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plasmonic “hot spots” and efficient
hot electron injection induced by Ag nanoparticles
in a covalent organic framework for photocatalytic
H2 evolution†

Lihua Zhang,ab Xu Lu,a Jiaqi Sun,ab Cunxia Wangab and Pengyu Dong *a

The effective utilization of the local surface plasmon resonance (LSPR) effect of metal nanoparticles to

improve optical absorption capacity and inject hot electrons into photocatalysts opens up new

directions and ideas to solve the problem of solar energy utilization efficiency of photocatalysts. In this

study, we created an in situ technique for preparing plasmon Ag nanoparticles (NPs) decorated with

a covalent organic framework (COF), named Ag/TpPa-1-COF. The LSPR effect of Ag NPs results in an

outstanding rate of H2 production that is 801.4 mmol g−1 h−1 for the 3% Ag/TpPa-1 photocatalyst, which

is almost 4 times as effective as that of the unmodified TpPa-1-COF. Moreover, finite-difference time-

domain (FDTD) simulation results reveal that the strongest electric field intensity is presented when the

catalyst is excited at l = 465 nm. Furthermore, plasmonic “hot spots” induced by the interfacial electric

field enhancement factor distribution of Ag/TpPa-1 were simulated in detail by adjusting the number,

particle size, and gap distance of Ag NPs. Additionally, density functional theory (DFT) calculations show

that electron transfer from Ag NPs to TpPa-1 occurs at the Ag/TpPa-1 interface, and N sites in Ag/TpPa-

1 exhibit low Gibbs free energy (DGH*) for enhanced photocatalytic H2 evolution. Overall, this research

provides new insights into the plasmonic “hot spot” region that performs effectively for hydrogen evolution.
1. Introduction

In the past several decades, owing to the growing demand for
clean energy, efficient and environmentally conscious hydrogen
manufacturing processes have attracted considerable atten-
tion.1,2 Among various approaches, employing sunlight to power
a process that splits water into hydrogen and oxygen (photo-
catalysis) has been considered a vital direction for future energy
development.3–6 The creation of photocatalysts that can effi-
ciently capture broad solar light is a crucial component of
photocatalytic hydrogen evolution.7–9

Covalent organic frameworks (COFs) are a type of porous
crystalline substances made up of organic molecules linked
together via covalent bonds, which show excellent application
in Environmental Protection of Jiangsu
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prospects in photocatalytic hydrogen research.10–14 TpPa-1-COF
is considered to be a typical material of COFs linked via b-
ketoenamine with 2D structural characteristics, wide light
harvesting characteristics in the optimal visible range, and are
an extremely suitable photocatalyst being applied in water
splitting.15,16 For instance, Shi's research group loaded TiO2

nanosheets on TpPa-1-COF to prepare heterogeneous
composite materials with high hydrogen production perfor-
mance.17 Zhang's research group developed two types of heter-
ostructures of NH2-UiO-66/TpPa-1 covalently linked via Z-type
heterojunctions and TiO2-TpPa-1-COF without noble
metals,18,19 and rationally introduced electron-donating groups
(e.g. –H, –(CH3)2, and –NO2) to TpPa-1-COF to obtain high
photocatalytic hydrogen evolution.20 In addition, previous
works by Dong et al. demonstrated that extremely chemically
stable TpPa-1-COF could be used to anchor Pt single atoms,21

embed [Mo3S13]
2− nanoclusters into their micropores,22 and

hybridize an S-scheme heterojunction with ZnIn2S4 (ref. 23) and
g-C3N4 nanosheets.24 These studies demonstrated that the
photogenerated carrier dynamics of TpPa-1-COF could be
regulated by constructing heterogeneous composite materials
or heterojunctions to boost photocatalytic H2 evolution
performance.

