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Dual non-noble-metal-immobilized covalent
organic frameworks for visible-light-driven
photocatalytic hydrogen evolution†

Mengjiao Shao, Aodi Wang, Jiani Peng, Xueling Song and Lei Wang *

Covalent organic frameworks (COFs) have emerged as highly versatile platforms for the spatially con-

trolled immobilization of metals in heterogeneous photocatalytic hydrogen evolution reactions

(HERs). Herein, we have integrated both a Cu(I) diimine-based photosensitizer unit and a Co(II) bi-

pyridine-based catalyst unit into a two-dimensional COF, TpBpy, which serves as a macro-ligand

scaffold. The resulting hybrid material, TpBpy–Cu/Co, achieves an optimized photocatalytic H2 evol-

ution rate of 12.16 mmol g−1 h−1, representing a 25-fold enhancement relative to the pristine TpBpy

framework. To elucidate the origin of this enhancement, ultrafast transient optical spectroscopy,

electrochemical measurements, and photoluminescence studies were employed. These studies reveal

that the incorporation of the Cu(I) diimine unit enhances the photosensitizing capability of the frame-

work, while the excited-state lifetime of the photosensitizer is prolonged due to the confinement

effects within COF structure. Furthermore, comparative invetigations demonstrate that the TpBpy–

Cu/Co outperformes the system consisting of separate TpBpy–Cu and Co(bpy)Cl2, highlighting the

critical role of metal coordination in facilitating intra-framework charge transfer from photosensitizers

to catalysts. This study provides strategic insights into the design of COF–metal coordination systems,

emphasizing the importance of integrating multifunctional units to tailor and enhance photocatalytic

performance.

Introduction

Solar energy conversion is a critical and effective strategy for
addressing the dual challenges of the global energy crisis and
environmental problems.1,2 Substantial progress has been
made over the past several decades in the synthesis and devel-
opment of novel materials for the generation of sustainable
and alternative energy sources, particularly hydrogen.3–5 The
unique properties of covalent organic frameworks (COFs),
such as high surface area, effective visible light absorption,
and tunable structural and electronic characteristics, make
them as advanced alternatives to conventional photocatalytic
materials.6–8 Nevertheless, the high intrinsic impedance of
organic materials result in low charge transfer efficiency
within photocatalytic systems. This limitation underscores the
necessity for further research aimed at optimizing the charge
dynamics in COF-based photocatalysts to enhance their overall

efficiency and performance in solar energy conversion
applications.9–12

Specifically, incorporating metal ions into the backbones of
COFs has received much attention to enhance photocatalytic
performance by mitigating carrier-transfer impedance and
broadening light absorbance.13,14 In this regard, multidentate
ligands have been designed as foundational building blocks
for two-dimensional COFs. Bipyridine-containing COFs have
gained significant attention due to the inherent redox stability
of bipyridine and the presence of coordination sites that
promote metal ion integration as well as the wide availability
of bipyridine-type ligands.15–17 So far, researchers have suc-
cessfully incorporated a range of metal ions, including Co(II),18

Ni(II),19 Cu(II), Ru(II),20,21 and Ir(II),21 into bipyridine-based
COFs, especially TpBPy. The resulting TpBPy–M frameworks
generally exhibit effective charge interactions between the
TpBPy ligand and the metal centers, leading to remarkable
promotion in photocatalytic efficiency.19 However, few of them
applied insights from homogeneous metal complexes to
develop TpBPy–M COFs.

In recent years, copper complexes have garnered signifi-
cant attention in photocatalysis, primarily due to the abun-
dant availability of copper (approximately 60 ppm). In par-
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ticular, Cu(I) diimine complexes have become increasingly
vital as both electron donors and photosensitizers,
attributed to their favorable metal-to-ligand electron transfer
properties.22–24 However, Cu(I) diimide complexes have
unstable tetrahedral like configuration, which is easily con-
verted into a quasi-square planar configuration after being
excited by light. In this state, it becomes easy for the coordi-
nation solvent molecules to coordinate with the complex to
form an “exciplex”, which shortens the photosensitizer’s
excited state lifetime (Fig. 1a).25 For the above reasons, bulky
substituents were introduced at the 2,9 positions of 1,10-phe-
nanthroline ligands, aiming to limit spatial torsion and mole-
cular structure distortion.26

Consequently, we propose that the porous structure of
COFs can confine the ligands in a limited space within
COFs and thus optimize the photosensitizing properties of
Cu(I) diimine complexes. At the same time, Co(bpy)Cl2 has
been widely studied for its role in catalytic hydrogen pro-
duction, demonstrating considerable efficacy.27,28 However,
the practical application of these non-noble-metal complexes
is often hindered by challenges associated with recycling
efficiency and the difficulty of product separation. To
address these limitations, the heterogenization of these
homogeneous molecular complexes is regarded as a promis-
ing approach.

