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A highly conjugated network of covalent triazine frameworks (CTFs) on the one hand promotes light-harvesting, but on the other
hand, also results in high carrier recombination which eventually limits their photocatalytic hydrogen evolution reaction (HER)
rates. Thus, strategies to favorably tune the electronic configuration of CTFs for efficient photocatalytic HERs need to be
developed, but still remain challenging. Herein, a simple in-situ defect strategy involving element doping is developed for the
first time to introduce a heteroatom including S and Se into CTF-1 via the condensation of aldehydes with the mixture of the
terephthalimidamide and the S- or Se-substituted terephthalimidamide under mild conditions. The doping content (X) is varied,
resulting in a series of S- and Se-doped CTFs, named CTFS-1-X and CTFSe-1-X, respectively. Interestingly, for the S-doped
CTFs, CTFS-1-10 shows the most excellent HER rate (4,992.3 pmol gf1 hfl) from water splitting, while for the Se-doped ones,
CTFSe-1-10 exhibits a photocatalytic HER rate of 5,792.8 pmol g71 h™", both of which far surpass undoped CTFs (693.3 pmol
g71 hfl). In-depth studies indicate that the introduction of S or Se atoms into CTFs could extend the light absorption and promote
photo-generated electron-hole pairs migration. Meanwhile, S- or Se-doping could create heterogeneous electronic configuration

in CTFs, which can help to suppress carrier recombination.
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1 Introduction

With the energy crisis becoming serious, hydrogen has been
regarded as one of the most promising green energy re-
sources to replace traditional fossil fuels [1-3]. In recent
years, the technique involving photocatalytic hydrogen
evolution reactions (HERs) from water has been thus widely
explored to attain hydrogen sustainably [4-6]. As a key
component in this technique, various types of photocatalysts
have been examined. Apart from the development of in-
organic photocatalysts such as TiO, and CdS for photo-
catalytic water splitting [7-9], organic semiconductors have
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attracted more and more attention due to their rich varieties
and readily tunable photophysical and photochemical prop-
erties.

As a class of promising organic semiconductors, porous
conjugated polymers have witnessed enormous research in-
terests [10] including porous carbon nitride (PCN) [11],
porous organic polymers (POPs) [12], covalent triazine fra-
meworks (CTFs) [13] and covalent organic frameworks
(COFs) [14]. Among those, CTFs are featured with robust,
highly conjugated and N-rich skeleton structures. Due to the
presence of the strong built-in electric field between the
donor (D) and the electron-poor triazine acceptor (A) motifs,
the in-plane separation and transfer of photogenerated
charges could be promoted. The triazine units in CTFs could
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also serve as the active sites for hydrogen evolutions [15].
Therefore, CTF photocatalysts have shown intensive po-
tential in the visible-light-driven water splitting for hydrogen
evolution [16-19].

Even though certain progress has been achieved for CTFs
as photocatalysts in photocatalytic HERs, the HER rate is
still limited and far from practical applications. It is believed
that the highly conjugated network and the uniform dis-
tribution of D-A motifs throughout the skeleton of CTFs
result in high carrier recombination rates which eventually
influence the HER rate [20]. Strategies for suppressing car-
rier recombination have thus been reported. For example, Xu
et al. [21] prepared a heterojunction between CTFs and in-
organic metal oxides to facilitate the photo-generated charge
separation and transfer from CTFs to the metal oxides for
efficient photoelectrochemical water splitting. Zhang et al.
[22,23] reported the construction of the asymmetric CTF
containing four different D-A domains in the skeleton of
CTFs and thus the uniform distribution of D-A motifs was
broken leading to the suppressed carrier recombination and
enhanced electron transfer. Other strategies involving the
formation of anisotropic charge carrier migration pathways
in the CTF plane were also developed [17,24,25], among
which defect engineering via the element doping represents a
promising and interesting one [26]. However, to the best of
our knowledge, a mild in-situ defect strategy involving ele-
ment doping has not been reported, and in particular, the
doping elements are also limited [27].

The heteroatoms sulfur (S) and selenium (Se) have been
widely explored as dopants in the photovoltaic fields [28,29].
Compared with the nitrogen atom in CTFs, these two ele-
ments are featured with lower electronegativities and greater
atomic radii. Doping of S and Se into CTFs is expected to
introduce electron-rich defects, which would break up the
uniform distribution of D-A motifs in the skeleton and create
anisotropic charge transport pathways. It is thus of interest to
investigate how S- and Se-doping would tune the energy
band gap, spin density and charge density in the doped-CTFs
to eventually influence the light-harvesting and the photo-
generated electron-hole separation and transportation. Fur-
thermore, to maintain the high crystallinity of CTFs, a mild
S- and Se-doping procedure also needs to be developed.