Because of their distinctive localized surface plasmon reso-
nance (LSPR) effect, the improvement in photocatalytic
This journal is © The Royal Society of Chemistry 2024
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efficiency induced by noble metals is a current research hotspot
in the eld of energy.25–28 In the LSPR mode, free electrons in
metal nanocrystals bounce collectively under resonant stimu-
lation. In addition to giving metal nanocrystals enormous
absorption cross-sections, it may also produce hot electrons or
high-energy photogenerated electrons.29,30 Moreover, the shape,
content, and size of the plasmonic nanoparticles (NPs) have
a major role in the light-harvesting range and near-eld
dispersion of LSPR effect.31 More intriguingly, the “hot spots”
are regions where the plasmon-enhanced eld is especially
large, usually appearing in the tip, corner, and edge of a plas-
monic metal nanoparticle, or the ssure between two (or more)
particles.32,33 These regions are frequently where the spatially
averaged enhancement factor is dominant. Besides, the plas-
monic metal (Au, Ag, or Cu) nanocrystals in contact with n-type
semiconductors can be optimized by aligning their Fermi levels.
By absorbing photons, the nonradiative decay of localized
surface plasmon can produce high-energy “hot electrons” and
subsequently injected into the conduction band of a nearby
semiconductor, which is useful for opening up kinetically
difficult multielectron reaction routes and lowering activation
barriers.34 Consequently, it effectively segregates electrons from
holes at the interface. The characteristics of these systems
encompass enhanced absorption of the incident light, a low
rate of electron–hole recombination, and improved light energy
conversion of the photocatalytic materials. These constructions
consist of plasmonic metals and semiconductors.35,36 Conven-
tional cocatalyst/semiconductor devices have been demon-
strated to exhibit enhanced effectiveness.37 Recently, the
construction of heterogeneous photocatalysts using metal
nanoparticles and semiconductors has been used in developing
high-performing photocatalysts. In all kinds of metals, Ag has
substantial quality factor possession, directly correlated with
the strength of LSPR, across a broad wavelength range spanning
from 300 to 1200 nm.38,39 Ag NPs could be immobilized on
appropriate supports or matrices in order to be used to the
fullest extent possible.

Although plasmonic metal-loaded semiconductor photo-
catalysts have been extensively studied in recent years, there is
little research on the plasmonic metal-loaded COF photo-
catalysts. COFs, as crystalline porous materials with adjustable
characteristics, have become promising materials for hosting
Ag NPs owing to their signicant surface area, chemical resis-
tance, and robust structure. In contrast to earlier research, in
this work, plasmonic hot electrons induced by Ag NPs were
introduced to regulate the photogenerated carrier dynamics of
TpPa-1-COF. Moreover, the migration of Fermi levels between
Ag NPs and TpPa-1-COF induces the creation of an electric eld
resonance through LSPR. Furthermore, utilizing the nite-
difference time-domain (FDTD) method, a numerical simula-
tion of the generation of an electric eld has been carried out.
The FDTD method is a numerical calculation method based on
the Maxwell equation, which was widely used in electric eld
simulation and analysis to obtain the features of the dynamic
electromagnetic eld.40 The efficient meshing of complex
optical structures could be realized by using the space-time step
difference to solve the differential equation. FDTD simulation
This journal is © The Royal Society of Chemistry 2024
could provide information on the mechanism of hot electron
generation and “hot spots”modulation resulting from the LSPR
effect. Herein, the plasmonic “hot spots” induced by the inter-
facial electric eld intensity distribution of Ag/TpPa-1-COFs
were investigated using the FDTD simulation by adjusting the
excitation wavelengths, number, particle size, and the gap
distance of Ag NPs, which could bring some fresh insights into
the plasmonic “hot spots” region and efficient hot electron
injection. Additionally, density functional theory (DFT) was
used to analyze the energy barrier for the formation of H*.
Besides, DFT calculation of the charge differential density of Ag/
TpPa-1 could provide a basis for understanding the migration
path of hot electrons generated by the Ag NPs' LSPR effect.
Combined with FDTD and DFT methods, the hot electron
generation, “hot spots” modulation mechanism, and hot elec-
tron migration path caused by the LSPR effect of Ag NPs in Ag/
TpPa-1 can be accurately analyzed, which provides a theoretical
basis for enhancing the generation of hydrogen by photo-
catalysis in experiments. These outcomes yield valuable
insights into the further research comprehension of plasmonic
photocatalysis.
2. Experimental section
2.1 The preparation of TpPa-1-COF

