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Covalent triazine-based frameworks (CTFs) have emerged as some of the most important materials for
photocatalytic water splitting. However, development of CTF-based photocatalytic systems with non-
platinum cocatalysts for highly efficient hydrogen evolution still remains a challenge. Herein, we
demonstrated, for the first time, a one-step phosphidation strategy for simultaneously achieving
phosphorus atom bonding with the benzene rings of CTFs and the anchoring of well-defined dicobalt
phosphide (Co,P) nanocrystals (~7 nm). The hydrogen evolution activities of CTFs were significantly
enhanced under simulated solar-light (7.6 mmol h™* g™, more than 20 times higher than that of the
CTF/Co,P composite. Both comparative experiments and in situ X-ray photoelectron spectroscopy
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Accepted 17th June 2022 reveal that the strong interfacial P-C bonding and the anchoring of the Co,P cocatalyst reverse the
charge transfer direction from triazine to benzene rings, promote charge separation, and accelerate

DOI 10.1039/d25c02638d hydrogen evolution. Thus, the rational anchoring of transition-metal phosphides on conjugated polymers
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Photocatalytic water splitting into hydrogen fuels has been
considered as a promising technique for converting solar
energy into chemical energy.'” To achieve this target, it is
necessary to design and construct photocatalysts with high
solar-to-hydrogen (STH) conversion efficiency.*® Recently,
covalent triazine-based frameworks (CTFs),*” as a new class of
conjugated polymer materials, have attracted significant atten-
tion in the photocatalytic water splitting field owing to their
visible-light response, organized architecture, adjustable pore-
size, and controllable functionalization.®** However, owing to
the high charge recombination and fewer active sites for the
hydrogen evolution reaction (HER), the photocatalytic activities
of pristine CTFs are very low. To overcome this drawback, noble-
metal platinum (Pt) is generally required in CTF-based photo-
catalytic systems as the HER cocatalyst for promoting charge
separation and catalyzing hydrogen generation."*** However,
the high cost and scarcity of metallic Pt greatly limit the large-
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should be a promising approach for developing highly efficient photocatalysts for hydrogen evolution.

scale commercial applications. Thus, it is highly desirable to
explore economical materials as noble-metal substitutes for
achieving comparable or even superior hydrogen evolution
activities.

Recently, transition-metal phosphides (TMPs) have attracted
intensive attention as HER cocatalysts for photocatalytic water
splitting, owing to their unique structural and electronic prop-
erties.’*** Up to now, a variety of semiconductor materials,
including metal oxides,>** metal sulfides,®** g-C3N,,**¢
MOFs,*”** etc., decorated with TMPs have been extensively
investigated, and the hydrogen generation activity in some
reports is even higher than that of Pt cocatalysts. However,
related studies about the decoration of TMP cocatalysts on CTF
photocatalysts for highly efficient hydrogen generation have not
been reported so far. Taking into account the molecular struc-
ture of CTFs, the nitrogen sites in the triazine frameworks could
easily coordinate with transition metal ions to form nitrogen—
metal interactions.?*' In contrast, the coordination of TMPs
with CTFs is relatively difficult owing to the high electronega-
tivity of P sites which could draw electrons from metal atoms."”
Moreover, most reported TMPs were fabricated directly from
precursor metal salts, oxides, etc.,*** and the resultant large-
dimensions usually lead to very limited contact-interface with
CTFs, or even a physical mixture form. Accordingly, the charge
transfer between TMPs and CTFs is significantly restrained.
Thus, effective anchoring of TMPs on CTFs for achieving highly
efficient photocatalytic hydrogen evolution still remains a great
challenge.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Herein, a one-step phosphidation strategy has been devel-
oped to achieve phosphorus bonding with the benzene rings of
CTFs and the anchoring of well-defined dicobalt phosphide
(Co,P) nanocrystals (~7 nm). The photocatalytic results clearly
reveal that an excellent hydrogen evolution activity (7.6 mmol
h™' g7 ") is achieved, which is much higher than that of the CTF/
Co,P composite (0.37 mmol h™' g™ ). More detailed studies
confirm that the phosphidation strategy could effectively facil-
itate the interfacial bonding between CTFs and Co,P nano-
crystals. More importantly, the SI-XPS results clearly suggest
that the charge transfer direction in CTFs is completely
reversed, and the photo-generated electrons efficiently trans-
ferred from the triazine rings to P-bonded benzene rings, where
the Co,P cocatalyst attracted electrons through the interfacial
P-C bonds for efficient hydrogen evolution. To our knowledge,
this is the first report on incorporating TMPs on a CTF photo-
catalyst for enhancing the hydrogen evolution activity.