Herein, for the first time we report a mild in-situ defect
engineering strategy for the S- and Se-doped CTF synthesis
to efficiently tune the photocatalytic activities of CTF. As a
proof of concept, the condensation of terephthaldehyde with
the mixtures of terephthalimidamide and various amounts (X
mol%) of thioterephthalamide or selenoterephthalamide re-
sulted in the simple CTF-1 (X = 0), CTFS-1-X (X =5, 10,
15, 20) and CTFSe-1-X (X = 5, 10, 15, 20) under mild
conditions (below 393.15 K and under air atmosphere). In-
terestingly, our results demonstrated that the S- and Se-doped
CTF-1 both exhibited an enlarged light absorption range and
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promoted charge transfer efficiency. Under the irradiation of
visible light and in the presence of H,PtCly and triethanola-
mine (TEOA) as the sacrificial agent, for the S-doped CTFs,
CTFS-1-10 showed the most excellent HER rate (4,992.3
umol g ' h™") from water splitting, while for the Se-doped
ones, CTFSe-1-10 exhibited a photocatalytic HER rate of
5,792.8 pmol g ' h™', both of which far surpassed the un-
doped CTFs (693.3 pmol g ' h™"). The best HER rates of the
doped CTFs were approximately 7.3 and 8.2 times higher
than that of the pristine CTF for CTFS-1 and CTFSe-1,
respectively. Detailed studies revealed that the introduction
of heteroatom into frameworks via the developed mild
condensation conditions could not only maintain the great
crystallinity of CTFs, but efficiently tune the electronic
configurations of CTFs. It is worth mentioning that because
of distinctive electronegativities and atomic radii, Se atom
seemed to be more capable of suppressing carrier re-
combination and promoting charge transfer than S atom.
Overall, we developed a promising mild in-situ approach to
synthesize S- and Se-doped CTFs, based on which the
photogenerated carrier recombination can be efficiently
suppressed, leading to the significantly improved photo-
catalytic water splitting performance for HERs.

2  Experimental

The synthesis methods for the monomer thioterephthalamide
(TBM), selenoterephthalamide (SBM), the sulfur-doped model
compound (SDM) and the selenium-doped model compound
(SeDM) were summarized in the Supporting Information.

2.1 Synthesis of TBM and SBM

The monomer TBM was synthesized according to the lit-
erature approach [30]. The mixture of terephthalonitrile (2.0
mmol, 256 mg) and 10 mL DMF was stirred for 30 min
under Ar. Then 2 M ammonium sulfide aqueous solution (15
mL) as the sulfur source was slowly added into the mixture
and stirred at room temperature for another 12 h under Ar.
The yielded yellow precipitate was collected by filtration and
washed with 3x20 mL DMF and 3x20 mL water, separately.
The collected powder was dried at room temperature under
vacuum for 12 h to give a pale-yellow powder with an 87%
yield. "H NMR (600 MHz, DMSO-d;) 6 10.01 (s, 2H), 9.61
(d, J= 4.0 Hz, 2H), 7.86 (s, 4H).

The synthesis method of the monomer SBM was similar to
that of TBM. Sodium hydrogen selenide in ethanol solution
(2 M) was utilized as the selenium source. The final collected
powder was dried at room temperature under vacuum for 12
h to give a dark red powder with a 93% yield. 'HNMR (600
MHz, DMSO-dg) 0 10.95 (s, 2H), 10.35 (d, J = 4.0 Hz, 2H),
7.84 (s, 4H).
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2.2 Synthesis of CTFS-1-X and CTFSe-1-X (X =5, 10,
15, 20)

The synthesis method of CTFS-1-X and CTFSe-1-X (X =5,
10, 15, 20) was similar to that of the pristine CTF-1. The
terephthaldehyde (172.7 mg, 1.0 mmol) and the mixed
monomers (2.0 mmol, the mixture of X mol% TBM or SBM
and (100-X) mol% terephthalimidamide dihydrochloride)
were added into a three-necked flask equipped with a con-
denser. Cs,CO; (586 mg, 2.2 mmol) was dispersed into the
mixed solvent of dimethyl sulfoxide (DMSO) and water (v/v
=15:1, 32.0 mL) as the catalyst, which was added into the
above flask. The reactants were then homogeneously heated
at 60 °C for 12 h with continuous stirring. The mixture was
gradually heated and kept at 80 °C for 12 h and 100 °C for
another 12 h. Finally, the mixture was heated up to 120 °C
and kept at this temperature for 72 h. After neutralization
with aqueous HCI (3 M, 15 mL), the yellow solid was col-
lected by filtration.