With slight changes, the technique for the synthesis of TpPa-1-
COF described in the literature was adopted.41 In the beginning,
869.6 mg (5.0 mmol) of p-toluene sulphonic acid (monohydrate,
PTSA) was mashed for 5 min with 97.2 mg (0.9 mmol) of p-
phenylenediamine (Pa-1). Aer adding 129.8 mg (0.6 mmol) of
1,3,5-triformylphloroglucinol (Tp), the mixture was once again
crushed. Subsequently, 100 mL (5.5 mmol) of deionized water
was introduced progressively to the mixture described above
aer grinding for 10 min, and the mixture was then nely
powdered for 5min. It was promptly transferred to a watch glass
and heated in a 170 °C oven, where it was kept for 2 min. Aer
the paste had cooled to ca. 25 °C, it was centrifuged and cleaned
in the following order: N,N-dimethylacetamide, distilled water,
as well as acetone. Aer gathering the nished products, they
were dried for an entire night at 60 °C to produce bare TpPa-1-
COF.
2.2 The preparation of Ag/TpPa-1-COF

In a typical process, a 100 mL vial of 1,2-propyleneglycol
(1,2-PG, 5 mL) containing 3 g of poly(vinyl pyrrolidone) (PVP,
MW = 40 000) was placed inside, sealed, and heated for one
hour at 160 °C in an oil bath with condensation and reux while
being stirred. Then, 1 mL of NaCl solution (1 M in 1,2-PG) was
quickly added to the above solution. Subsequently, 50 mg of
freshly manufactured pure TpPa-1-COF was introduced to the
above solution aer 5 minutes. Aer a duration of 10 minutes,
a 0.15 M solution of AgNO3 in 1,2-PG was slowly introduced into
the stirring solution. Subsequently, the vial was tightly sealed
and heated for 40 minutes at 160 °C. Aerward, the product of
the reaction was chilled to ambient temperature. The products
were then dried at room temperature aer being centrifuged
J. Mater. Chem. A, 2024, 12, 5392–5405 | 5393
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multiple times to eliminate any remaining polyols and PVP to
obtain the Ag/TpPa-1-COF sample. It should be noted that the
loading quantities of Ag NPs could be regulated by adjusting the
volume of AgNO3 solution in 1,2-PG, which are 31, 93, and
155 mL for Ag/TpPa-1 with nominal Ag NPs loading quantities of
1, 3, and 5 wt%, respectively.

2.3 Characterization

Using Cu–K X-ray photons at a voltage of 40 kV, a powder X-ray
diffraction pattern (PXRD) was obtained on a PANalytical
X'Pert.3 At 77 K, N2 adsorption–desorption isotherms were
measured using the Micromeritics ASAP 2020 analyzer. The FEI
Nova NanoSEM 450 was used to obtain scanning electron
microscopy (SEM) images. A JEOL JEM-2100F operating at
200 kV was used to perform transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), and high-angle annular
dark-eld scanning transmission electron microscopy (HAADF-
STEM). NICOLET NEXUS-670 was used to acquire FT-IR spectra
between 400 and 4000 cm−1. All X-ray photoelectron spectra
(XPS) were acquired using a Thermo Fisher Scientic ESCALAB
250Xi with Al K radiation at 1486.6 eV and a 500 mm spot size,
with binding energies calibrated using C 1s at 284.8 eV. Ag K-
edge extended X-ray absorption ne structure spectra (EXAFS)
were captured in high energy mode and performed on the
BL11B beamline Shanghai Synchrotron Radiation Facility
(SSRF) (Shanghai, China), in which the radiation was mono-
chromatized by a Si (311) crystal monochromator, and the data
reduction and analysis of X-ray absorption near-edge structure
(XANES) spectra, Fourier transform EXAFS (FT-EXAFS) spectra,
and wavelet transform EXAFS (WT-EXAFS) spectra were
completed by using Athena and Artemis soware. Using
a Thermo Fisher iCAP PRO spectrometer, inductively coupled
plasma optical emission spectroscopy (ICP-OES) was carried
out. The BaSO4 standard was used to acquire UV-Vis diffuse
reectance spectra (DRS) using a Shimadzu Corporation UV-
3600 spectrometer. An FLS980 uorescence spectrometer was
used to record both photoluminescent (PL) spectra and time-
resolved PL spectra. The CHI 660E electrochemical worksta-
tion was used for all the photoelectrochemical (PEC) testing. A
typical photocatalyst-coated ITO electrode lm was prepared
according to the literature.42

