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Abstract: Conjugated polymers are promising light harvesters for water reduction/oxidation

due to their simple synthesis and adjustable band gap. Herein, both cyanamide and triazole
functional groups were first incorporated into a heptazine-based carbon nitride (CN) polymer,
resulting in a novel mesoporous conjugated cyanamide-triazole-heptazine polymer (CTHP) with
different compositions by increasing the quantity of cyanamide/triazole units in the CN backbone.
Varying the compositions of CTHP modulates its electronic structures, mesoporous
morphologies, and redox energies, resulting in a significantly improved photocatalytic
performance for both H, and O evolution under visible light irradiation. A remarkable H>
evolution rate of 12723 pmol ht g* was observed, resulting into a high apparent quantum yield
of 11.97% at 400 nm. In parallel, the optimized photocatalyst also exhibited an O evolution rate
of 221 pmol ht g, 9.6 times higher than the CN counterpart, with the value being the highest
among the reported CN-based bifunctional photocatalysts. This work provides an efficient

molecular engineering approach for the rational design of functional polymeric photocatalysts.

1. Introduction

Due to the gradual depletion of fossil fuels and environmental pollution, the exploitation of
renewable and sustainable energy has become increasingly important. Photocatalytic splitting of
water into Hz2 and Oz using solar light and photocatalysts is considered a promising and clean
solution and has been of extensive interest. It is highly desirable to develop high-performance,
cost-effective, and highly photostable photocatalysts for the photocatalytic decomposition of
water into Hz and Og. In recent years, conjugated polymers have gained intensive interest owing
to their unique optical properties, tunability, facile processing, and cost effectiveness.) Among

the conjugated polymers, melon consisting of heptazine units (also known as graphitic carbon



nitride, CN) is one of the most widely studied because of its exceptional photochemical and
thermal stability under a variety of reaction conditions.[d However, its narrow spectral response,
rapid recombination rate for photogenerated electron-hole pairs, low catalytic activity, and weak
thermodynamic driving force for photocatalytic water oxidation have greatly limited its
application in photosynthesis. Various strategies thereafter have emerged to solve these
problems, such as nanostructure design,®! elemental doping,”! molecule engineering,® and
heterostructure.’®! Among them, the molecule engineering of CN is a powerful tool to regulate
the chemical composition and structure, as well as for controlling the interactions between the
catalyst materials and its surrounding environment.”! For instance, polymerzing cyano groups
into CN backbone narrows the band gap to 2.36 eV, resulting in an enhanced photocatalytic
hydrogen rate of 6900 pmol h™* g%, In another work, urea-modified CN showed a Hz evolution
rate nearly 30 times higher than that of nonfunctionalized CN, as the urea group could serve as a
preferential docking site for the Pt cocatalyst, resulting in improved charge separation.
Additionally, engineering N-rich triazole units into CN framework was demonstrated to be
beneficial for improving the visible photon harvesting, leading to remarkable enhancement of
photocatalytic Hz production.®! Although these studies can perform well in photocatalytic H,
evolution reaction (HER), they are rarely used for photocatalytic O, evolution reaction (OER).
Recently, a conjugated triazine-based polymer prepared by incorporating phenyl units into
triazine-based CN was demonstrated to be active for photocatalytic OER, with an Oz evolution
rate of 100 pmol h™* g% [°1 Unfortunately, these CN-based photocatalysts are directly prepared
in the form of bulk materials through the rough thermal-polymerization that usually suffered
from bulky property-related recombination centers, which seriously restricts them to achieve

better enhancement in photocatalytic activity. In addition, the above studies only focused on the



H>- or Oz-producing half reaction. It would be preferable that the photocatalysts could
simultaneously catalyze both the HER and the OER, although this is still a challenge. Motivated
by the above discussion, for the first time, we incorporated cyanamide and triazole functional
groups into heptazine-based backbone through a facile one-pot freeze-drying strategy, yielding a
cyanamide-triazole-heptazine polymer (CTHP) with mesoporous architecture. It was discovered
that the cyanamide and triazole groups could synergistically modulate both the morphology of
CN to increase the number of catalytic active sites, and the electronic structure to extend visible-
light absorption, promote charge separation, and provide a better-aligned valence band level to
boost the driving forces for water reduction and oxidation. The as-prepared CTHP3o exhibited
superior photocatalytic activity, with an Hz evolution rate of 12723 pmol h™ g under visible-
light irradiation and a remarkable apparent quantum efficiency of 11.97% at 400 nm.
Interestingly, CTHP30 also demonstrated an excellent Oz evolution rate of 221 pmol ht g7,
approximately 9.6 times higher than that of its CN counterpart and much higher than other
reported CN-based bifunctional photocatalysts. In addition, the photocatalytic activity of the

CTHP30 was much better than that of the cyanamide- or triazole-modified CN counterparts.