Building on the above insights, this work utilizes TpBpy
COF as a heterogeneous platform to covalently incorporate Cu
(I) diimine as a photosensitizer unit and Co(II) as a catalyst
unit (Fig. 1b and c). We anticipated that the resulting metal-
lated framework, TpBpy–Cu/Co, would exhibit superior photo-
catalytic hydrogen evolution reaction (HER) efficiency com-
pared to the unmodified TpBpy COF and its homogeneous
counterparts due to: (1) the pore confinement effect of the
rigid skeletons, which improves the performance of the Cu(I)
photosensitizer and (2) metal coordination improves charge
separation and transfer efficiency. Interestingly, TpBpy–Cu/Co
exhibited remarkable long-term stability, maintaining photo-
catalytic activity for up to 24 h. This study demonstrates a
novel approach that applies insights from homogeneous cata-
lysis to modify COFs with dual non-noble-metals, thereby sig-
nificantly improving the photocatalytic performance of hetero-
geneous systems.

Results and discussion
Synthesis and characterization

The synthesis of the 2D COF containing 2,2′-bipyridine was
achieved through a previously established solvothermal
method. This process utilized 2,2′-bipyridine-5,5′-diamine

Fig. 1 (a) Cu(I) bis-phenanthroline complexes undergo ligand flattening when photoexcited. In the ground state (S0), the ligands are nearly perpen-
dicular to each other, while in the lowest singlet MLCT excited state (S1), the molecule is flattened. Color indicators: Cu = pink, and phenanthroline
ligands = blue and green. (b) Typical procedure for the synthesis of TpBpy COF. (c) Photocatalyst design based on fundamental understanding of
metal complexes and synthesis via post-modification strategy in the TpBpy backbone. Color indicators: Cu(I) photosensitizer (PS) unit = orange, and
Co(II) HER catalyst unit = blue.
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(Bpy-NH2) and 1,3,5-triformylphloroglucinol (Tp) as building
blocks. The reaction was conducted in a mixed solvent of
dioxane and mesitylene (1 : 1, v/v) at a temperature of 120 °C
for three days, employing acetic acid (6 M) as the catalyst
(Fig. 1b).29 The powder X-ray diffraction (PXRD) analysis of the
synthesized TpBpy revealed distinct characteristic peaks at 3.8°
and 26.8°, representing AA stacking (Fig. 2a). Subsequently,
molecular units (a copper photosensitizer and a cobalt cata-
lyst) were incorporated into the TpBpy COFs via a post-modifi-
cation treatment. The synthesized TpBpy–Cu/Co exhibited a
loss of crystallinity in contrast to individual TpBpy, a common
phenomenon in COFs with post-metal coordination
(Fig. S1†).30 This loss is attributed to the disruption of π–π
stacking interactions that stabilize the eclipsed packing of the
layers. To restore the crystallinity of TpBpy–Cu/Co, we
immersed the samples in dimethylsulfoxide (DMSO) for 48 h
at room temperature according to a method reported pre-
viously.30 As shown in Fig. 2b, the PXRD patterns of the recov-
ered TpBpy–Cu/Co closely resemble those of the original

TpBpy, confirming the restoration of crystallinity. However, a
reduction in the intensity of the predominant diffraction peak
at 26.8°, corresponding to the (001) facet, was observed. This
decrease is likely due to the incorporation of larger molecular
units into the COF framework, which contributes to partial dis-
ordering. Furthermore, inductively coupled plasma (ICP) spec-
troscopy was employed to accurately determine the metal con-
tents, revealing that the coordinated Cu(I) and Co contents in
the TpBpy–Cu/Co COF were 3.45% and 1.77%, respectively
(Table S1†).

The success of the reaction was confirmed by solid-state
nuclear magnetic resonance (NMR) spectroscopy and Fourier-
transform infrared spectroscopy (FT-IR). Fig. S2† displays the
NMR peaks from 100 to 200 parts per million for TpBpy–Cu,
with chemical shifts and peak shapes characteristic of those
expected for CvC double bonds.21,31–33 As shown in Fig. 2c,
the Fourier transform infrared (FT-IR) spectra of all three COFs
exhibit a C–N stretching band at 1270 cm−1, a CvC stretching
band at 1451 cm−1, and a stretching peak for the formyl

Fig. 2 (a) Experimental/simulated XRD pattern of the TpBpy COF. (b) Experimental PXRD patterns, (c) FT-IR spectra, (d) N2 sorption isotherms, and
(e) Pore size distribution of TpBpy, TpBpy–Cu, and TpBpy–Cu/Co. (f ) SEM image (inset: TEM image) of TpBpy–Cu/Co. (g) EDS mapping images for
TpBpy–Cu/Co.
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groups (CvO) at 1570 cm−1. The absence of the –CHO group
at 1634 cm−1 and the –NH2 group at 3331 cm−1 in the FT-IR
spectra of TpBpy–Cu/Co provides evidence for the successful
completion of the Schiff-base reaction. These findings also
indicate the β-ketoenamine backbone remains unchanged
during the post-modification process.

Nitrogen adsorption–desorption isotherms recorded at 77 K
for TpBpy, TpBpy–Cu, and TpBpy–Cu/Co displayed a character-
istic type-I profile, which is indicative of their microporous
structure. The Brunauer–Emmett–Teller (BET) surface areas
were found to be 1648 m2 g−1 for TpBpy, 724 m2 g−1 for
TpBpy–Cu, and 661 m2 g−1 for TpBpy–Cu/Co (Fig. 2d).
Additionally, the pore size distributions for TpBpy and TpBpy–
Cu were approximately 1.25 nm, while TpBpy–Cu/Co exhibited
pore sizes of 1.00 nm and 1.47 nm. The decline in the BET
surface area and the alteration in pore size distribution
(Fig. 2e) are mainly attributed to the incorporation of metal
ions within the pristine COF structure.