2.3 Photocatalytic performance test

Photocatalytic hydrogen evolution was conducted under
visible light irradiation (=420 nm) with the presence of 50
mg CTF, CTFS or CTFSe catalysts, 90 mL deionized water,
10 mL TEOA as the sacrificial agent and 3 wt% Pt as co-
catalyst (obtained by the reduction of H,PtCls-6H,0). The
evolved gases were analyzed by gas chromatography and the
apparent quantum efficiency (AQE) was obtained in the
presence of 50 mg CTF catalysts under the light irradiation at
365, 450, 500 and 550 nm, respectively. The AQE was cal-
culated by the following equation:

2 x number of evolved H, molecules
number of incident photos

_ 2 % }’lNA

~ PtxJ/(hc)

AQE(%) = x 100%

where 7 is moles of evolved H,; N, is the Avogadro constant;
P is the light irradiation intensity, # is the irradiation time, % is
the Plank constant and c is the light speed.

3 Results and discussion

3.1 The crystalline structure of CTFS-1-X and CTFSe-
1-X

For the synthesis of S- and Se-doped CTFs, the ter-
ephthaldehyde and the mixture of terephthalimidamide di-
hydrochloride and various amounts (X mol%, X = 5, 10, 15,
20) of TBM or SBM in the mixed solvent of DMSO and
water were heated below 393.15K and under air atmosphere
in the presence of cesium carbonate as the catalyst, resulting
the simple CTFS-1-X (X =5, 10, 15, 20) and CTFSe-1-X (X
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=35, 10, 15, 20) in good yields (Scheme 1). It is believed that
during the condensation process, Schiff base formation oc-
curred first, which cyclized with TBM or SBM with the loss
of an ammonia molecule and subsequent oxidation using
DMSO as an oxidant, leading to the S- or Se-doped triazine
unit and the doped CTF skeleton (Scheme 1). As a re-
presentative, the CTFS-1-10 and CTFSe-1-10 would be
discussed below and a detailed discussion of other materials
with different doping contents could be found in the
Supporting Information.

The crystalline structures of the pristine CTF-1, CTFS-1-
10 and CTFSe-1-10 were obtained by powder X-ray dif-
fraction (PXRD) analysis. As shown in Figure 1a, all three
PXRD patterns of as-prepared CTFs exhibited similar two
main diffraction peaks at 26 = 7.2° and 25.35°, confirming
that the obtained CTF materials have the analogous ordered
structure in the inner layers. The intensity of the XRD pat-
terns for CTFS-1-10 and CTFSe-1-10 is only slightly lower
than that of CTF-1, suggesting that the good crystallinity of
the obtained CTFS and CTFSe materials could be main-
tained via this in-situ heteroatom-doped approach. It was
interesting to observe that with the introduction of heteroa-
tom S or Se (Figure 1a) and with the increasing amount of
doped heteroatom (Figure S2, Supporting Information on-
line), the (001) diffraction peak in the PXRD image shifted to
the lower angle direction, indicating that the planarity of
CTFs was weakened. These results could be due to the
greater atomic radius of S or Se (compared with that of N),
and the lower planarity of the S- or Se-doped triazine unit in
the CTF skeleton.