Fig. 1A shows the basic procedures for the preparation of
CTF polymer anchored Co,P nanocrystals. Briefly, the CTFs with
adsorbed cobalt ions were directly phosphatized by thermal
decomposition of NaH,PO, under an Ar atmosphere, which
could simultaneously achieve P atom bonding with benzene
rings and the anchoring of the Co,P cocatalyst (marked as P-
CTF-Co,P). Fig. 1B shows the typical transmission electron
microscopy (TEM) image of the obtained sample, clearly
revealing that well-defined Co,P nanocrystals with an average
diameter of 5~9 nm were uniformly dispersed on the CTF
surface. Furthermore, the high-resolution TEM (HR-TEM)
image (Fig. 1C) of the formed nanocrystals exhibited two
lattice fringes with d-spacing values of 0.20 and 0.21 nm,
respectively, which could be well indexed to the (211) and (121)
planes of orthorhombic Co,P crystals.***” Fig. 1D shows the X-
ray diffraction (XRD) pattern of the obtained P-CTF-Co,P
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Fig. 1 (A) Basic procedures and the ideal structure scheme for fabri-
cating P-CTF-Co,P catalysts; (B) TEM image and (C) HR-TEM image of
the P-CTF-Co,P catalyst; (D) XRD patterns of CTFs, Co,P and P-CTF-
Co,P catalysts; (E) EDX elemental mapping images of the P-CTF-Co,P
catalyst.
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sample. For comparison, the pristine CTF, and Co,P nano-
crystals have also been studied. It can be clearly seen that for the
P-CTF-Co,P sample, except for the two broad diffraction peaks
at 7.3° and 26.1° attributed to the in-plane (100) facets and
interlayer (001) stacking of CTFs,*** the other XRD peaks well
matched with those of the Co,P crystals,’>* confirming the
successful incorporation of the Co,P cocatalyst in the CTFs.
Furthermore, energy-dispersive X-ray (EDX) elemental mapping
(Fig. 1E) clearly reveals the uniform distribution of C, N, Co and
P elements in the whole detection region, further confirming
the uniform dispersion of Co,P on CTF polymers.

To further explore the P-bonding sites, high-resolution X-ray
photoelectron spectroscopy (XPS) was performed on both P-
CTF-Co,P and pristine CTFs. As shown in Fig. 2A, for pristine
CTF samples, the C 1s peak could be well fitted into two peaks
located at 284.8 and 286.8 eV, which could be assigned to
C-C=C and N-C=N bonds,****** respectively. Notably, after
the phosphidation treatment, a new peak at 285.3 eV attributed
to P-C bonds was detected in the P-CTF-Co,P sample,*** and
the C-C=C to N-C=N ratio was significantly decreased from
10.2 (pristine CTFs) to 7.1 (P-CTF-Co,P). In contrast, compared
with the N 1s spectrum of the pristine CTF sample, no evident
change of peak shape and intensity could be detected in the P-
CTF-Co,P sample (Fig. 2B). These results clearly reveal that after
the phosphidation treatment, P atoms should mainly bond with
the carbon sites of the benzene rings in CTFs instead of the
triazine rings.***” To further confirm this inference, XPS studies
on phosphatized CTFs without Co,P nanocrystals (marked as P-
CTFs) were also performed. It can be clearly seen from Fig. SO
that similar changes for the C 1s and N 1s peaks of P-CTF-Co,P
(Fig. 2A and B) are observed in the P-CTF sample. Moreover, in
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Fig. 2 High-resolution XPS spectra of (A) C 1, (B) N 1s and (C) P 2p in
CTF, P-CTF and P-CTF-Co,P samples (the insets show the molecular
structures); (D) Fourier transform infrared spectroscopy (FT-IR) of CTF
and P-CTF-Co,P samples.
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both P-CTF-Co,P and P-CTF samples, an evident P 2p peak
corresponding to P-C bonds could be observed (Fig. 2C),*
further indicating the bonding of P atoms with C atoms on the
benzene rings in CTFs after the phosphidation treatment.
However, note that the binding energy (BE) position of P-C
peaks in P-CTF-Co,P (133.6 eV) is slightly higher than that of P-
CTF (133.2 eV), which should be attributed to the anchoring
with Co,P nanocrystals. In addition to the XPS investigations,
solid-state cross-polarization magic angle spinning carbon-13
and phosphorus-31 nuclear magnetic resonance (“*C-NMR
and *'P-NMR) spectroscopy studies were further performed to
explore the bonding sites of phosphorus atoms in the P-CTF
(Fig. S107). The Fourier-transformed infrared (FTIR) spectrum
was also employed (Fig. 2D). It can be clearly observed that the
typical FTIR peaks of the triazine frameworks and the stretching
vibrations of carbon-nitrogen (C-N) (1521 cm™ " and 1354 cm ™ ")
in P-CTF-Co,P are consistent with those of pristine CTFs.***°
However, the peaks at 1672 cm™ " and 1014 cm™ ' corresponding
to the stretching vibrations of C=C and C-H in benzene rings
were evidently decreased in P-CTF-Co,P compared with those of
pristine CTFs.*** Combining the results of XPS, NMR, and
FTIR, it can be concluded that in the obtained P-CTF-Co,P
sample, the carbon sites of the benzene rings in the CTFs were
partially bonded with P-atoms, which should anchor Co,P
through P-Co bonding.