2. Results and Discussions
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Figure 1. (a) Preparation process of CTHPz0. (b) SEM image and (c, d) TEM image of CTHPzo
with element maps for C and N. (e) N2 adsorption isotherms of CTHP3o. Inset in (e): pore size

distribution.

Experimentally, a homogeneous solution with a mass ratio of urea and 3-amino-1,2,4-triazole
(3-AT) of 30:1 was first converted into a white macroscopic monolith by a one-pot freeze-drying
assembly method. Thermal polymerization of the assembly precursor led to the formation of
cyanamide-triazole-heptazine polymers (CTHP30) with porous structure (Figure 1a). The pristine
CN showed a layered structure with a grain size of several microns (Figure Sla), while
introducing cyanamide groups into CN (labeled as CHP) decreased the sheet size to several
hundred nanometers (Figure S1b). On the other hand, introducing triazole groups into CN
(labeled as THP) changed its morphology to form large grain sizes of several tens of
micrometers, with serious aggregation (Figure S1c). In contrast, the CTHP3o was composed of
cross-linked tentacles that were tens of nanometers in width and hundreds of nanometers in

length, resembling a 3D coral-like porous morphology (Figure 1b). Transmission electron
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microscopy (TEM) images (Figure 1c) show that the tentacles of the coral-like CTHP3 were
enriched with pores of less than 20 nm. Elemental mapping proved the coexistent and uniform
distribution of C and N within CTHP3o (Figure 1d). The Brunauer-Emmett-Teller (BET) surface
area of CTHP30 was 67.2 m? g1, higher than those of pristine CN (33.8 m? g1), CHP (28.9 m? g
1), and THP (6.9 m? g, Figure S2). CTHP3 showed a type-1V isotherm (Figure 1e),t
suggesting that it contained a large number of pores with sizes of less than 50 nm, which is
consistent with the pore size distribution (inset of Figure 1e). This increase in surface area
increased the number of exposed active sites on the surface, resulting in an unprecedented
opportunity to boost the catalytic activity to new levels.

The X-ray diffraction (XRD) pattern of the pristine CN (Figure 2a) showed two characteristic
peaks at 12.9<and 27.1< which can be assigned to the intralayer long-range atomic order (100)
and interlayer periodic stacking (002), respectively.*Y] In comparison to pristine CN, the lateral
peaks of CHP shifted to a higher angle, suggesting a smaller interlayer stacking distance in
accordance with the previously reported cyanamide-modified CN.[1] The diffraction pattern of
THP was similar to that of pristine CN, but with a sharper intensity, indicating a typical
conjugated structure with high crystallinity.[!?l By contrast, CTHP3 showed a shifted and
broadened peak at 27.3< and the peak located at 12.9°was absent, confirming the disruption of
the ordered structure within the framework, as observed in the SEM images (Figure 1b and
Figure S1). The Fourier transform infrared (FT-IR) spectrum of the pristine CN (Figure 2b)
exhibited a sharper peak at 810 cm™, originating from the characteristic bending mode of the
heptazine ring, while several peaks in the 1200-1800 cm™* region belong to the stretching modes
of the CN heterocycles.[*23] These were also observed in CTHP3, indicating the basic CN

framework structure. Relative to the pristine CN, CTHP3o displayed a strong signal at 2175 cm™