The simulated PXRD pattern of the AA stacking mode
(Figure la, b) in comparison with that of the AB stacking
mode had more agreement with the experimental PXRD
data. The simulated data of CTFs obtained by Materials
Studio were shown in Figure S3. Interestingly, compared
with the distance between the pristine CTF-1 layers (3.486 A),
the distance between the CTFS-1 or CTFSe-1 layers was
significantly increased (3.828 A for CTFS-1-10, and 4.281 A

¢
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Scheme 1 Model reaction of synthesis of CTF-1 and S- or Se-doped
CTF-1 (color online).
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Figure 1 (a) The experimental PXRD of CTF-1, CTFS-1-10 and
CTFSe-1-10, compared with patterns simulated from structural models in
the AA stacking mode (green line) and AB stacking mode (black line); (b)
AA and AB stacking mode of CTF-1; (c) the solid BC NMR spectra of
CTF-1, CTFS-1-10 and CTFSe-1-10; (d) N 1s, (e) S 2p and (f) Se 3d high-
resolution XPS spectra of CTF-1, CTFS-1-10 and CTFSe-1-10 (color
online).

for CTFSe-1-10), implying that the n-n interaction between
the 2D layers for the S- and Se-doped CTFs may be wea-
kened. These could result from the decreased planarity of the
S- and Se-doped CTFs, which is also demonstrated by the
experimental PXRD results. The enlarged layer distance is
expected to enable to suppress the photogenerated carrier
recombination for the bulk materials to a certain extent [31].

Solid state "C nuclear magnetic resonance (NMR) spectra
of CTF-1, CTFS-1-10 and CTFSe-1-10 verified the pre-
sence of the triazine units (173 ppm) and the benzene rings
(138, 128 ppm), which fitted well with simulated data
(Figure 1b). Fourier transform infrared spectra (FTIR) have
been obtained to confirm the maintenance of conjugated
backbone structures after heteroatom doping (Figure S4),
in which the peaks at 1,510 and 1,355 cm ' for CTFS-1-10
or CTFSe-1-10 were attributed to the presence of triazine
units. However, due to the low doping amount of sulfur or
selenium, signals ascribed to the bonding between carbon
and sulfur or selenium were not observed. The results of the
solid state °C NMR and FTIR analysis suggested that after
sulfur or selenium doping, the chemical structures of
CTFS-1 and CTFSe-1 were very similar to those of pristine
CTF-1.

The pore structures of CTFS-1-10, CTFSe-1-10 and
CTF-1 were evaluated by N, adsorption at 77 K and it was
found that the specific surface area and pore volume of CTF-
1 were similar to those of S- or Se-doped CTF-1. CTF-1,
CTFS-1-10 and CTFSe-1-10 all exhibited the type I N,
isotherm (Figure S5), which revealed the main micropore
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characteristic with high Brunauer-Emmet-Teller (BET) sur-
face areas.

Notably, the X-ray photoelectron spectroscopy (XPS)
measurement provided further evidence of the presence of
different doping element forms in the structures of CTFS-1-
10 and CTFSe-1-10. As shown in Figures S6b, c, the full
survey XPS image showed that both frameworks, CTFS-1-
10 and CTFSe-1-10, contained C, N and O elements. The
high-resolution N 1s surveys of CTFS-1-10 and CTFSe-1-
10 displayed two contributing peaks deconvoluted by the
main peaks, corresponding to triazine (C=N—C) at 399.3 eV
and heteroatom-doped triazine units (C—S—C—N or C—Se—-C—
N) at 400.3 and 400.5 eV, respectively in Figure 1d. In
comparison with the N 1s peaks of CTF-1 (398.8 eV), those
of CTFS-1-10 and CTFSe-1-10 shifted slightly towards a
higher binding energy of 399.3 and 399.1 eV, respectively
(Figure 1d), indicative of the influence of heteroatom doping
on the electronic properties of the CTF skeleton.

