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Covalent organic frameworks (COFs), a class of porous crystalline organic polymers, have emerged as
promising materials for photocatalysis. Structural functionalization of COFs is an effective strategy to
improve their photocatalytic performance. However, this approach is mainly limited within interior parts
of COFs. Herein we report exterior functionalization of a one-dimensional (1D) COF by introducing
terpyridine units on its edges to anchor Pt(i) cations. The as-obtained 1D COF (Pt-Tpy-COF) exhibits
high photocatalytic activity for hydrogen evolution from water, with a hydrogen evolution rate up to
7.8 mmol g~ h™. Experimental studies and theoretical calculations reveal that the high performance of
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Introduction

The rapid development of modern industry has brought the
pressing issues of energy crisis and environmental pollution to
the forefront of global concerns.*” For decades, fossil fuels such
as natural gas, petroleum, and coal have served as the primary
sources of energy.>* However, the unchecked use of these non-
renewable resources has led to severe environmental damage
and resource depletion.>® In light of these challenges, there is
an urgent need for new and sustainable energy sources to
ensure harmonious development of human society. Hydrogen,
with its exceptionally high calorific value and production of only
a clean final product (H,0), stands out as the most promising
candidate among all the biological, chemical, and fossil fuels.”®
Given the abundant natural resources of sunlight and water,
a compelling solution to the impending energy crisis is the
production of hydrogen through photocatalytic water splitting,
a process involving splitting water molecules into hydrogen and
oxygen using a photocatalyst.”** However, photocatalytic water
splitting faces several practical challenges, primarily due to its
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structural features of this new type of nanoporous crystalline framework materials.

thermodynamically unfavorable nature."”** Efforts to address
these challenges have focused on the development of efficient
photocatalysts.*>*”

Photocatalysts are essential for harnessing solar energy to
drive chemical reactions. In this context, nanoporous materials
with high specific surface areas have garnered significant
attention from researchers.'®?® These materials offer a larger
active space for reactant adsorption and subsequent catalytic
reactions.”?* In recent years, covalent organic frameworks
(COFs), a class of crystalline porous polymers,>* have emerged
as promising materials for photocatalytic studies.**-** One of the
key advantages of COFs is their capacity for atomically precise
integration of organic units, which enables the creation of
diverse pre-designed backbones and allows
functionalization.®** As a result, their optical and electrical
properties can be regulated to meet the criteria for optimal
performance. The past few years have witnessed the significant
progress on COF-based photocatalysts for water splitting.**°
However, much research has focused on two-dimensional (2D)
and three-dimensional (3D) COFs.**** For these two types of
COFs, functional moieties are usually located within their
interior channels, which might result in limited accessibility of
active sites. Compared to them, one-dimensional (1D) COFs (or
analogues) are constructed by linearly extending building
blocks.*** Such a structural feature not only favours their
exfoliation dispersion but also enables exterior functionaliza-
tion at their lateral positions (Scheme 1). However, this advan-
tage has rarely been explored.>®** In this work, we demonstrate
that exterior functionalization of a 1D COF with a metal
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Scheme 1 Illustration for the comparison of different distributions of
active sites (represented by red balls) in a (a) 3D COF, (b) 2D COF, and
(c) 1D COF.

coordinating unit makes it a highly efficient photocatalyst for
hydrogen evolution from water, opening up a way to develop
high performance catalysts based on 1D COFs.