The morphology of the materials was examined using scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM). As shown in Fig. 2f and Fig. S3, S4,† all
materials retained the characteristic stacked-sphere mor-
phology typical of 2D-COFs, indicating that the post-modifi-
cation did not alter their structure. To further assess the distri-
bution of metal elements, energy dispersive spectroscopy
(EDS) analysis was conducted. Fig. 2g and Fig. S5, S6† show
the uniform dispersion of Cu and/or Co across the COF sur-
faces, suggesting a well-distributed arrangement of the photo-
sensitizer and catalyst units. This uniform dispersion facili-
tates close contact between Cu(I) and Co(II), which is critical
for high catalytic efficiency.

X-ray photoelectron spectroscopy (XPS) provides a detailed
assessment of the surface chemical composition of metal-
modified TpBpy. The full XPS spectra confirm the presence
of carbon, nitrogen, oxygen, and metal elements in TpBpy–
Cu and TpBpy–Cu/Co, indicating the successful incorpor-
ation of photosensitizer and catalyst units (Fig. S7†).
Additionally, elemental signals for counter ions, including
phosphorus, fluorine, and chlorine, were also detected. The
high-resolution N 1s XPS spectrum of TpBpy reveals two
peaks at 398.2 eV and 400.1 eV, corresponding to pyridyl
nitrogen atoms and secondary amines, respectively (Fig. 3a).
However, significant changes are observed in the N 1s pro-
files of TpBpy–Cu and TpBpy–Cu/Co, the relative intensity of
pyridyl nitrogen atoms was reduced compared to secondary
amines for TpBpy–Cu and TpBpy–Cu/Co, indicating the for-
mation of coordination bonds between nitrogen and the
metal ions (Fig. 3b and c). Meanwhile, the high-resolution O
1s XPS spectra of TpBpy and TpBpy–Cu/Co were also com-
pared, as shown in Fig. S8.† Characteristic peaks were
observed for the keto oxygen bond at 531 eV and the enol
oxygen at 533 eV with no obvious changes between the two
samples, demonstrating that neither Cu–O nor Co–O coordi-
nation occurred, which further confirms the N,N-coordi-
nation environments of Cu and Co.18,30 Furthermore, two
distinct peaks at 402.6 eV and 403.6 eV were assigned to the

Cu–N binding energies in TpBpy–Cu and TpBpy–Cu/Co,
respectively.34 The XPS analysis also reveals the binding ener-
gies for Cu(I) 2p1/2 and Cu(I) 2p3/2 at 952.0 eV and 932.3 eV,
respectively (Fig. 3d and e), confirming the presence of Cu(I)
in TpBpy–Cu and TpBpy–Cu/Co.30

Additionally, small peaks at 954.3 eV and 934.9 eV, corres-
ponding to Cu(II) 2p1/2 and Cu(II) 2p3/2, indicate that a minor
portion of Cu(I) has been oxidized to Cu(II). The Co(II) 2p XPS
spectrum of TpBpy–Cu/Co displays characteristic peaks at
781.4 eV (2p3/2) and 797.1 eV (2p1/2), confirming the presence
of Co(II) (Fig. 3f).18

To analyze the energy band structures of TpBpy, TpBpy–Cu
and TpBpy–Cu/Co, UV-Vis absorption spectroscopy and ultra-
violet photoelectron spectroscopy (UPS) were performed. As
shown in Fig. 4a, the UV-Vis absorption spectra indicate that
all materials exhibit visible-light absorption. Based on these
measurements, the optical band gaps were determined to be
2.23 eV for TpBpy, 2.16 eV for TpBpy–Cu, and 2.14 eV for
TpBpy–Cu/Co, showing a slight decrease in the band gap upon
metal incorporation (Fig. 4b). The UPS measurements showed
that the valence band maximum energy levels (EVB) of TpBpy–
Cu and TpBpy–Cu/Co were −5.05 and −5.04 eV, respectively
(Fig. 4c). The EVB of TpBpy was −5.58 eV, as reported in a pre-
vious study.32 Based on the equation ECB = EBG + EVB, the con-
duction band minimum energy levels (ECB) of the COFs was
found to lie above the proton reduction potential (−4.44 eV).35

Fig. 3 (a-c) N 1s XPS spectrum of (a) TpBpy, (b) TpBpy–Cu and (c)
TpBpy–Cu/Co. (d–e) Cu 2p XPS spectrum of (d) TpBpy–Cu and (e)
TpBpy–Cu/Co. (f ) Co 2p XPS spectrum of TpBpy–Cu/Co.
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Obviously, the band structure of TpBpy, TpBpy–Cu, and
TpBpy–Cu/Co is thermodynamically sufficient for the photo-
catalytic hydrogen evolution reaction (HER) (Fig. 4d).