The sulfur element could be found in the framework of
CTFS-1-10, and selenium was found in CTFSe-1-10. Ac-
cording to the XPS survey, the atomic concentration of sulfur
in CTFS-1 was evaluated to be in a range of 0.5 mol%-2.7
mol% and selenium in CTFSe-1 in a range of 0.3-2.2 mol%
as shown in Table S2 (Supporting Information online). The
detailed discussion could be found in the Supporting In-
formation online. In the S 2p XPS high-resolution spectrum
(Figure 1e), the main peak was centered at 161.2 eV, which
was typical for C—S—C bond, suggesting that the C—S bond
was successfully formed in CTFS-1-10. Similar results were
observed in the Se 3d XPS high-resolution spectrum. As
shown in Figure 1f, the main peak centered at 55.4 eV was
assigned to the C—Se bond formed in CTFSe-1-10. These
results also revealed that an S or Se atom was indeed cova-
lently inserted into the triazine backbone.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were utilized to investigate the
morphology of CTF-1 and heteroatom-doped CTF-1 shown
in Figure 2. The SEM images of CTF-1 suggested that the
frameworks were synthesized featuring the layer structures
(Figure S7). With the introduction and increasing amounts of
S- or Se-doped into the frameworks, the surface of the layer
was becoming less smooth (Figure S8) probably due to the
reduced planarity of CTFs, which was expected to increase
the interaction with the substrate. The TEM images also
showed that the CTF materials were featured with compact
layer structures (Figure 2g, h). As shown in Figure S9 and
Figure 2¢—f, the N, S and Se element distributions in CTFS-
1-10 and CTFSe-1-10 could be obtained by X-ray energy
dispersive spectrometer (EDS) analysis with the mapping
scanning, respectively, which clearly demonstrated that the
heteroatom was uniformly distributed within the frame-
works, agreeing well with the results obtained from XPS
analysis.
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Figure 2 SEM images of (a) CTFS-1-10 and (b) CTFSe-1-10. Inset:
zoomed-in image within the annotated area. (c—f) Element mapping images
of CTFS-1-10 and CTFSe-1-10. (g, h) TEM Images of CTFS-1-10 and
CTFSe-1-10 (color online).

3.2 The performance of photocatalytic hydrogen
evolution

The photocatalytic performance for hydrogen evolution un-
der visible light (>420 nm) using CTF-1, CTFS-1 and
CTFSe-1 were evaluated in the presence of TEOA utilized
as a sacrificial agent and 3 wt% Pt as a hydrogen evolving
cocatalyst obtained by the reduction of H,PtCls-6H,0. The
photocatalytic conditions of HER have been optimized
shown in Figure S10. It was revealed that along with the
variation of the S- or Se-doping amounts, the trend of the
HER rates for both CTFS-1-X and CTFSe-1-X (X=5, 10, 15,
20) showed an initial increase followed by a decrease. When
the S- or Se-doping amounts reached 10 mol%, the hydrogen
evolution of as-prepared CTFS-1-10 and CTFSe-1-10 could
achieve the highest rate (249.6 and 286.5 umol h_l) under
visible light irradiation, which was found to be 7.2 times and
8.3 times that of CTF-1(693.3 umol g ' h"). Interestingly, it
was found that the HER performance of Se-doped CTFs was
more efficient than that of S-doped materials, as shown in
Figure SI11.

Furthermore, the cyclic performance test of hydrogen
evolution shown in Figure 3b suggested that the heteroatom-
doped CTF materials could stably produce hydrogen by
photocatalytic water splitting into 3 cycles. The materials
also exhibited excellent durability and the efficient photo-
catalytic hydrogen evolution rate remained after 26 h irra-
diation. Moreover, the apparent quantum efficiency (AQE)
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Figure 3 (a) The photocatalytic hydrogen evolution performance of
CTF-1, CTFS-1-10 and CTFSe-1-10; (b) the cyclic hydrogen evolution
performance of CTFS-1-10 and CTFSe-1-10 (color online).

of CTF-1, CTFS-1-10 and CTFSe-1-10 was obtained as
shown in Figure S12. The maximum AQE of CTFS-1-10
and CTFSe-1-10 was measured up to 1.3% and 1.7% at
450 nm, respectively, both of which were higher than that of
CTF-1 (0.83%). The results also indicated that compared
with the S element, the Se element introduced in the CTFs
materials could promote the availability of single wavelength
light and also play an important role in the full use of the
light spectrum.

3.3 The mechanism of high photocatalytic activity

The photocatalytic HER performance investigated above
indicated that the S- and Se-doping could effectively tune the
electronic configuration and energy band structure of CTF-
1. Thus, to further understand the role of S- and Se-doping in
influencing the photocatalytic properties of CTF materials,
the photophysical properties as well as the electronic band
structures of CTF-1, CTFS-1-10 and CTFSe-1-10 were
investigated by UV-vis DRS (Figure 4a). The detailed UV-
vis DRS spectra of CTFS-1-X (X =5, 15, 20) and CTFSe-1-
X (X =5, 15, 20) could be found in Figure S13. A red shift
was observed for the absorption band edge of CTFS-1-10
and CTFSe-1-10, compared with that of CTF-1, which de-
monstrated that the introduction of S and Se atoms into CTF-
1 enhanced the light absorption over the entire visible light
range (700 nm>4>420 nm) with the ideal visible spectrum
efficiency reaching 52.3% (CTFS-1-10) and 59.7%
(CTFSe-1-10), respectively, more than that of 42.6% for
CTF-1. With the increasing of the doping content, the light
absorption edge of both CTFS-1-X and CTFSe-1-X was
extending from 550 to 670 nm, due to the introduction of
sulfur or selenium into the framework.