Results and discussion
Structure and property characterization

To realize the above design, we devised a 1D COF (Tpy-COF) in
which tripyridyl units are incorporated on its two edges.
Subsequently, Pt(u) cations were introduced to bind with the
tripyridyl units via post-coordination (Pt-Tpy-COF) (Scheme 2).
Tpy-COF was synthesized as yellow powder via the condensation
of tetraamine (Pyr-NH,) and dialdehyde (Tpy-CHO) under
a solvothermal condition. Then, the as-obtained Tpy-COF was
reacted with Pt(COD)Cl,, still under the solvothermal condition
to afford Pt-Tpy-COF as brown powder. The chemical structures
of the COFs were analyzed by Fourier transform infrared (FT-IR)
spectroscopy. The comparison of the FT-IR spectra of the
monomers and the COFs showed that the intensity of the N-H
stretching vibration peak (~3346 cm ') of the amino group in
Pyr-NH,, the peak of the carbonyl group (1709 cm™"), and the
peak corresponding to O=C-H (2825 cm™ ' and 2734 cm™ ") in

6 M AcOH

Tpy-COF

Scheme 2 The preparation of Tpy-COF and Pt-Tpy-COF.
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Tpy-CHO were significantly reduced after the polycondensation
reaction, indicating a high degree of polymerization. The peaks
at 1627 cm ™' in the FT-IR spectra of Tpy-COF and Pt-Tpy-COF
were attributed to the stretching vibration band of imine
bond (Fig. 1a), indicating the formation of imine linkages from
the condensation of the two monomers. Furthermore, the
chemical structure of Tpy-COF at the molecular level was also
researched by solid-state C cross-polarization magic angle
spinning (CP-MAS) NMR spectroscopy. As shown in Fig. 1b, the
low-field signal at 155.8 ppm was assigned to the carbon atom
of the imine group, while the peak at approximately 153.7 ppm
was attributed to the C=N bond in the pyridine ring. In addi-
tion, other signals at 150.4, 146.7, 140.9, 136.6, 135.0, 132.6,
128.1, 124.7 and 117.5 ppm were assigned to the carbon atoms
in the aromatic rings. Those findings matched with the carbon
species in the structure of Tpy-COF.

The crystalline structures of the COFs were elucidated based
on the analysis on the experimental and simulated powder X-ray
diffraction (PXRD) patterns. For Tpy-COF, a series of diffraction
peaks could be observed due to its high crystallinity (Fig. 2a),
which provides abundant crystallographic information and
thus the peaks could be directly indexed to derive the cell
parameters. Two high-intensity diffraction peaks were observed
at 3.25° and 4.02°, corresponding to the (100) and (010) crystal
planes, respectively. Additionally, six weak-intensity diffraction
peaks were observed at 6.07°, 7.32°, 9.78°, 12.28°, 15.99°, and
23.86°, which were attributed to (2-10), (1-20), (300), (220), (4-
40), and (8-30) facets. The comparison shows that the
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Fig. 1 (a) FT-IR spectra of Pyr-NH,, Tpy-CHO, Tpy-COF, and Pt-Tpy-
COF. (b) Solid-state **C CP-MAS NMR spectrum of Tpy-COF.

Pt-Tpy-COF
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Fig. 2 (a) Experimental (black) and Pawley refined (red) PXRD patterns
of Tpy-COF, simulated PXRD patterns for Tpy-COF with AA stacking
(blue) and AB stacking (pink), and the difference between the experi-
mental and the refined PXRD patterns (gray line). (b) Top and side views
of the AA stacking structure of Tpy-COF. (c) Top and side views of the
AB stacking structure of Tpy-COF.

experimental PXRD data match well with the theoretical PXRD
pattern simulated for the one-dimensional COF with AA stack-
ing (Fig. 2b). In contrast, the theoretical powder diffraction
pattern simulated for the 1D structure with AB stacking signif-
icantly deviates from the experimental data (Fig. 2¢), ruling out
the AB stacking structure. The cell parameters of Tpy-COF were
obtained base on Pawley refinement, affording a = 29.83 A, b =
24.11A,c=4.14 A, a = f = 90°, v = 114°, with R, = 3.33% and
Ryp = 4.98%.