typical of the asymmetric stretching vibration of cyanamide groups (-C=N), indicating the
successful incorporation of cyanamide groups into the CN system.[’»14] |t is obvious that there is
a vibration band at 739 cm™ for CTHPs corresponding to the N-N heterocycles (Figure
2b),[*2%%1 which indicates the presence of triazole moiety in the structure of CTHP3. This band at
739 cm* becomes stronger as the increase of 3-AT content in the precursors, which further
demonstrates the existence of N-N bonds in the unit cell of CTHP (vide infra). Thermo
gravimetry analysis (TGA, Figure S3) shows that 3-AT has a melting point of 200 °C, and it is
decomposed to cyanamide and inner salt after melting, which offer the precursors for generating
a N-rich carbon nitride composed of triazine moiety and azoles/triazole moiety (detail discussion
in Supporting Information).[*®! It enables us to qualitatively anticipate that cyanamide and an
inner salt of ("HN-CH=N") are produced by thermal-decomposition of 3-AT and polymerized
with urea, thus forming cyanamide groups-modified N-rich carbon nitride consisting of
heptazine cell and small amount of the unit cell including triazole and triazine moieties (Scheme
s1). [1c,15,16,21]

Solid-state *C magic-angle spinning (MAS) NMR spectroscopy was used further investigate
the structure of CTHP30 (Figure 2c). The NMR spectra of pristine CN, THP, CHP, and CTHP3o
show two strong peaks at 156.8 and 163.9 ppm, which are ascribed to the chemical shifts of C-
(N)s (1) and (N)2-C-NHx (2) in the heptazine units, respectively.®1 A new peak at 120.5 ppm
corresponding to N=C-NH (3) was observed for CHP and CTHP30, demonstrating the presence
of cyanamide groups derived from the decomposition of 3-AT during the annealing process.[*®!
Another new peak at 111.9 ppm can be clearly observed for THP and CTHP3g, which can be

assigned to the HN-C(H)=N (4) in the triazole group.l*® These results further indicate that the



polymerization of urea and 3-AT into heptazine-based carbon nitrides with cyanamide and

triazole groups with controllable morphologies.
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Figure 2. (a) XRD patterns of the pristine CN, CHP, THP and CTHP3o. (b) FTIR spectra of CN

and CTHP30. (c) Solid-state 13C MAS NMR spectra of the pristine CN, CHP, THP and CTHP3o.



Inset in (c): the corresponding molecular structures. (d) The N1s XPS spectra of the pristine CN

and CTHP3o.

X-ray photoelectron spectroscopy (XPS) was conducted to further identify the chemical
composition of CTHP3o. CTHP3 showed an increased N/C ratio of 1.71 compared to the pristine
CN with 1.68 (Figure S4), which match the energy dispersive X-ray spectrum (EDS) in Table
S1, indicating an N-rich CN framework due to the introduction of functional groups. The N 1s
XPS spectrum (Figure 2d) of the pristine CN exhibited three peaks located at 398.5, 399.7, and
401.0 eV, corresponding to sp?> C-N=C, N-(C)s, and NHx, respectively.?*?°l Apart from these
three peaks, there is a strong signal at 400.5 eV in the CTHP30, which is attributed to the pyrrolic
nitrogen derived from triazole group.!?>°12 |n contrast to the pristine CN (399.7 eV), the N-(C)s
peak of CTHP30 showed a slight shift to a lower binding energy of 398.4 eV, likely due to the
formation of cyanamide groups whose N 1s binding energies are in the middle of those of sp? C-
N=C and N-(C)z."™™ The high-resolution C1s spectra (the right in Figure 2d) showed CTHP3o
consists of 29.71% C-C (C1, 284.8 eV), 45.95% sp? hybridized N-C=N (C2, 286.0 eV), and
24.34% C-NHx (C3, 288.2 eV).[227a With respect to the pristine CN (Table S2), CTHP30
displayed an increase of C2, and a decrease in C3 and C1, further suggesting that the effective
incorporation of cyanamide and triazole groups in the heptazine unit changes the chemical states
of C and N species.l*™ The above results provide evidence that a cyanamide-triazole-heptazine

polymer with controllable morphologies were achieved.
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Figure 3. Physical properties of CN, CHP, THP, and CTHPzo. (a) UV-vis spectra. Inset in (a):
Tauc plots of the pristine CN, CHP, THP, and CTHP30. (b) Electronic band structure, (c) PL
spectra (with the excitation wavelength of 375 nm), (d) EPR spectra, (e) Nyquist plots obtained

at open-circuit voltage and (f) Transient photocurrents response of the pristine CN, CHP, THP,

and CTHPsg.