All the Mott-Schottky plots of CTF-1, CTFS-1-10 and
CTFSe-1-10 exhibited positive slopes at different fre-
quencies in Figure S14, which featured a typical n-type
semiconductor. The lowest unoccupied molecular orbital
(LUMO) potential was very close to the flat band potential in
the n-type semiconductor. Accordingly, the electrochemical
Mott-Schottky plots exhibited that the LUMO potential of
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Figure 4 (a) The UV-vis diffuse reflection spectra of CTF-1, CTFS-1-10
and CTFSe-1-10 powers. Inset: plot of Kubelka-Munk function versus the
energy of CTF-1, CTFS-1-10 and CTFSe-1-10. (b) EIS Nyquist plots of
CTF-1, CTFS-1-10 and CTFSe-1-10. (¢) Room-temperature PL emission
spectra of CTF-1, CTFS-1-10 and CTFSe-1-10. (d) Transient fluorescence
lifetime of CTF-1, CTFS-1-10 and CTFSe-1-10 (color online).

CTF-1, CTFS-1-10 and CTFSe-1-10 were at approximately
—1.19, —1.24 and —1.28 V versus the saturated Ag/AgCl re-
ference electrode, respectively, in Figure S14. The results
indicated that for all three CTF materials, the photocatalytic
HERSs via water splitting could occur thermodynamically.
The more negative LUMO potentials for CTFS-1-10 and
CTFSe-1-10 indicated that S- and Se-doping could sig-
nificantly enhance the photo reducibility of CTF-1 materials,
which would be beneficial for photocatalytic water splitting.
As illustrated in Figure 4b, the electrochemical impedance
spectroscopy (EIS) measurement showed that obviously the
diameters of arc radii of both CTFS-1-10 (41.75 Q) and
CTFSe-1-10 (42.58 Q) were smaller than that of CTF-1
(4791 Q), indicating that recombination of the photo-
generated carriers was suppressed after the dopant in-
troduction.

Furthermore, the photoluminescence (PL) measurement
could provide a useful tool to evaluate the separation and
migration of photoinduced electron-hole pairs, which were
regarded as the basic processes in photocatalytic reactions.
The fluorescence emission spectra of CTF-1, CTFS-1-10
and CTFSe-1-10 in the range 400-750 nm were shown in
Figure 4c. CTF-1 sample displayed higher PL intensity with
respect to CTFS-1-10 and CTFSe-1-10, indicating that the
introduction of S or Se could promote the separation and
migration of photoinduced carriers. It was further found that
all the time-resolved fluorescence of CTF-1, CTFS-1-10
and CTFSe-1-10 followed a biexponential decay function
(Figure 4d). The longer components (charge separation time)
were calculated to be 3.123 ns for CTF-1, 3.296 ns for
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CTFS-1-10 and 3.653 ns for CTFSe-1-10, and the charge
combination lifetimes as shorter components of CTF-1,
CTFS-1-10 and CTFSe-1-10 fitted to be 0.644, 0.753 and
0.805 ns, respectively. The results indicated that the in-
troduction of S or Se into the CTFs could promote charge
migration and restrain the recombination of charge carriers.

To further elucidate the influence of S or Se substitution
for an N atom in the triazine ring on the charge transfer
properties of the CTF skeleton, the change of the built-in
electric field in the CTF materials before and after doping
could be primarily considered. It has been reported that there
is a positive correlation between the zeta and surface po-
tentials of the CTF materials and the intensity of the built-in
electric field [32]. As shown in Figure S15, the zeta potential
of CTFSe-1-10 could reach 27.4 mV, which was larger than
those of CTFS-1-10 (25.1 mV) and CTF-1 (17.3 mV). The
surface potential results obtained by the Kelvin probe force
microscope (KPFM) in Figure S16 showed that the potential
value of CTFSe-1-10 (AE=123.1 mV) was also greater than
those of CTFS-1-10 (AE=112.4 mV) and CTF-1 (AE=53.2
mV). These results indicated that the stronger built-in elec-
tric field could be a result of doping S or Se elements into
CTF-1 materials. The CTFSe-1 was supposed to possess the
strongest built-in electric field among the three CTF mate-
rials. Furthermore, the intensity of the built-in electric field
could also be related to the surface charge density of 2D
materials, which could be evaluated from the transient pho-
tocurrent density As indicated in Figure S17, the surface
charge density of CTFSe-1-10 was estimated to be 1.73
times and 3.72 times as high as that of CTFS-1-10 and CTF-
1, respectively. CTFS-1-10 and CTFSe-1-10 also exhibited
the highest photocurrent among all the doped CTF-1 mate-
rials with various amounts of S and Se introduced, respec-
tively, under visible light irradiation, indicating that the
CTFS-1-10 and CTFSe-1-10 with the optimal amount of S
or Se dopant (10 mol%) could realize the highest charge-
transfer and separation efficiency.