The comparison between the PXRD patterns of Pt-Tpy-COF
and Tpy-COF, indicated that their primary peaks were almost
same (Fig. 3a), suggesting that the backbone integrity was
preserved after Pt(n) ions were loaded. It also should be noted
that several of the fine peaks experienced minor alterations,
with some being displaced, some vanishing, and new peaks
emerging. All of these observations suggest that the Pt(u)
cations were effectively deposited onto the COF framework.
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Fig. 3 (a) Comparison of the experimental PXRD patterns of Tpy-COF
and Pt-Tpy-COF. (b) PXRD profiles of Pt-Tpy-COF: the experimental
(black), refined (red), and simulated (blue, based on AA stacking) PXRD
patterns, and difference plot between the experimental and refined
PXRD patterns (gray). (c) Top and (d) side view of structural models of
Pt-Tpy-COF, respectively.
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Similarly, Pt-Tpy-COF also exhibits high crystallinity. Its 11
diffraction peaks facilitate directly indexing and structure
elucidation (Fig. 3b). Two high-intensity diffraction peaks
appear at 3.25° and 3.87°, along with nine weak-intensity
diffraction peaks at 6.12°, 7.08°, 7.72°, 8.96°, 9.77°, 12.21°,
13.56°, 15.13°, and 18.54°, corresponding to the diffractions of
(100), (010), (2-10), (1-20), (020), (3-10), (3-20), (4-20), (4-30),
(5-10), and (4-50) planes, respectively. The comparison of the
PXRD patterns shows good agreement between the experi-
mental data and the simulated PXRD pattern of the 1D structure
with AA stacking (Fig. 3¢ and d). The difference plot displayed
high consistency between them, indicating that the as-prepared
polymer conforms to the predicted structure. Pawley refinement
gave cell parameters to be a = 29.71 A b=2502A,c=3.72A4,
a = = 90° y = 113°, with R, = 4.08%, and Ry, = 5.52%.
The Pt elemental content in Pt-Tpy-COF was revealed by
elemental analysis to be 8.44% (Table S1}), which is just half of
the theoretical value (17.91%, Fig. S17), suggesting that only
part of the terpyridine units in Pt-Tpy-COF successfully coor-
dinated with Pt(u). Moreover, the structural features of Pt-Tpy-
COF were further determined by X-ray photoelectron spectros-
copy (XPS) analysis. The XPS survey spectrum of Pt-Tpy-COF
indicates that C, N, O, Cl, and Pt elements are present
(Fig. 4a). The C 1s spectrum shows the predominance of C-C, C-
H, and C-N bonds in Pt-Tpy-COF (Fig. 4b). From the N 1s
spectrum, it is evident that N=C, N-H, and N-Pt bonds are
predominantly present in Pt-Tpy-COF (Fig. 4c), suggesting that
Pt(n) coordinates with the N atom of pyridine. The Pt(u)-N
coordination was also evidenced by the Pt 4f spectrum, which
shows Pt-N and Pt-Cl bonds largely presenting in Pt-Tpy-COF
(Fig. 4d).>> Surprisingly, a small amount of Pt(0) was observed
in this spectrum, which might be due to the reduction of partial
Pt(u) to Pt(0) during the loading of Pt(u). This could contribute
to the subsequent photocatalytic hydrogen evolution process.
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Fig. 4 The XPS spectra of Pt-Tpy-COF: (a) survey spectrum, (b) C 1s,
(c) N 1s, and (d) Pt 4f.
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The porosity of the COFs was assessed by nitrogen adsorp-
tion-desorption measurements (Fig. S21). On the basis of the
analysis of N, adsorption data at low pressure region (P/P, =
0.01-0.10), the Brunauer-Emmett-Teller (BET) surface areas of
Tpy-COF and Pt-Tpy-COF were determined to be 513 and 583 m*
g, respectively (Fig. S31). Their pore size distributions (PSDs)
were estimated using the nonlocal density functional theory
(NLDFT) fitting, which gave a major PSD of ~10.1 A for Tpy-COF
and approximately 9.7 A for Pt-Tpy-COF (Fig. S41). The values
agree well with the theoretical pore size of the COFs (11.8 A)
(Fig. S51). The almost no change before and after the Pt(u)
coordination suggests that the introduction of Pt(u) did not alter
the original pore structure of the COF, in accordance with the
design of the exterior functionalization. Morphological char-
acterization of the two COFs with transmission electron
microscope (TEM) indicates that Tpy-COF and Pt-Tpy-COF both
exhibit a nanosheet morphology (Fig. S6). In the TEM image of
Pt-Tpy-COF some black spots could be observed, which was
ascribed to the presence of Pt.>® The thermal stability of Pt-Tpy-
COF was examined with thermogravimetric analysis (TGA). It
showed that weight loss occurred only 5% upon the tempera-
ture increasing from 25 to 492 °C (Fig. S71), suggesting that it
possesses a high thermal stability.