The strong cooperative effects between the cyanamide and triazole groups have a significant

influence on the optical absorption properties, the driving force of the redox reaction, and the
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charge separation efficiency. The UV-vis spectrum of the pristine CN (Figure 3a) showed an
absorption edge at about 448 nm, corresponding to a band gap of 2.77 eV (inset of Figure 3a),
which was accord with the published reported.*”! This was caused by the n-m* electronic
transitions of the conjugated CN framework, and is close to that reported for graphitic carbon
nitride.?¢41 In comparison to pristine CN, CHP showed a slight red shift in the absorption edge,
which could be attributed to the formation of cyanamide defects in the CN framework.[®! The
optical absorption of THP exhibited a strong red shift in the intrinsic absorption edge to 485 nm
and increased band tailing to 675 nm due to the introduction of triazole groups, as the conjugated
heterocyclic ring systems have not only n-z* electronic transitions but also n-n* transitions
originating from the sp? hybridization of C and N in the triazole clusters.*®! The band gaps of
CHP and THP were 2.71 and 1.91 eV, respectively. Due to the synergistic effects of the
cyanamide and triazole groups, CTHP3o exhibited an obvious red shift in its absorption spectrum,
with an absorption edge at 478 nm corresponding to a band gap of 2.65 eV (inset of Figure 3a).
When compared with pristine CN (2.77 eV), CTHP3o had a narrower band gap that would absorb
more visible light, thus enhancing its photocatalytic activity. XPS spectra show the valance band
maxima (VBM) of CN, CHP, THP, and CTHP3, were 1.75, 1.47, 1.44, and 1.53 eV vs. NHE
(Figure S5), respectively. This result indicates a negative VBM shift of about 0.28, 0.31, and
0.22 eV for CHP, THP, and CTHPzo, respectively. It was reported that the VBM of the CN was
located at approximately 1.67 eV (vs. NHE),) and therefore CHP, THP, and CTHP30 have the
band alignment as shown in Figure 3b. Notably, the HOMO and LUMO energies are closely
related to the modification of functional groups in the CN frameworks, making the samples have

different thermodynamic driving force for photocatalytic water splitting.
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These results are consistent with the findings of the photoluminescence (PL) spectroscopy
experiments (Figure 3c), where the emission peaks of CTHP30, CHP, and THP were obviously
red-shifted relative to the pristine CN. The PL signal intensity also gradually decreases from the
pristine CN, CHP, THP, to CTHP3o, indicating the synergistic effects of the bifunctional
cyanamide and triazole groups can greatly improve charge transfer, leading to higher charge
separation efficiency.?®! Electron paramagnetic resonance (EPR) spectra of all the samples
showed a single Lorentzian line with g = 2.0034, corresponding to the delocalized electrons on
the heptazine rings (the left in Figure 3d).[?®! The EPR intensities of both THP and CHP were
strengthened compared to the pristine CN, and the synergistic effect of the cyanamide and
triazole groups led to a further enhancement of EPR intensity for CTHP3. A close analysis
indicates that the relative variation of the number of spins (Nx/NcTtHp30) for the pristine CN, THP,
CHP, and CTHP3o are calculated to be 0.42, 0.68, 0.75, and 1.00, respectively (the right in
Figure 3d, specific calculation in 4.6). This result suggests that the content of single electron in
CTHP30is much higher than that of the pristine CN, THP and CHP, which further demonstrates
the cooperative effects between the cyanamide and triazole groups can significantly facilitate the
processing of the photocatalytic redox reaction.?*! Compared with pristine CN, THP, and CHP,
CTHP30 showed a smaller semicircle in the Nyquist plot (Figure 3e), indicating significantly
reduced catalyst-electrolyte interface resistance.??! This was because the two functional groups
worked in synergy to create a more efficient electron transfer than either of them alone.?® The
markedly increased photocurrent of CTHP3o (Figure 3f) further proves the inhibition of charge
recombination,?>%6] in good agreement with the EIS data. The efficient charge transfer for

CTHP30 should originate from the incorporation of the cyanamide and triazole groups that could
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synergistically release more active sites for electron localization or anchoring cocatalysts,
resulting in high catalytic activities,[3917a21c]