Ultrafast transient optical spectroscopy

To elucidate the influence of confinement on the excited-
state kinetics of Cu(I) photosensitizers (PS), we employed
ultrafast transient optical spectroscopy to examine the
excited-state dynamics of TpBpy–Cu alongside the corres-
ponding Cu(I) diimine complexes, [Cu(mestphen)(bpy)]+. This
approach allowed for a detailed investigation into the impact
of the confined environment on charge dynamics and energy
transfer mechanisms. Utilizing established analysis methods
for Cu(I) diimine complexes, the transient absorption data
were globally fitted across a broad wavelength range with
multi-exponential functions.36,37 The transient spectra of
both [Cu(mestphen)(bpy)]+ and TpBpy–Cu, as shown in
Fig. 5, display an initial broad, featureless excited-state absor-
bance centered around 550 nm. This spectral feature under-
goes evolution into a more defined profile characterized by
two local absorption maxima at 526 nm and 567 nm. This
transformation reflects the intricate interactions occurring
within the excited state, which are influenced by the struc-
tural characteristics of the COF. The rigid framework of the
COF effectively constrains the complexes, limiting their
ability to undergo flattening distortions and reducing
exposure to the solvent environment following photo-
excitation, thus enhancing excited-state lifetimes, resulting in
TpBpy–Cu exhibiting a significantly extended lifetime of
785.9 ps compared to the shorter excited-state lifetime of
606.4 ps observed for [Cu(mestphen)(bpy)]+.

The increase in the excited-state lifetime for TpBpy–Cu is
particularly beneficial for proton reduction reactions, as it
enhances the likelihood of energy transfer processes occurring
before non-radiative decay pathways become dominant. This
extension of the excited-state lifetime not only facilitates more
efficient charge separation but also can improve the overall
efficiency of the photocatalytic process. These findings high-
light the critical role of the confinement effect in modulating
the excited-state behavior of Cu(I) complexes. By effectively
restricting structural distortions and minimizing solvent inter-
actions, the COF environment optimizes the performance of
the Cu(I) photosensitizer, thereby providing a valuable strategy
for enhancing the efficiency of solar-driven energy conversion
processes.

Photocatalytic hydrogen production

Photocatalytic hydrogen evolution experiments were conducted
under visible light irradiation (λ > 420 nm), utilizing BIH as a
sacrificial electron donor and acetic acid as the proton
source.38 Initially, three TpBpy–Cu/Co samples with varying
contents of Cu/Co were tested, among which TpBpy–Cu/Co
(Cu/Co = 1.8 : 1) shows the highest photocatalytic H2 gene-
ration rate, as shown in Fig. S9.† Afterwards, water was used to
replace acetic acid and the photocatalytic hydrogen production
rate decreased from 50.88 to 11.76 mmol g−1, as shown in
Fig. S10,† hence DMF/AcOH was used as the reaction medium
in subsequent studies. In addition, we compared the photo-
catalytic hydrogen evolution performances of TpBpy, TpBpy–
Cu and TpBpy–Cu/Co without adding the corresponding
homogeneous metal complexes, i.e. [Cu(mestphen)(bpy)]+ or
Co(bpy)Cl2. The amount of hydrogen produced by pristine
TpBpy after 6 h of illumination was 1.60 mmol g−1. With the
immobilization of Cu(I), the hydrogen production increased
significantly to 13.44 mmol g−1. The photocatalytic perform-

Fig. 4 (a) UV/Vis-DRS spectra of TpBpy, TpBpy–Cu and TpBpy–Cu/Co.
(b) Tauc plot of TpBpy, TpBpy–Cu, and TpBpy–Cu/Co. (c) UPS spectra
of TpBpy–Cu and TpBpy–Cu/Co. (d) Energy band diagrams of TpBpy,
TpBpy–Cu and TpBpy–Cu/Co.

Fig. 5 (a) Ultrafast transient spectra and (b) kinetic fitting of [Cu(mest-
phen)(bpy)]+ in acetonitrile following 415 nm excitation. (c) Ultrafast
transient spectra and (d) kinetic fitting of TpBpy–Cu in acetonitrile fol-
lowing 415 nm excitation.
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ance of TpBpy–Cu/Co gave the highest H2 evolution amount of
up to 50.88 mmol g−1, approximately 32 times higher than
that of TpBpy (Fig. 6a). Notably, TpBpy–Cu/Co demonstrated
the highest HER rate of up to 12.16 mmol g−1 h−1, 3.6 times
higher than TpBpy–Cu and approximately 25 times that of
TpBpy (Fig. 6b). To verify the important role of metal coordi-
nation, we also compared the photocatalytic HER performance
of TpBpy + homogeneous [Cu(mestphen)(bpy)]+ + Co(bpy)Cl2,
TpBpy–Cu + homogeneous Co(bpy)Cl2, and TpBpy–Cu/Co,
while keeping the content of copper and cobalt the same.
TpBpy–Cu + homogeneous Co(bpy)Cl2 and TpBpy + homo-
geneous [Cu(mestphen)(bpy)]+ + Co(bpy)Cl2 exhibited a lower
HER rate of 7.40 and 3.44 mmol g−1 h−1, respectively. After 6 h
of irradiation, the total hydrogen production was shown to be
50.88 mmol g−1 for TpBpy–Cu/Co, 32.08 mmol g−1 for TpBpy–
Cu + homogeneous Co(bpy)Cl2, and 11.64 mmol g−1 for TpBpy
+ homogeneous [Cu(mestphen)(bpy)]+ + Co(bpy)Cl2
(Table S2†). Moreover, a similar trend was also observed when
the catalyst concentration was reduced to one-tenth of its orig-
inal value (Fig. S11 and Table S3†). We assumed that the
superior H2 production by TpBpy–Cu/Co originated from: (1)
improved photosensitizing ability and (2) the proximity of Co
and Cu sites, which suppresses electron and hole recombina-
tion and promotes the migration of photo-generated charge
carriers in COF. Notably, the hydrogen production perform-
ance of TpBpy–Cu/Co in this study surpasses that of most non-
noble metal photocatalytic systems and progressively narrows
the performance gap with noble metal systems (Fig. 6c and
Table S4†).