Excellent light absorption is prerequisite for photocatalytic
applications.> The ultraviolet-visible diffuse reflectance spec-
troscopy (UV-vis DRS) of Tpy-COF and Pt-Tpy-COF showed they
both exhibit strong light absorption in the visible region. The
spectra of Tpy-COF and Pt-Tpy-COF showed wide light absorp-
tion up to ca. 600 nm and 650 nm, respectively (Fig. 5a). This
red-shift absorption can be attributed to the anchor of Pt(u)
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cations in Pt-Tpy-COF. Based on the Tauc plot analysis, the
optical band gap energies (Ey) of Tpy-COF and Pt-Tpy-COF were
calculated to be 2.25 eV and 2.16 eV, respectively (Fig. 5b).
Furthermore, Mott-Schottky measurements were conducted
(Fig. S8t), on the basis of which the values of conduction band
(Ecg) of Tpy-COF and Pt-Tpy-COF to were evaluated to be
—0.06 Vand —0.59 V vs. NHE, respectively. Tpy-COF and Pt-Tpy-
COF exhibited positive slopes in the Mott-Schottky plots, sug-
gesting that they were typical n-type semiconductors.>® After-
ward, the valence band values (Eyg) were calculated via the
equation: Eyg = Ecp + Eg, giving the values of 2.19 V and 1.57 V
for Tpy-COF and Pt-Tpy-COF, respectively (Fig. 5¢). Since the Ecp
values of them are more negative than the standard potential of
H'/H,, Tpy-COF and Pt-Tpy-COF are promising candidates for
the thermodynamic transfer of photoexcited electrons to H' to
facilitate the evolution of hydrogen.

Photocatalytic hydrogen evolution

Encouraged by the above characterization results, photo-
catalytic hydrogen evolution performance of Tpy-COF and Pt-
Tpy-COF was examined. Under a condition of visible light
irradiation (A > 400 nm, 300 W Xe lamp), ascorbic acid (AA) as
a sacrificial electron donor (SED), and absence of a co-catalyst,
Tpy-COF did not exhibit any noticeable activity in hydrogen
production. In contrast, Pt-Tpy-COF showed a considerable
hydrogen evolution rate (HER) with an average rate of 883.5
pmol g~ h™" under such a condition (Fig. S97). Through further
optimization of the conditions, we discovered that the hydrogen
production activity of Pt-Tpy-COF was greatly influenced by the
types of SEDs and moderator used. For instance, the effect of
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different SED, such as AA, triethanolamine (TEOA), and lactic
acid (LA) was investigated. The results showed that only ascor-
bic acid worked for hydrogen evolution (Fig. S10t). Therefore,
the concentration of ascorbic acid in water was further opti-
mized, which revealed that a concentration of 0.3 M gave the
highest HER (7234.8 umol g ' h™") among the five concentra-
tions (0.1-0.5 M) examined (Fig. S11}). In addition, different
moderators were also explored, including methanol (MeOH),
N,N-dimethylformamide = (DMF), N,N-dimethylacetamide
(DMAc), N-methylpyrrolidone (NMP), acetonitrile (ACN), 1,4-
dioxane (Diox), dimethyl sulfoxide (DMSO), 1,3-dimethyl-2-
imidazolidinone (DMI), hexamethylphosphoramide (HMPA),
N-methylformamide (NMF), and tetramethylene sulfone (TMSF)
for which HERs more than 1000 umol g~' h™"' was obtained.
Among them, NMP was found to be the best by significantly
increasing HER to 7801.6 umol g’1 h™!, while the use of DMAc,
Diox, HMPA, and NMF also result in HERs exceeding 5000 pmol
g~ h™" (Fig. 5d). The control experiment has demonstrated that
the behavior of photocatalytic hydrogen evolution is signifi-
cantly influenced by the light source and catalyst (Fig. 5e).