For comparison, a series of CTHPyx (X represents the mass ratio of urea/3-AT) samples were
synthesized by adjusting the mass ratio of urea/3-AT to 20, 30, and 50, with the resulting
samples being denoted CTHP20, CTHP3, and CTHPso, respectively (Figure S6-S8). The H»
evolution reaction (HER) performances of these samples were investigated in the presence of 3
wt% Pt as a cocatalyst and 10 vol% methanol as a sacrificial agent under visible light irradiation
(A>420 nm). The pristine CN exhibited a H, evolution rate of 1733 pmol h* g, and introducing
only cyanamide groups (CHP) enhanced the H evolution rate to 3754 pmol h't g%, On the other
hand, introducing only triazole groups (THP) decreased the H2 evolution rate to 503 pmol ht g2,
which can be attributed to its low specific surface area (only 6.9 m? g, Figure S2) as this results
in fewer catalytic active sites. This result also suggests that the porous micro-nano structure is
very important in terms of performance. By synergistically introducing these two groups, the
photocatalytic activity could be significantly improved (Figure 4a). All the CTHPy samples
showed improved photocatalytic H> production rates, following the order CTHP30 (12723 pmol
gl h?)y>CTHP, (6857 pmol gt h't) > CTHPso (4264 pmol gt hh). This correlates well with the
order of increased cyanamide and triazole group content (Figure S7), and can be ascribed to
increasing the cyanamide and triazole group content of the CN samples leading to hierarchical
porous structure with higher surface areas (Figures S8 and S9), narrower band gaps (Figure
S10), and quenching of radiative recombination (Figure S11). CTHP3o possessed very good
repeatability and reliability during a 17 h experiment (Figure 4b). The wavelength-dependent H>
evolution rate of CTHP3o matched its optical absorption spectrum, suggesting a light-driven

reaction (Figure 4c). The apparent quantum yield (AQY) of CTHP3y was determined to be
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11.97% at 400 nm, higher than those of the cyanamide-modified CN,27815231 triazole-modified
CN,28 and other CN-based bifunctional photocatalysts (Table S3).512° Although the
photocatalytic activity decreased with increasing wavelength, continuous Hz evolution occurred

at individual wavelengths, and an AQY of 0.28% was still measured at 550 nm.
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Figure 4. (a) Hz evolution performance of the pristine CN, THP, CHP, CTHP20, CTHP30, and
CTHPso. (b) The stability of H. evolution for CTHPs0. (c) Wavelength dependence of H:
evolution rate on CTHP3o. (d) Oz evolution performance of the pristine CN, THP, CHP, CTHP2o,

CTHP30, and CTHPso.

The oxygen evolution reaction (OER) performance was further explored using AgNOs as an

electron scavenger and cobalt species as cocatalysts under visible light irradiation (A>420 nm).
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The cobalt-loaded CTHP3o was prepared by a simple photo-deposition method, and this was
demonstrated by the XPS results (Figure S12) and element mapping (Figure S13). When the
amount of Co species was increased from 0 to 6 wt% (Figure S14), the O, production activity
was significantly increased to 221 pmol h' g (Figure 4d), and the optimal amount of Co
species was measured to be 0.63 at% from the XPS results of the Co 6wt%/CTHP3, sample
(Table S4). The quenched PL (Figure S15a) and increased photocurrent response (Figure S15b)
of Co 6wt%/CTHP3, compared with CTHP3 indicates reduced carrier recombination, implying
that the addition of Co species could serve as trapping centers for charge carriers to promote
charge separation and mobility.1?2% In the presence of the 6 wt% Co cocatalyst, the O
production rate for CTHP3 (221 pmol h'? g1) was 9.6 times higher than that of pristine CN (23
pmol ht g 1), 15.8 times that of THP (14 pmol ht g 1), and 1.5 times that of CHP (143 pmol ht
g1). This should be attributed to CTHP3, had the narrowest band gap of 2.65 eV compared with
the pristine CN, CTHP2o, and CTHPso, and the potential of the CBM of CTHP3o is lower than
CTHP20, and CTHPso, which would provide a strong thermodynamic driving force for OER
(Figure S16).3Y The CTHP3 displays sustained O production with slight deactivation over 9 h
(Figure S17), which could be attributed to the fact that the used Ag* resulted in the shielding of
the active sites on the photocatalyst surface and reduced the penetration depth of light in the
reaction solution.>%2 After photocatalytic reaction, the coral-like porous morphology of CTHP3o
could be maintained (Figure S18a), and the FTIR spectra of CTHP3, after long-time run
remained unchanged (Figure S18b), suggesting the robust stability of CTHP3o. Additionally, the
O production rate of the optimal CTHP3, was the highest of all the CN-based bifunctional
photocatalysts,[1?52°32 and even higher than most of the CN-based OER photocatalysts (Table

