown in Fig. S12,f TCCN-K has
the smallest contact angle (35.1°) among the three samples,
while TCCN also shows a smaller contact angle than DCN

5k
Eyaccum = 1.46 eV
oF
@ =548eV
S[E =-202ev
10 Egarrier = 18.86 €V
15}
-20}F
0 4 8 12 16 20
Position (A)
10
5
Evacoun = 131 0V
oF N [o=402ev]
s E=-271ev ‘
-10}f Egarrier = 18.31 eV ‘
15} ‘
20}
0 4 8 12 16 20 — —_—

Position (A)

Fig. 7 HOMO and LUMO distribution of DCN (a and b), TCCN (c and d) and TCCN-K (e and f); calculated work function and layered electrostatic
potential energy of TCCN (g) and TCCN-K (h); and charge density difference of TCCN-K (i).
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(41.4° vs. 51.2°). It confirms that K ion intercalation endows
the TCCN-K sample with better hydrophilicity, which is advan-
tageous for the adsorption of reactant, thus promoting the
photocatalytic performance.

DFT calculations were carried out to confirm the proposed
bi-directional charge transfer model. For in-plane charge trans-
fer, the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of DCN, TCCN
and TCCN-K were calculated and are shown in Fig. 7a-f.
Apparently, both the HOMO and LUMO of DCN are uniformly
delocalized across the heptazine rings, in accordance with the
highly symmetric structure. In comparison, TCCN and TCCN-K
exhibit an unsymmetric charge density due to the existence of
D-A units and K ions. Such electron delocalization could
cause the downshift of VB and CB, which is consistent with
the observations from the UV-vis and VB-XPS spectra.®* More
importantly, the spatial separation of HOMO and LUMO
enables in-plane charge separation and inhibits recombina-
tion, which is critical for the enhancement of PHE perform-
ance. For interlayer charge transfer, the work function and
electrostatic potential along the direction perpendicular to the
interlayer planes are two important indicators, as they corres-
pond to the energy barrier required for a charge carrier to
transfer to the surface and that between the adjacent layers,
respectively.®>®® As shown in Fig. 7g and h, TCCN possesses
an electrostatic potential of 18.86 eV and a work function of
5.48 eV, while TCCN-K possesses an electrostatic potential of
18.31 eV and a work function of 4.02 eV. The reduced energy
barrier and work function of TCCN-K indicate that the inter-
layer transfer of charge carriers is facilitated. The charge
density difference of TCCN-K is further calculated to verify the
effect of K ion intercalation. As is seen from Fig. 7i, charge
depletion takes place around the intercalated K ions, while
charge enrichment is observed nearby the CN layers. This indi-
cated that strong electrostatic interaction exists between the
intercalated K ions and the adjacent CN layers, effectively facil-
itating the interlayer charge transfer and accelerating the sep-
aration of photo-generated charge carriers.>”*” Therefore, a bi-
directional charge transfer channel is established by a D-A
structure and K ion intercalation, as depicted in Scheme 2.

- T

Interlayer charge transfer In-plane charge transfer

Scheme 2 Bi-directional charge transfer of TCCN-K.
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Conclusions

In summary, a novel D-A type carbon nitride with simul-
taneous high crystallinity and efficient bi-directional charge
transfer channels has been successfully constructed through
the method of 2,5-TDCA-assisted self-assembly followed by
KCl-templated calcination. The resultant donor-acceptor struc-
ture enhances the in-plane electron delocalization, while pot-
assium ions from the KCl template intercalate between the
adjacent layers, forming interlayer charge transfer channels.
The bi-directional charge transfer pathways, combined with
the highly ordered structure and improved crystallinity, signifi-
cantly facilitate charge transfer. As a result, the as-prepared
TCCN-K exhibits over six-fold improvement in PHE activity
compared with pure CN. This strategy provides a new perspec-
tive for the design and construction of highly crystalline D-A-
structured carbon nitride with superior performance in PHE.
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