Hydrogen production was not observed in the absence of
light irradiation. Substituting the photocatalyst Pt-Tpy-COF
with other catalysts, such as Tpy-COF with Pt(COD)Cl,, or Tpy-
COF with H,PtClg, or Pt(COD)CI, alone, also did not result in
hydrogen evolution. The experimental results demonstrated
that hydrogen was produced in the system only when both the
photocatalyst Pt-Tpy-COF and light conditions are present.
Cycling experiments were conducted to further evaluate the
stability of Pt-Tpy-COF in photocatalytic hydrogen evolution.
There was no significant decrease in HER and the linear rela-
tionship was maintained after five cycles (Fig. 5f). Additionally,
the PXRD pattern and FT-IR spectra indicate that the structure
of Pt-Tpy-COF remained largely unchanged after the photo-
catalytic reaction (Fig. S12 and 13t%), indicating outstanding
reusability of Pt-Tpy-COF.

Optical and electronic properties

In order to study the difference in photocatalytic activity
between Tpy-COF and Pt-Tpy-COF for hydrogen evolution,
a series of photoelectric experiments were performed. It is well
known that efficient generation, separation, and transport of
photogenerated charge carriers in a semiconductor photo-
catalyst are crucial for improving photocatalytic activity. We
further investigated the electronic transfer performance of the
COFs through electrochemical impedance spectroscopy (EIS)
and photocurrent (i-T) tests.”®*” A cathodic photocurrent was
obtained for Pt-Tpy-COF at 0 V versus reversible hydrogen elec-
trode under visible light irradiation (4 > 400 nm), which is about
5 times higher than that of Tpy-COF, indicating the high
mobility and separation of charge carriers in Pt-Tpy-COF
(Fig. 6a). Furthermore, Pt-Tpy-COF also showed enhanced
charge carrier transport efficiency and higher electron-hole
separation rate, as demonstrated by its smaller semicircle
radius than that of Tpy-COF in the EIS (Fig. 6b). A similar
phenomenon was observed for photo-luminescence (PL) char-
acterization, which can reflect the electron-hole recombination

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Transient photocurrent spectra, (b) EIS Nyquist plots, and (c)
steady-state PL spectra of Tpy-COF and Pt-Tpy-COF. (d) Schematic
diagram for the mechanism of hydrogen production catalyzed by Pt-
Tpy-COF.

of the materials. It was found that the fluorescence intensity of
Pt-Tpy-COF was lower than that of Tpy-COF, indicating a lower
electron-hole recombination rate (Fig. 6c).