2.4 Photocatalytic hydrogen evolution measurements

At the beginning, a 20 mg sample was suspended in a 100 mL
solution of 0.1 mol L−1 ascorbic acid (AC) in a Pyrex reactor
equipped with a shutdown gas system and a top-irradiation
setup. It should be noted that AC has strong reducing proper-
ties, which can effectively trap photogenerated holes and form
stable reduction products without causing unexpected oxida-
tion reactions to ensure the photocatalytic hydrogen production
reaction is more specic. In addition, AC is relatively stable in
aqueous solution and is not easily decomposed by itself, which
is very important for the reproducibility and stability of photo-
catalytic hydrogen production experiments. Therefore,
0.1 mol L−1 AC solution was used as the sacricial reagent in the
photocatalytic hydrogen production experiments. The reactor
5394 | J. Mater. Chem. A, 2024, 12, 5392–5405
underwent approximately 1 h of owing Ar gas to create the
desired reaction environment. Visible light irradiation condi-
tions were achieved using a 300 W xenon lamp (CEL-HXF300)
tted with a 420 nm cut-off lter, and the visible light power
density was found to be 265 mW cm−2. A cooling circulation
system was used to maintain the reaction temperature at 6 °C to
remove the heat produced by the light source during the
experiment. Ultra-pure Ar was employed as the carrier gas, and
the evolved H2 was quantied using gas chromatography (GC-
2011, TCD). To assess the long-term performance of the cata-
lyst, stability testing was conducted under identical processing
conditions for ve cycles, totaling 30 h. Additionally, the
experimental conguration was employed to assess the AQE of
H2 evolution, allowing for exibility in modifying the illumi-
nation source. This involved using a 300 W xenon lamp with
band-pass lters set at wavelengths of 420, 450, 500, 550, and
600 nm to emit monochromatic light with precise wavelength
control. Using an optical power meter (Newport 843-R), the
monochromatic photon ux at each wavelength was deter-
mined. Therefore, the calculation of AQE can be carried out
using eqn (1).43

AQE¼ 2 � amount of H2 molecules produced per hour

number of incident photons per hour
�100%

¼ 2� nH2
�NA � h� c

P� t� l� A
� 100%

(1)

where nH2
denotes the number of H2 molecules that have

evolved, c signies the speed of light, h denotes the Planck
constant, NA represents the Avogadro constant, and t denotes
the time during which the irradiation was applied.
2.5 FDTD simulation

The numerical simulation model of the interfacial electric eld
intensity distribution of Ag NPs in TpPa-1-COF was performed
utilizing the 3D nite element approach with COMSOL Multi-
physics 5.6 soware. To achieve an accurate description of the
simulation system, we discretized the continuous time domain
rotation Maxwell equation into the displayed difference equa-
tion aer setting the appropriate boundary conditions. This
process not only preserved the complexity of the optical struc-
ture but also provided us with an effective means to efficiently
deal with the characteristics of electromagnetic elds in calcu-
lations. The simulation model was a cubic shape with equal
sides (a= 1 mm), in which themodel was divided into four parts:
the Ag NPs (semisphere with a 20 nm diameter), TpPa-1-COF
modeling (dimensions: 1 mm × 1 mm × 50 nm), air layer for
calculating the physical results, and the perfect matching layer.
To ensure accuracy, the mesh grid precision of 0.001 nm was
utilized within the simulation area to represent the model
precisely. The refractive indices (n) in the model are na = 1 for
air and nb = 1.6 for TpPa-1-COF. The parameters of Ag NPs and
the refractive indices are taken from the “Optical Materials
Database”. A plane wave source (total eld scattered eld
source) with a wavelength (l) of 420, 465, and 500 nm was used
to illuminate the model.
This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/d3ta06724f


Fig. 1 (a) The PXRD patterns of a series of Ag/TpPa-1 materials. (b) N2

adsorption isotherms (inset: variations in pore size).