To examine the transfer kinetics of the photogenerated car-
riers, photo/electrochemical measurements were conducted.

The dynamics of charge carriers in the COFs were investigated
using measurements of electrochemical impedance spec-
troscopy (EIS) and transient photocurrents. Among them,
TpBpy–Cu/Co has the highest transient photocurrent and the
lowest electron transfer resistance (Fig. 7a and b). This is
assumed due to the proximity of the Co(II) and Cu(I) sites,
which facilitates more efficient electron transfer in the
covalent organic framework, allowing for more effective separ-
ation of photogenerated charge carriers.31

In order to verify this hypothesis, we carried out steady-
state and time-resolved photoluminescence measurements.
As shown in Fig. 7c, the photoluminescence (PL) emission
was centered at 420 nm, consistent with the results of a pre-
vious report.39 TpBpy–Cu shows significant quenching of
fluorescence intensity due to rapid charge transfer between
Cu(I) and TpBpy. Furthermore, the much lower fluorescence
intensity of TpBpy–Cu/Co suggests that the charge carrier
recombination is strongly suppressed, indicating possible
electron transfer from TpBpy–Cu to the Co(II) catalytic center.
Furthermore, time-resolved PL analysis, shown in Fig. 7d,
revealed that the average PL lifetime of TpBpy–Cu/Co (2.83
ns) was twice that of TpBpy (1.65 ns) and TpBpy–Cu (1.35 ns).
This enhancement in the excited-state lifetime suggests that
the incorporation of Co ions effectively prolongs the persist-
ence of photoinduced charge carriers. As illustrated by the
Perrin–Jablonski diagram (Fig. S12†), the shorter lifetime (τ1)
of the excited-state relaxation is generally correlated to the
nonradiative relaxation of charge-carriers (Sn → S1), and the
longer lifetime (τ2) reflects the radiative recombination of
charge-carriers (S1 → S0).

40 The fitted decay lifetimes (τ1 and
τ2) for TpBpy are 0.96 and 16.51 ns, which account for
95.58% and 4.42% of the total decay, respectively. TpBpy–Cu
shows values of 0.84 and 2.73 ns, respectively, corresponding
to 72.98% and 27.02%. In the case of TpBpy–Cu/Co, the fitted
decay lifetimes (τ1 and τ2) are 0.74 and 4.46 ns, respectively,

Fig. 6 (a) Time dependent H2 production under visible light irradiation
and (b) photocatalytic H2 evolution rates of TpBpy, TpBpy–Cu and
TpBpy–Cu/Co (0.25 mg COF and 90 mg BIH, in 45 μL AcOH and
2.955 mL DMF). A 300 W xenon lamp with a 420 nm cut off filter (light
intensity: 520 mW cm−2) was used as the light source. (c) Comparison of
previously reported MOF/COF systems using noble/non-noble metal
photosensitizers or catalysts for photocatalytic hydrogen evolution reac-
tions. Note: the red dash circle indicates that the photocatalytic reac-
tions were performed under acidic conditions.

Fig. 7 (a) EIS Nyquist plots and (b) transient photocurrent response of
TpBpy, TpBpy–Cu and TpBpy–Cu/Co. (c) Photoluminescence emission
spectra and (d) time-resolved photoluminescence spectra at 420 nm (λex
= 375 nm) of TpBpy, TpBpy–Cu and TpBpy–Cu/Co.
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corresponding to 43.90% and 56.10% of the total decay.
Based on these results, it is confirmed that TpBpy–Cu/Co and
TpBpy–Cu are more efficient at charge separation since the
non-radiative deactivation proportion gradually decreases
over time.