Furthermore, the hydrogen evolution activities of the P-CTF-
Co,P (2 wt% Co,P) sample were evaluated under simulated solar
light irradiation. For comparison, the CTF/Co,P composite and
pristine CTFs were also measured under the same conditions.
As shown in Fig. 3A, the P-CTF-Co,P sample exhibits a much
higher H, evolution activity (15.2 mmol g~ ') than the CTF/Co,P
composite (0.7 mmol g ') at 2 h, while no evident hydrogen
generation could be detected in the pristine CTF sample. To
further explore the crucial roles of interfacial P-bonding in CTFs
and the anchoring of the Co,P cocatalyst, the hydrogen evolu-
tion rates of various samples were calculated and their
comparison is shown in Fig. 3B. Obviously, compared with the
excellent activity of P-CTF-Co,P (7.6 mmol h™" g~'), CTF/Co,P
and P-CTF/Co,P only exhibit very low hydrogen evolution rates
of 0.37 and 0.38 mmol h™" g™, respectively, while no evident
activity could be detected for CTFs, Co,P, and P-CTF samples.
The above results clearly confirm that the significant enhance-
ment of the hydrogen evolution activity of the P-CTF-Co,P
sample should be mainly attributed to the P-bonding and the
anchoring of the Co,P cocatalyst. Furthermore, the photo-
catalytic performances of CTFs decorated with Pt nanoparticles
were also studied (the inset of Fig. 3B, Fig. S157), as Pt is
generally recognized as the most active cocatalyst for hydrogen
generation. Amazingly, the hydrogen production rates of the Pt
cocatalyst at different amounts (1~5 wt%) were all lower than
that of the P-CTF-Co,P sample, indicating that the rational
bonding of the Co,P cocatalyst on CTFs should be a promising
strategy for achieving highly efficient photocatalytic hydrogen
evolution.

Furthermore, the relationship between wavelength and the
hydrogen evolution activity of the P-CTF-Co,P photocatalyst was
studied and is shown in Fig. 3C. With increasing the wavelength
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Fig. 3 (A) Photocatalytic H, evolution tests of the as-prepared pho-
tocatalysts; (B) comparative presentation of the hydrogen evolution
rates; (C) ultraviolet-visible diffuse reflectance spectrum of the P-CTF-
Co,P photocatalyst (red solid line) and wavelength-dependent
hydrogen production activities of the P-CTF-Co,P photocatalyst
within 2 h; light source: a 300 W Xe lamp equipped with various cut-off
filters. (D) The cycling photocatalytic tests of P-CTF-Co,P and the
CTF/Co,P composite; (E) /-t curves of various catalysts at —0.3 V (vs.
SCE); (F) electrochemical impedance spectroscopy under light of the
various catalysts. Measurements were conducted in 0.2 mol L7t
Na,SO, electrolyte solution under AM 1.5 G illumination.