Mechanism of photocatalytic hydrogen evolution

To gain a better understanding of the process of hydrogen
evolution in the photolytic water splitting of Pt-Tpy-COF, we
conducted density functional theory (DFT) calculations using
the Dmol3 software in Materials Studio 7.0. Electrostatic
potential surfaces of the model systems for Tpy-COF, Tpy-
COF@H,0, Pt-Tpy-COF, Pt-Tpy-COF@H,0O, and H,0 were
calculated (Fig. S141). The electrostatic potential surfaces
showed that the electron-rich areas of Tpy-COF and Pt-Tpy-COF
were centered near the terpyridine portion. Additionally, Pt-Tpy-
COF has a more negative electrostatic potential than Tpy-COF,
possibly due to the presence of two chlorine ions on the Pt(u)
after it is anchored to the terpyridine moiety. The high elec-
tronegativity of chloride ions allows their formation of
hydrogen bonds with water molecules, resulting in effective
adsorption of water molecules to the framework. To evaluate the
water molecule adsorption ability of the photocatalyst, physical
measure of adsorption energy (AE,qs) was used as a ref. 58. The
AE,qs was calculated using the formula: AE,qs = Ecoran,o0 —
(Ecor + En,o), where Ecorgn,o represents the free energy of the
COF after adsorption of water molecules, Ecor represents the
free energy of the COF before adsorption of water molecules,
and Ey o refers to the free energy of water molecules. A higher
adsorption energy indicates that the COF can more easily
adsorb water molecules and form hydrogen bonds. The calcu-
lations indicate that the water molecules adsorption energies of
Tpy-COF and Pt-Tpy-COF were —14.78 kcal mol ™' and
—26.78 kcal mol™!, respectively (Fig. S15 and 16%). The
adsorption energy of Pt-Tpy-COF is approximately double the
adsorption energy of Tpy-COF. This suggests that water
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molecules are more readily adsorbed onto Pt-Tpy-COF,
promoting electron transfer and ultimately resulting in the
evolution of hydrogen.

The efficient photocatalytic hydrogen production mecha-
nism of Pt-Tpy-COF is summarized based on experimental
results and theoretical calculations (Fig. 6d). As a result of its
excellent visible light absorption and dispersion, the electrons
of Pt-Tpy-COF were excited from the valence band (VB) to the
conduction band (CB) under visible light irradiation. Addi-
tionally, the introduction of Pt(u) enhances the electrical
conductivity of the framework, which facilitates the photo-
generated electrons to transfer from the COF to the electron-
deficient platinum, improving the separation of photo-
generated electrons and holes. On the other hand, Pt-Tpy-COF
exhibits a high adsorption energy for water molecules, which
gather around the skeleton through intermolecular hydrogen
bonding. The platinum species anchoring on the terpyridine
site act as an electron transport bridge, which can transfer
enriched electrons to hydrogen atoms of water molecules,
resulting in the evolution of hydrogen. Simultaneously, the
sacrificial electron donor consumed the holes on the VB of Pt-
Tpy-COF, enabling the photocatalytic process to persist. The
photogenerated electrons produced through this migration
pathway significantly boosted the activity of Pt-Tpy-COF. The
Pt(u) cations precisely distributing on the edges of Pt-Tpy-COF
enhance the efficiency of the photocatalyst compared to
previous photocatalysts with a random distribution of other Pt
co-catalysts.*"*** A comparison of the photocatalytic hydrogen
production performance of Pt-Tpy-COF with that of some COF-
based photocatalysts reported in literature indicates that the
former is at a moderate level (Table S2+).

Conclusion

In summary, a 1D COF (Pt-Tpy-COF) containing Pt(i) cations
was successfully constructed with an external functionalization
design, which was further employed as a photocatalyst to ach-
ieve a stable and efficient decomposition of water into
hydrogen. Experimental and theoretical studies have demon-
strated that the introduction of terpyridine units on its edges to
anchor Pt(un) cations not only improves the visible light
absorption, but also enhances the photoelectric capability for
better carrier transport and separation. Furthermore, the 1D
structure of Pt-Tpy-COF promotes interactions between the
photocatalyst and water molecules. These distinctive structural
characteristics result in its high activity in photocatalytic
hydrogen evolution. The external functionalization design
provides new insights in the design of COF-based photo-
catalysts at the molecular level, based on which highly efficient
hydrogen evolution or other types of photocatalytic reactions
may be realized.
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