To gain further insight into the photocatalytic mechanisms,
cyclic voltammograms (CVs) of Cu–PS and various catalysts
were analyzed, as shown in Fig. S13.† CV scans were first con-
ducted for TpBpy–Cu/Co and Co(bpy)Cl2 under catalytic hydro-
gen evolution reaction (HER) conditions. The TpBpy–Cu/Co
catalyst showed an irreversible catalytic HER peak starting at
−0.89 V vs. NHE. This indicates that hydrogen production
begins after the injection of two electrons, as shown in Fig. 8a.
On the other hand, Co(bpy)Cl2 exhibited only an irreversible
catalytic HER peak, with an onset potential at −0.96 V vs.
NHE. The difference in the catalytic behavior of TpBpy–Cu/Co
and Co(bpy)Cl2 can be explained by the isolated Co active sites
in TpBpy COF and the formation of metallic Co nanoparticles
in homogeneous Co(bpy)Cl2 under catalytic HER conditions. A
reversible reduction peak at −1.47 V vs. NHE was observed for
[Cu(mestphen)(bpy)]+, which is assigned to the reduction of
the Cu–PS center. Similarly, a reduction peak at −1.32 V was
also observed in TpBpy–Cu/Co. The above results illustrate that
the reduction of the Cu–PS center can provide adequate
driving force for the HER with the Co catalyst (−0.89 V vs.
NHE).

Based on a previous study38 and the preceding analysis, we
propose the following photocatalytic mechanism for the hydro-
gen evolution reaction (HER) using TpBpy–Cu/Co, as shown in
Fig. 8. Upon irradiation (step 1), the copper photosensitizer
(Cu-PS) unit transitions to the excited state [Cu-PS]* (step 2).
The excited-state [Cu-PS]* is subsequently reduced by BIH to
form [Cu]− (step 3), which then transfers electrons into the
cobalt sites, thereby promoting the HER and returning to the

ground state (step 4). Concurrently, cobalt is reduced from Co
(II) to Co(0) (step 4). The active Co(0) species then participates
in proton reduction to produce H2, while regenerating the
initial complex structure (step 5).

Control photocatalytic experiments were conducted on
TpBpy–Cu/Co to determine the importance of each com-
ponent (acetic acid, BIH, and light) in the photocatalytic
hydrogen evolution reaction (Fig. S14†). The production of
hydrogen was almost non-existent in the absence of acetic
acid, BIH, or light. According to these results, proton sources,
sacrificial electron donors, and light sources are all crucial
components of photocatalytic HER. A light-on/light-off experi-
ment was conducted, which also indicates that the hydrogen
evolution reaction of TpBpy–Cu/Co is driven by visible light
irradiation (Fig. S15†).

To assess the stability and reusability of TpBpy–Cu/Co, we
conducted a series of recycling tests focused on the photo-
catalytic hydrogen evolution reaction (HER). Over three con-
secutive cycles, TpBpy–Cu/Co exhibited minimal loss of
activity, as shown in Fig. 9a. The initial decline in the hydro-
gen evolution rate observed during the first 3–6 h (Fig. 9a) is
attributable to the absence of BIH. The subsequent addition of
BIH at the start of the second cycle effectively restored the
hydrogen evolution rate to its baseline value. However, the
photocatalytic performance of TpBpy–Cu/Co could not be fully
restored after extended irradiation, as indicated by a decrease
in the H2 production rate commencing after the third cycle.
Nevertheless, the transient photocurrent unchanged and
charge transfer resistance of TpBpy–Cu/Co increased following
photocatalysis compared to its initial state (Fig. 9b and
Fig. S16†). The FT-IR and PXRD results confirmed that the
crystallinity and chemical composition of TpBpy–Cu/Co
remained unchanged after 24 hours of photocatalysis (Fig. 9c
and d). XPS analysis, shown in Fig. S17,† revealed peaks at

Fig. 8 Proposed photocatalytic mechanism of TpBpy–Cu/Co for the
HER.

Fig. 9 (a) Cycling test of photocatalytic H2 evolution under visible light
irradiation. (b) Transient photocurrent response. (c) FT-IR spectra. (d)
XRD patterns of TpBpy–Cu/Co before and after 24 h photocatalysis.
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952.1 eV and 932.3 eV, corresponding to Cu(I) 2p1/2 and Cu(I)
2p3/2, respectively, and small peaks at 954.7 eV and 934.7 eV,
corresponding to Cu(II) 2p1/2 and Cu(II) 2p3/2. The Co(II) 2p XPS
spectrum for TpBpy–Cu/Co displays characteristic peaks at
781.1 eV (Co(II) 2p3/2) and 797.0 eV (Co(II) 2p1/2). The compari-
son of XPS analysis before and after photocatalysis further
confirm the stability of TpBpy–Cu/Co.

Experimental section
Materials

All ligands, salts, other reagents, and solvents were purchased
from commercial sources and used as received. TpBpy was syn-
thesized according to previously reported procedures.41

Physical methods

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker Avance III HD 400 MHz. 1H NMR spectra were refer-
enced to TMS using the residual solvent peak. All chemical
shifts are reported in standard δ notation (in parts per
million); positive chemical shifts are at a higher frequency
than the reference. High resolution mass spectra (HRMS) were
acquired using a Bruker ESI-Q-TOF MS/MS. Powder X-ray diffr-
action (PXRD) patterns were recorded on a Bruker D8 Discover
with Cu-Kα radiation. N2 adsorption–desorption isotherms
were collected using a Micromeritics ASAP 2460 at 77 K, and
the surface area and pore size distribution were calculated by
BET and NL-DFT methods. UV-vis spectroscopy in solution
and solid state and FTIR were carried out using an Agilent
Cary 60, Shimadzu UV-2600i, and PerkinElmer Spectrum 100,
respectively. Thermogravimetric analysis (TGA) was conducted
on a Shimadzu DTG-60A thermal analyzer under N2 with the
temperature ramped from 25 °C to 800 °C at the rate of 10 °C
min−1. X-ray photoelectron spectroscopy (XPS) was performed
on an AXIS SUPRA with an Al-Kα radiation source. The metal
content was measured by inductively coupled plasma-mass
spectrometry (ICP-MS) using an Agilent 7800. Scanning elec-
tron microscopy (SEM) images were observed using a
JSM-IT500HR device. Transmission electron microscopy (TEM)
images were observed using a Talos F200X G2. Amounts of H2