To further demonstrate the electron-transfer process in
CTF-1 after introduction of heteroatom into the triazine ring,
density functional theory (DFT) -calculations with the
B3LYP/6-31G(d) basis set in Gaussian 16 package were
applied to optimize ground-state structures of the cluster
model, triphenyltriazine named SBM, S-substituted triphe-
nyltriazine named SDM and Se-substituted triphenyltriazine
named SeDM, and to calculate the molecular orbitals and the
electrostatic potential distribution as shown in Figure 5 and
Figures S17¢—S19. In comparison with SBM (—9.32 kcal/mol),
the electrostatic potential of triazine unit in SDM (—11.41
kcal/mol) and SeDM (—12.37 kcal/mol) have become more
negative, which indicated that the triazine units in SDM and
SeDM could provide more photogenerated electrons utilized
for water splitting after photoexcitation. Besides, according
to Figure 5b, the theoretical energy levels were calculated
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Figure 5 (a) The electrostatic potential distribution of SBM, SDM and
SeDM. (b) The theoretical HOMO and LUMO orbits of SBM, SDM and
SeDM. (c¢) The photocatalytic mechanism of heteroatom-doped CTF-1
(color online).

based on the structural model of SBM, SDM and SeDM. The
highest occupied molecular orbital (HOMO) and LUMO
potentials of the structural model were shown in Figure 5b.
Compared with the LUMO potential of SBM (—1.79 eV),
those of SDM (—2.05 eV) and SeDM (—1.91 eV) were more
negative, and the band gaps for SDM (2.14 V) and SeDM
(2.33 eV) lower than that of SBM (4.85 ¢V). The theoretical
calculation results indicated that the excitation energy
transfer (EET) could occur from SDM or SeDM to SBM,
which could inhibit the carrier combination to enhance
photocatalytic efficiency.

Based on the above analysis, we thus proposed the pho-
tocatalytic mechanism for heteroatom-doped CTF-1 as
shown in Figure 5c. Upon visible-light irradiation, the cat-
alyst could be excited. The built-in electric field facilitated
the charge transfer from the benzene units and doped triazine
units to the triazine via the D-A and EET structure, which
promoted photogenerated electrons to participate in the re-
duction reaction with the presence of Pt as the co-catalyst
and triethanolamine as the sacrificial agent.

4 Conclusions

In summary, the novel facile approach for the in-situ pre-
paration of heteroatom-doped (including S and Se element)
CTFs has been developed. S or Se atoms were introduced
into the triazine frameworks through thermal condensation

between the aldehyde monomer and the mixture of ter-
ephthalimidamide and S or Se substituted terephthalamide,
respectively. The highly crystalline and conjugated structure
was maintained after the incorporation of S or Se into the
frameworks of CTF-1. S- and Se-doped CTFs showed out-
standing photocatalytic HER performance under visible ra-
diation. When the amounts of S- or Se-substituted
terephthalamide reached 10 mol%, the greatest photo-
catalytic hydrogen evolution rate of CTFS-1-10 (4,992.3
umol g h™") and CTFSe-1-10 (5,792.8 pmol g ' h™') was
achieved. It is shown that the introduction of heteroatom into
frameworks via these mild condensation conditions could
efficiently tune the electronic structures of CTFs. Overall,
this work developed a simple and facile method for the
synthesis of conjugated heteroatom-doped polymer semi-
conductors with highly efficient photocatalytic water-split-
ting capabilities. Our studies actually opened a gate toward
the facile and efficient tuning of the electronic configuration
of CTFs for highly crystalline and high-performance CTF
photocatalysts.
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