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
3 

Ja
nu

ar
y 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
22

/2
02

4 
7:

59
:3

9 
PM

. 
View Article Online
2.6 DFT calculations

With the periodic boundary conditions present, the Materials
Studio Package was used. To study electron exchange and
correlation, the Perdew–Burke–Eznerhof (PBE) function of
generalized gradient approximation (GGA) was used. A
threshold energy of 400 eV was used to determine the compu-
tation accuracy. Additionally, using a k-point grid and the
Monkhorst–Pack sampling technique, the Brillouin zone was
sampled with a resolution of 0.2 Å−1. The bottom layers have
a connection to the bulk crystal geometry during the structural
relaxations. The geometry was adjusted until the energy and
force differences reached 1.0 × 10−6 eV and 0.005 eV Å−1,
respectively.
3. Results and discussion

The synthesis of crystalline TpPa-1-COF was achieved using
a molecular organization approach through a reversible Schiff
base reaction and an irreversible enol-to-keto tautomerization,
which makes the product more stable.15,41 Then, the noble-
metal plasmonic photocatalyst Ag/TpPa-1 was created using
a simple in situ technique, in which the hydrophobic carbon
chains in PVP can prevent the aggregation of Ag NPs and
stabilize the reaction system because of the strong repulsion
(steric hindrance effect) in water.44 Thus, on the surface of 2D
TpPa-1-COF, Ag NPs are deposited. Scheme 1 depicts the
multistep synthetic process for the Ag/TpPa-1-COF composite
photocatalyst.
3.1 Structural characterization

In Fig. 1a, distinct peaks at 4.8, 8.7, and 26° are observed in all
four samples. The peaks observed at 4.8 and 8.7° show the in-
plane structural packing model and are assigned to the (100)
and (200) crystal planes, respectively. Additionally, TpPa-1-COF
exhibits p–p stacking between their layers, as seen by the peak
at 26°, which corresponds to the (001) crystal plane.15 In addi-
tion to the TpPa-1-COF characteristic peak, the 3% Ag/TpPa-1
and 5% Ag/TpPa-1 composites display distinct peaks at 38.0,
44.3, 64.5, and 77.5°, which coincide with the (111), (200), (220),
and (311) crystal planes of the cubic phase of Ag, respectively.45
Scheme 1 Schematic depiction of the Ag/TpPa-1-COF synthesis.

This journal is © The Royal Society of Chemistry 2024
There are obviously no additional diffraction peaks in the
composites, providing evidence that the deposition of Ag metal
did not inuence the crystalline structure of TpPa-1-COF.
Moreover, due to the low content of Ag species and their high
dispersion, the 1% Ag/TpPa-1 sample does not display diffrac-
tion peaks associated with Ag. Notably, the peak diffraction
intensities of Ag species increase with increasing Ag contents.
These ndings demonstrate that the TpPa-1-COF surface is truly
deposited with Ag species.

The specic surface area and porous structure of TpPa-1-COF
and 3% Ag/TpPa-1 were studied using the N2 adsorption–
desorption method. Fig. 1b displays the nitrogen adsorption–
desorption isotherms, along with the corresponding pore size
distribution curves (inset) of TpPa-1-COF and 3% Ag/TpPa-1
samples. The result demonstrates that the absorption
isotherm pertains to type I, indicating the existence of micro-
porous structures. Additionally, the hysteresis loop exhibits
a type 4 shape, suggesting the existence of plate-like particles
that have slit-like apertures, which are compatible with the
shape of nanosheets, as displayed in Fig. S1.† The observed pore
size distribution indicates a remarkable crystalline and well-
organized structure, with peak maxima of around 1.25 nm. It
is noteworthy that the 3% Ag/TpPa-1 sample exhibits a slightly
lower BET surface area (163 m2 g−1) in contrast with the bare
TpPa-1-COF sample (211 m2 g−1), apparently because the pres-
ence of Ag NPs on the surfaces of TpPa-1-COF inhibit N2