S3).110:23.24260] 1 addition, the relative standard deviations (RSD) of 5.1% for HER and 4.0% for
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OER were calculated (error bars in Figure 4a and 4d, Table S5 and S6), suggesting that

CTHP3o displayed satisfactory reproducibility.

3. Conclusion

In summary, a mesoporous conjugated CTHP with controllable composition was synthesized
by incorporating cyanamide and triazole functional groups into a heptazine-based carbon nitride
system, which resulted in a remarkable improvement of photocatalytic H> and O2 production.
The cyanamide and triazole groups have been separately proven to induce broad visible-light-
response, promote charge separation and transfer, as well as to improve the redox ability. When
simultaneous incorporation of these two functional groups, a strong synergistic effect on
significant improvement of separation and transport of photogenerated carriers and catalytic
function have been observed on the CTHP samples, leading to an excellent Hz and O evolution
rate and photochemical stability, significantly exceeding all the CN-based bifunctional

photocatalysts. These findings may inspire the rational design and exploration of new cost-

effective polymeric semiconductors by the molecule engineering strategy for solar-to-chemical

energy conversion.

4. Experimental Section
4.1 Chemicals

Nafion solution (5 wt%), Na>SOs, and methyl alcohol were obtained from Sinopharm
Chemical Reagent Co. Ltd. 3-amino-1,2,4-triazole (3-AT) was purchased from Tensus Biotech

(Shanghai, China). Urea, Co(NOs3). 6H20, chloroplatinic acid hexahydrate(>99%, H.PtCle H20)
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were purchased from Aladdin Chemical Reagent Co. Ltd. All chemical reagents are analytical
grade and used without further purification. Ultrapure (Milli-Q) water was used in experiments.

4.2 Catalyst synthesis
4.2.1 Synthesis of pristine CN

The pristine CN bulk was synthesized by directly heating urea at 550 °C in a tube furnace for

4 h with a heating rate of 2.3 °C min in N2 atmosphere and then cooled to room temperature.

4.2.2 Synthesis of triazole groups-modified CN (THP)
THP was synthesized by directly heating 3-AT at 550 °C in a tube furnace for 4 h with a

heating rate of 2.3 °C min* in N, atmosphere and then cooled to room temperature.
4.2.3 Synthesis of cyanamide groups-modified CN (CHP)

10 g of urea was dissolved into 6 MM KOH aqueous solutions, and then the resulting solution
was dried into solid product. The solid mixtures were then calcined at 550 °C for 4 h with a
heating rate of 2.3 °C min in N2 atmosphere and then cooled to room temperature. The resultant

powders were washed with water and ethanol to purify the sample.
4.2.4 Synthesis of cyanamide and triazole groups-modified CN (CTHP)

Urea and 3-AT at different mass ratio of 20:1, 30:1, and 50:1 were dissolved in 30 mL
deionized water and sonicated for 30 min to obtain a homogeneous solution. These mixed
solutions were then kept in liquid nitrogen and freeze-dried to obtain white assemblies. The
CTHPx (X represents the mass ratio of urea to 3-AT) samples were synthesized by heating these
white assemblies at 500 °C for 4 h with a heating rate of 2.3 °C min* in N, atmosphere and then

cooled to room temperature.
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4.2.5 Synthesis of Co-loaded CTHPx (Co/CTHPy)

The Co cocatalyst was loaded on the photocatalyst surface by a modified wet impregnation
method. In a typical synthesis for Co/CTHPx, an aqueous suspension of CTHPx was first
prepared by dispersing 200 mg CTHPy into 50 mL deionized water and was then transferred into
oil bath at 70 <C. 6 wt% of Co(NOz)2 was added into the CTHPx aqueous dispersion, and then
kept stirring for 18 h to form homogeneous solution. Subsequently, the mixtures were dried and
heated at 350 <C for 1 h. The loading amount of Co has a significant effect on the performance of
the products, which can be tune by changing the addition amount of Co(NOs). (from 0, 3, 6 to 9
wit%).