generated in the photocatalytic experiments were determined
by gas chromatography (GC) using a Techcomp GC7980 with
argon as the carrier gas and a TCD or an FID detector. The life-
times of the fluorescence spectra were examined using an
FLS1000 (Edinburgh Instruments, UK) equipped with a
375 nm laser as the excitation source and employing the Time
Correlated Single Photon Counting (TCSPC) technique.
Electrochemical properties were measured on a CH
Instruments CHI-760E bi-potentiostat at ambient temperature
(21–24 °C). The electrochemical performance was conducted
using a three-electrode system with a glassy carbon as the
working electrode, Ag/AgCl (3M) as the reference electrode and
platinum as the counter electrode. UV photoelectron spectra of
the COFs were obtained using a monochromatic He I (21.22
eV) light source, with an energy resolution of 100 meV.

Synthesis of materials

[Cu(mestphen)(bpy)]+. Following the “HETPHEN” method
for the synthesis of heteroleptic copper(I)bis(phen) complexes,
tetrakis(acetonitrile)copper(I) hexafluorophosphate (37 mg,
0.1 mmol, 1 eq.) was dissolved in 10 mL dichloromethane and
purged with nitrogen for 10 minutes. 2,9-dimesitylphenanthro-
line (42 mg, 0.1 mmol, 1 eq.) in 10 mL degassed CH2Cl2 was
added under a nitrogen atmosphere and stirred for five
minutes. Bipyridine (15.6 mg, 0.1 mmol, 1 eq.) was then
added, and the reaction mixture was stirred at ambient temp-
erature under nitrogen for 1 hour. The red solution was fil-
tered to remove any insoluble material. The solvent was
removed by rotary evaporation and the red solid was re-dis-
solved in a minimal amount of dichloromethane and layered
with diethyl ether. The product was collected by filtration
using a fritted funnel (yield 85%). 1H NMR (500 MHz, DMSO-
d6) δ 8.93 (d, J = 8.1 Hz, 2H), 8.37 (s, 2H), 8.21 (dd, J = 36.5, 6.6
Hz, 4H), 8.01 (dd, J = 11.8, 7.5 Hz, 4H), 7.46 (t, J = 6.3 Hz, 2H),
6.19 (s, 4H), 1.86 (s, 6H), 1.71 (s, 12H). 13C NMR (500 MHz,
DMSO-d6) δ 158.08, 150.69, 148.22, 143.14, 137.50, 137.25,
137.11, 136.84, 134.25, 127.48, 126.96, 126.60, 126.47, 125.46,
120.91, 20.29, 19.68.

Co(bpy)Cl2. Co(bpy)Cl2 was prepared according to a docu-
mented procedure:3 Bipyridine (2 mmol) and anhydride cobalt
chloride (2 mmol) were added to THF (5 mL) in a 50 mL round
bottom flask under an argon atmosphere. The reaction
mixture was stirred for 10 h at room temperature and diethyl
ether was added to fully precipitate the dusty blue solid. The
solvent was decanted out of the flask using a pipette, the solid
was washed thoroughly with ether three times and dried under
vacuum to yield the Co(bpy)Cl2 complex (544 mg, 95% yield).
HRMS (ESI-MS) calcd for C10H8ClCoN2 [M-Cl]+: 249.9703,
found: 249.9719.

TpBpy. A Pyrex tube (10 mL) was charged with Tp (21.0 mg,
0.1 mmol), Bpy (27.9 mg, 0.15 mmol), mesitylene (0.5 mL),
dioxane (0.5 mL) and 6 M HAc (0.1 mL). The mixture was soni-
cated for 10 min and then degassed via three freeze–pump–
thaw cycles before sealing under vacuum. The sealed tube was
kept at 120 °C in an oven for 3 days and cooled to room temp-
erature. The precipitate was collected by filtration and washed
with THF and acetone several times. Then the product was
Soxhlet-extracted with THF for 1 day and dried under vacuum
at 40 °C for 24 h to obtain TpBpy-COF powder (40 mg, 92%).

TpBpy–Cu. In a glovebox, Cu(CH3CN)4PF6 (26.1 mg,
0.07 mmol) and 2,9-dimesitylphenanthroline (29.4 mg,
0.07 mmol) were dissolved in 5 mL of CH2Cl2 and stirred for
5 minutes. 40 mg TpBpy was added to the vial and the mixture
was stirred inside the glovebox for 48 h. The resultant red solid
was separated by centrifugation and washed with CH2Cl2
several times to remove excess Cu salt. Cu loading was deter-
mined by ICP-MS and could be controlled by adjusting the
equivalents of the Cu salt added and the reaction time.