molecule adsorption during the BET specic surface area
measurement.
J. Mater. Chem. A, 2024, 12, 5392–5405 | 5395
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The surface structural characteristics and internal micro-
structure of the samples were investigated using SEM, TEM, and
HRTEM. Fig. 2a presents the SEM image of TpPa-1-COF. It is
distinct that TpPa-1-COF exhibits relatively large and aggre-
gated morphologies with layer structures. When compared to
the pure TpPa-1-COF sample, the morphology of the sample
containing 3% Ag/TpPa-1 is similar except for numerous Ag NPs
with size distribution mainly at about 15 nm (Fig. 2b and c). In
addition, SEM images of the 5% Ag/TpPa-1 sample indicate that
some Ag NPs are closely gathered together, as observed in
Fig. S1c and d.† The microstructure was further evaluated by
TEM images, as shown in Fig. 2d–f. With the increase in the
proportion of Ag NPs, there seems to be a certain correlation
between Ag content and particle size distribution. It is note-
worthy that Ag NPs co-exist in separate and adjacent contact
states. Fig. 2g depicts the distribution of Ag NPs with a size of
10–30 nm on the TpPa-1-COF surface. The observed lattice
fringes with a spacing measurement of d = 0.235 nm (Fig. 2h)
can be ascribed to the presence of the (111) crystal plane
attributed to the cubic phase of Ag. This nding supports the
evidence of the successful synthesis of Ag/TpPa-1. Besides,
HAADF-STEM was employed to perform element mapping of C,
Ag, N, and O of Ag/TpPa-1 (Fig. 2i). The presence of signicant
signals for the elements O, Ag, N, and C in Ag/TpPa-1 further
demonstrates that the samples are made up of Ag and TpPa-1-
COF.

The FT-IR results are shown in Fig. 3a. As a result, the
characteristic bands at approximately 3432, 1436, and
1246 cm−1 can be assigned to the stretching vibrations of N–H,
C]C, and C–N bonds, respectively, which show almost no
changes aer loading Ag NPs. These bands make clear the
existence of a framework structure connected to b-ketoen-
amine.46 Additionally, the C]O band and the combined C]C
Fig. 2 SEM images of (a) TpPa-1-COF and (b) 3% AgTpPa-1. (c) Size
profile of Ag NPs. (d–f) TEM images of 1% Ag/TpPa-1, 3% Ag/TpPa-1,
and 5% Ag/TpPa-1. (g and h) TEM and HRTEM images of 3% Ag/TpPa-1.
(i) HAADF-STEM and the corresponding elemental mappings of Ag, C,
O, and N for 3% Ag/TpPa-1.

5396 | J. Mater. Chem. A, 2024, 12, 5392–5405
band acting as a shoulder are responsible for the high stretch-
ing vibration peaks at 1580–1620 cm−1.15 All of these peaks
correspond to the typical characteristic peaks of TpPa-1-COF.
Additionally, the unmodied TpPa-1-COF sample and Ag/
TpPa-1 composites have similar FT-IR spectra with no glaring
differences, which, from another perspective, suggests that the
introduction of Ag NPs to the TpPa-1-COF surface has no impact
on the substance's structure. Additionally, the absence of an Ag
representative peak in Ag/TpPa-1 composites might be attrib-
uted to the relatively low content of Ag within the composite
material.