4.3 Characterization

The morphology of the photocatalysts was obtained by SEM (JSM-7500), TEM (76508,
Hitachi). Energy-dispersive X-ray spectroscopy (EDS) and element mapping of the samples were
performed by an Oxford X-ACT operated at 100kV. X-ray diffraction (XRD) patterns were
obtained by using a Netherlands 1,710 diffractometer with a Cu Ka irradiation source (A = 1.54
A). Fourier transformed infrared (FT-IR) spectra were recorded on a Bruker VERTEX 700
spectro-meter. 3C cross-polarisation magic angle spinning (CPMAS) solid-state nuclear
magnetic resonance (NMR) spectra was recorded on a JNM-ECZ600R solid-state NMR
spectrometer with a 3.2 mm magic-angle spinning probe. X-ray photoelectron spectroscopy
(XPS) measurements were performed using an ESCALab250Xi photoelectron spectrometer (VG
Scientific) with Al Ka radiation. UV-Vis diffuse reflectance spectra were recorded on a UV-
2600 UV-VIS-NIR spectrometer (Shimadzu). Photoluminescence spectra were recorded with a
PerkinElmer LS55 spectrofluorometer. BET specific surface area was determined by nitrogen

adsorption-desorption isotherm measurements at 77 K (NOVA 2200e).
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4.4 Photocatalytic activity tests

The hydrogen evolution reaction was carried out in a top-irradiation vessel connected to a gas-
closed glass system under the irradiation of a 300 W Xe lamp (Beijing Perfect-Light Co., Ltd).
The photodeposition of Pt cocatalysts on catalysts was carried out prior to each photocatalytic
analysis.l*”) Generally, 20 mg of catalyst was dispersed in 90 mL aqueous solution containing 3
wt% HoPtCle (with respect to the catalyst used). The mixture was stirred for 0.5h, and then
exposed to UV irradiation for 0.5h for Pt loading at room temperature. The hydrogen production
was performed by dispersing 20 mg of photocatalyst powder in 90 ml deionized water containing
10 mL methyl alcohol as the sacrificial agent. The oxygen evolution half reaction was performed
by dispersing 20 mg of photocatalyst powder in deionized water (90 mL) containing 10 mL
AgNO3 aqueous solution (0.2 M) as the sacrificial electron scavenger. After
sonication treatment for 30 minutes, the reaction solution was evacuated 30 mins to completely
remove air before irradiation. The temperature of reaction solution was maintained at 6 <C using
a cooling water bath during the reaction. All the gas productions were analyzed by a gas

chromatography (GC-2014C Shimadzu, TCD, argon carrier gas 99.999%).
4.5 Photocurrent and electrochemical tests

The transient photocurrent response experiments were conducted on a CHI660D
electrochemical system in a three-electrode system, where a sample-coated fluoride-tin oxide
(FTO) glass, Pt foil and Ag/AgCl electrode were used as the working electrode, counter-
electrode and the reference electrode, respectively. 0.2 M Na>SOs solution (evacuated with Ny)
was utilized as the electrolyte. Electrochemical test was measured on a potentiostat (Auto-lab,

Model 204) under applied biases ranging from -1.5 V to -1.1 V (vs. Ag/AgCl).
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4.6 EPR normalization calculation

The area of the absorption curve was calculated by integrating the first differential curve for
twice, and further compared with the standard sample containing a known number of single
electrons, then single electron content in the sample can be measured.?®d Mn marker signal was
used for calibration the signal intensity of the samples. Therefore, the relative variation of the
number of spins (Nx/ Ncthp3o, Where the Nx represents the number of spins contained in the
sample, and the Ncthpao represents the number of spins in the NcTrp3zo Sample) can be calculated
by the following equation:

Nx I *]Mn,CTHP3O . McrHP30

Nerwpso  Ierupso Imnx my

Where the I/lcThpo represents the double integration of some signal of the samples,
J/Jvm, cTEP0 YEpresents the quadratic integral value of a signal in the sample with Mn as the

marker signal. mctHps/mx represents the quality of the test sample. EPR spectrometer (JEOL,

JES-FA200) was used for testing, and cwEsr28 software was used to calculate the data of

quadratic integration.
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