from full-spectrum light irradiation (A > 300) to 500 nm, the
hydrogen evolution rate significantly decreased from 7.6 to
0.06 mmol h™' g, which is generally consistent with their
absorption spectrum. The highest value of the apparent
quantum yields (AQYs) attained is 31.8% at 365 nm. Moreover,
the photocatalytic stability and durability of P-CTF-Co,P and
CTF/Co,P were examined by cycling experiments. As shown in
Fig. 3D, the CTF/Co,P composite demonstrated relatively poor
stability, and there is no evident activity after only one cycling
experiment, resulting from the incompact combination
between CTFs and Co,P (Fig. S51). In contrast, the P-CTF-Co,P
sample exhibits relatively high stability, and no evident inacti-
vation was detected during the whole test. These results further
confirm that in addition to enhancing activities, the interfacial
P-C bonds and the anchoring of the Co,P cocatalyst could also
effectively promote the hydrogen evolution stability. To further
confirm the efficient charge separation and electron transfer in
P-CTF-Co,P, photoelectrochemical (PEC) tests were performed.
As shown in Fig. 3E, the amperometric I-¢ curves clearly reveal
that P-CTF-Co,P exhibits higher photocurrent density than
pristine CTFs and CTF/Co,P samples, confirming its more
efficient charge separation capability. Moreover,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrochemical impedance spectroscopy (EIS) was also per-
formed to explore the interfacial charge transfer process.*** As
shown in Fig. 3F, the P-CTF-Co,P sample with the smallest arc
radius revealed remarkably increased interfacial charge trans-
port efficiency. These PEC results clearly demonstrate the highly
efficient photogenerated charge separation and transfer in the
P-CTF-Co,P photocatalyst, which are highly consistent with the
above photocatalytic hydrogen evolution results.

The photo-induced charge separation and transfer in the
excited state are crucial processes for determining the photo-
catalytic activity. Herein, we have demonstrated an in situ irra-
diation X-ray photoelectron spectroscopy (SI-XPS) technique for
exploring the intrinsic charge separation and transfer mecha-
nisms between Co,P and CTFs. As shown in Fig. S20 and S21,
no evident binding energy (BE) shift could be observed in both
pristine CTF and Co,P samples, confirming their relatively poor
charge separation capability. Amazingly, for the P-CTF-Co,P
sample (Fig. 4), distinct variations for C 1s, N 1s, P 2p, and Co 2p
peaks were detected in the excited state. More specifically, the C
1s and N 1s peaks in the CTFs shifted towards the high BE
region by 0.3 eV accompanied by the broadening of peak shape
(Fig. 4B and C), while the P 2p and Co 2p peaks of the Co,P
cocatalyst shifted towards the low BE direction by 0.3 and 0.4 eV
(Fig. 4D and E), respectively.Interestingly, as shown in Fig. 4D,
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Fig. 4 (A) Schematic illustration of the SI-XPS technique for direct

observation of electron transfer in the excited state. The (B) C 1s, (C) N
1s, (D) P 2p and (E) Co 2p of SI-XPS spectra in the P-CTF-Co,P sample
tested under dark and light illumination.
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the P 2p peaks attributed to interfacial P-C bonds exhibited no
evident BE change under dark and light irradiation. On the
basis of the above SI-XPS results, it can be concluded that under
light irradiation, the photo-excited electrons effectively trans-
ferred from CTFs to Co,P through the P-bonding sites as well as
the interfacial P-C bonds, leading to electron enrichment in
Co,P nanocrystals and hole enrichment in CTFs. To further
confirm the crucial roles of interfacial P-bonding in CTFs and
the anchoring of the Co,P cocatalyst in promoting charge
separation, SI-XPS studies for the CTF/Co,P composite were
also conducted. As shown in Fig. S22, no new peak or shape
change of C 1s, N 1s, P 2p, and Co 2p peaks could be detected in
CTF/Co,P compared with pristine CTFs and Co,P in the ground
state, indicating no interfacial bonding in the CTF/Co,P
composite. Furthermore, in the excited state, no evident BE
shifts and shape change could be observed, indicating the poor
charge-separation capability of CTF/Co,P, which is highly
consistent with its fairly low hydrogen evolution activity. These
SI-XPS results further confirm the crucial roles of interfacial P-
bonding in CTFs and the anchoring of the Co,P cocatalyst in
efficiently promoting charge separation and enhancing the
photocatalytic activity.