TpBpy–Cu/Co. In a glovebox, the red solid TpBpy–Cu,
obtained above, was further stirred with CoCl2 (0.015 mmol,
1.95 mg) in 5 mL MeOH at room temperature for 18 h and
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then thoroughly washed with MeOH to afford TpBpy–Cu/Co in
a near-quantitative yield. ICP-MS analysis of TpBpy–Cu/Co
revealed a Cu : Co ratio of 1.8 : 1.

Electrochemical measurements

Electrochemical measurements were performed with a CH
Instruments CH-760E bipotentiostat at ambient tempera-
ture (21–24 °C) in a single compartment cell with a 3.0 mm
glassy carbon disc as the working electrode, a platinum
wire as the counter electrode, and Ag/AgCl (3 M NaCl) as
the reference electrode. The catalyst (5 mg) was dispersed
into a solution of 50 μL 5 wt% Nafion and 1 mL ethanol.
The suspension was drop-cast sequentially (5 μL × 2) on
the surface of the electrode, allowing each drop to dry com-
pletely before applying the next. Electrochemical impe-
dance spectroscopy (EIS) and photocurrent measurements
were carried out in 0.2 M Na2SO4 solution as the support-
ing electrolyte.

Visible light-driven hydrogen evolution reaction (HER)

Photocatalytic HERs were carried out in an externally illumi-
nated reaction vessel with a magnetic stirrer. Samples were
prepared in 5.5 mL septum-sealed quartz vials. In a standard
reaction (Table S2, entry 1†), each sample was made up to a
volume of 3.000 mL including 2.955 mL DMF, 0.045 mL AcOH,
and 90 mg BIH (0.40 mmol) in addition to a specified amount
of the COF catalyst. Sample vials were capped and sealed and
deoxygenated by bubbling nitrogen for 10 min to ensure com-
plete air removal. The solution was irradiated using a 300 W
xenon lamp with a 420 nm cut off filter (light intensity:
520 mW cm−2). The reaction temperature was kept below 30 °C
during the irradiation. After the hydrogen evolution reaction,
the gas in the headspace of the vial was analyzed by GC to
determine the amount of hydrogen generated. The hydrogen
evolution rate is calculated by dividing the molar amount of
H2 produced by the product of catalyst mass and hours of
irradiation.

Light on–off experiment catalyzed photocatalytic HER

Light on–off experiments with a short period of light
irradiation were conducted to confirm the photocatalytic
nature of the TpBpy–Cu/Co or TpBpy–Cu catalyzed HER and to
determine the hydrogen evolution rate. Under standard photo-
catalytic HER conditions, the hydrogen generation of both
TpBpy–Cu/Co and TpBpy–Cu was monitored after 1 h of light
irradiation followed by 1 h in the dark. This cycle was repeated
for 4 times. H2 production gradually increased under light
irradiation but stopped in the dark. The HER was thus con-
firmed to be driven by visible light. The time-dependent hydro-
gen evolution rate curves of both TpBpy–Cu/Co and TpBpy–Cu
were calculated based on average H2 production rate (h−1)
during each light irradiation period.

Recycle tests of TpBpy–Cu/Co catalyzed photocatalytic HER

Recycle tests of TpBpy–Cu/Co for photocatalytic HER were
carried out to demonstrate the stability and reusability of the

present COF system. Under photocatalytic HER conditions,
TpBpy–Cu/Co was recycled and reused without significant loss
of activity for at least 3 consecutive runs. Specifically, HER
recycle reactions were conducted with TpBpy–Cu/Co
(0.136 μmol Cu site, 0.075 μmol Co site) and 90 mg BIH in a
solvent mixture of 45 μL AcOH + 2.955 mL DMF, under the
irradiation of a 300 W xenon lamp with a 420 nm cut off filter
(light intensity: 520 mW cm−2). The solution was degassed
with N2 for 10 min before each run and 10 mg of BIH was
added to the solution after each run.

Conclusions

In summary, we have developed a novel heterogeneous
photocatalytic system for HER via dual metalation of TpBpy
COF. The successful functionalization of the COF with Cu(I)
and Co(II) metal units was confirmed by BET, ICP, EDS, and
XPS. The Cu(I) unit in the COF increased the photosensitiz-
ing capability and the Co(II) unit enhanced the catalytic H2

production. In this study, TpBpy not only serves as an
effective platform for the heterogenization of metal com-
plexes but also plays a crucial role in spatially confining
the Cu(I) photosensitizer, thereby enhancing its photo-
physical properties. Moreover, dual metalation of both Cu(I)
and Co(II) improves charge separation and transfer, ulti-
mately enhancing photocatalysis. This unique arrangement
improves the overall efficiency of the photocatalytic process
while maintaining the stability of the metal sites. Overall,
this work presents a novel and promising heterogeneous
platform for photocatalytic hydrogen evolution, combining
the benefits of both homogeneous and heterogeneous cata-
lysis, including improved sustainability, ease of separation,
and enhanced recyclability. By integrating non-noble metals
with well-defined COFs, we pave the way for more efficient,
durable, and scalable photocatalytic systems in the pursuit
of sustainable energy solutions.
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