On the basis of the above results, it can be concluded that the
P-bonding and Co,P-cocatalyst anchoring should reverse the
photo-induced electron transfer direction from the triazine to
benzene rings in CTFs. To further confirm this speculation, the
photocatalytic behavior of various CTF-based photocatalysts
was studied and their electron transfer directions in excitation
states have been proposed (Fig. 5A and B). First, when Co®" ions
were further bonded with the N sites of the triazine rings in the
P-CTF-Co,P sample (marked as P-CTF-Co,P-Co), the hydrogen
evolution activity remarkably increased from 7.6 up to 8.4 mmol
h™' g7, This result clearly reveals that the Co-N bonding in P-
CTF-Co,P could further promote charge separation due to the
effective hole trapping on Co sites. In contrast, when the Pt

A ! 1
1 1
}7631 1 1Co
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# )4566
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Fig. 5 (A) Photocatalytic hydrogen evolution activities of various
samples and the scheme of electron-transfer direction in the excited
state. (B) The ideal structural illustration of the interfacial bonding and
charge transfer of the P-CTF-Co,P photocatalyst for hydrogen
evolution.
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cocatalyst was decorated on the P-CTF-Co,P sample (marked as
P-CTF-Co,P-Pt) to form Pt-N coordination, the photocatalytic
activity significantly decreased to 4.6 mmol h™' g~', mainly
resulting from the electron transfer competition between Pt and
Co,P. Furthermore, the decoration of the single Pt cocatalyst on
CTFs promoted the photo-induced electron transfer from the
benzene rings to triazine rings, and the photocatalytic activity
achieved was up to 3.8 mmol h™' ¢, Furthermore, in situ FTIR
spectroscopy was performed for exploring the intermediate
products in the photocatalytic process of the P-CTF-Co,P
sample with co-adsorption of H,O vapor (Fig. S27%), which also
demonstrated the direction of electron transfer combined with
the in situ XPS results. Accordingly, a possible mechanism has
been proposed for clarifying the hydrogen evolution activities of
the P-CTF-Co,P photocatalyst (Fig. 5B). Owing to the P-bonding
and the anchoring of Co,P nanocrystals, the photo-generated
electrons could effectively transfer from the triazine rings to
benzene rings, where the electrons are trapped by the Co,P
cocatalyst through the interfacial P-C bonds for the hydrogen
evolution reaction. Simultaneously, the holes left behind in the
CTFs participated in oxidation reactions. More importantly, this
mechanism may provide a new insight for understanding the
crucial roles of interfacial P-bonding in CTFs and their bonding
with Co,P in promoting the charge separation for efficient
hydrogen evolution.

Conclusions

In summary, we have reported a facile phosphidation strategy
for anchoring Co,P nanocrystals on CTFs. More specifically,
owing to the presence of interfacial P-bonding and the
anchoring of Co,P, the electron transfer direction was changed
in the CTF from the triazine rings to benzene rings, achieving
efficient transfer from the CTF to Co,P surfaces through the
interfacial P-C bonds. Accordingly, the enriched electrons on
the Co,P cocatalyst could quickly participate in the hydrogen
evolution reactions, while the holes remaining in the triazine
rings of the CTF participated in oxidation reactions. Benefiting
from these outstanding features, the P-CTF-Co,P photocatalyst
achieved an excellent hydrogen evolution rate of 7.6 mmol h™*
g~ accompanied by enhanced stability, one of the highest
activities among all reported CTF-based photocatalysts with
non-platinum cocatalysts. This work not only provides a unique
insight for switching the charge transfer direction in conjugated
polymers, but also highlights the crucial roles of interfacial
bonding with HER cocatalysts, which should be important for
developing highly efficient and stable photocatalysts.
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