The entire XPS survey spectrum (Fig. 3b) of the 3% Ag/TpPa-1
sample is consistent with the ndings of the EDS mapping
analysis, showing C, N, Ag, and O elements. Fig. 3c shows the
high-resolution XPS spectra of the C 1s orbital and the peaks
observed at 288.8, 286.5, and 284.8 eV, which can be attributed
to the C]O, C–N, and C–C/C]C bonds, respectively, and these
are identical peaks to those of TpPa-1-COF. It is observed that
the signal for C–C/C]C decreases with the enhanced signals for
C–N aer loading Ag NPs, which might be due to the distur-
bance and destruction of p–p stacking between the layers of
TpPa-1-COF, resulting from the introduction of Ag NPs, leading
to the decrease of p conjugated degree that contributes to the
lower signal for C–C/C]C. Moreover, the unpaired electrons
on N atoms of TpPa-1-COF might be partially coordinated with
foreign exposed metal atoms (e.g., Ag) to regulate the electron
density on N atoms, resulting in enhanced signals for C–N aer
loading Ag NPs. Peaks corresponding to the C]O bond and
terminal aldehyde group are observed in both the bare TpPa-1-
COF sample and the 3% Ag/TpPa-1 composites, which are
depicted in Fig. 3d. Additionally, signals at these energies can
be attributed to hydroxyl and adsorbed water. C–NHx groups are
accountable for the strong peak at 400.4 eV in the N 1s spectra of
3% Ag/TpPa-1 (Fig. 3e). In addition, in the 3% Ag/TpPa-1
sample, the peaks of C–NHx, –CHO, and C]O show a shi
from the original binding energy to the higher energy by 0.34,
0.33, and 0.67 eV, respectively, compared to TpPa-1-COF. These
shis of O 1s and N 1s peaks for the 3% Ag/TpPa-1 sample can
be attributed to the strong electronic interactions between Ag
NPs and more electronegative O element as well as the N atoms
with the unpaired electrons, and similar phenomenon was
found in Pt1@TpPa-1 and Ag–Pt/C3Nx systems.21,47 Based on the
analysis presented in Fig. 3f, Ag 3d5/2 and 3d3/2 are solely
ascribed to the peaks at 368.6 and 374.5 eV, respectively.39,48

There are metallic Ag0 species present, as evidenced by the
distinctive Ag 3d peak with a splitting binding energy of 5.9 eV.45

These ndings serve as supplementary evidence of the
successful deposition of metallic Ag0 onto TpPa-1-COF.

To further reveal the detailed microstructural information of
Ag/TpPa-1, Ag K-edge EXAFS was performed. As illustrated in
Fig. 4a, the absorption threshold (ca. 25527 eV) from the
normalized Ag K-edge XANES spectra for Ag/TpPa-1 nearly
matched that of the Ag foil (ca. 25527 eV) and is signicantly
lower than that of Ag2O (ca. 25530 eV). It has been proven that
Ag atoms in Ag/TpPa-1 are mostly in their valence states in Ag0

rather than Ag+. In addition, the ICP-OES measurement reveals
that the real loading content of Ag NPs in the 3% Ag/TpPa-1
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) FT-IR spectra of the photocatalysts. XPS spectra of TpPa-1-COF and 3% Ag/TpPa-1: (b) survey XPS spectrum, (c) high-resolution XPS
spectra of C 1s, (d) O 1s, (e) N 1s, and (f) Ag 3d.
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sample is determined to be 0.77 wt%. Moreover, as can be seen
in the Ag K-edge FT k3-weighted EXAFS spectra (Fig. 4b), there is
a dominant peak in Ag/TpPa-1 at around ∼2.66 Å, which could
be attributed to the Ag–Ag bonds according to the Ag foil (∼2.66
Å), indicating the formation of Ag NPs. Besides, a broad band at
∼1.64 Å in Ag/TpPa-1 is presented, which could be assigned to
the Ag–O bonds that might be due to the coordination bond
between the Ag atom and the O atom in TpPa-1-COF. As can be
Fig. 4 (a) XANES spectra of Ag K-edge of 3% Ag/TpPa-1 sample, Ag foil, an
sample and Ag foil. FT-EXAFS spectra withmatching fitting curves in R and
EXAFS signals of Ag foil and 3% Ag/TpPa-1 sample.

This journal is © The Royal Society of Chemistry 2024
observed in Fig. 4d, least-squares tting analysis for EXAFS
spectra was utilized to get the quantitative structural informa-
tion of Ag NPs to show the coordination numbers of Ag NPs in
Ag/TpPa-1. Table S1† displays the appropriate tting values and
indicates that the coordination number of Ag is around 8 (Ag–O:
4; Ag–Ag: 4), indicating the Ag NPs load on TpPa-1-COFs by
coordinating with Ag–Ag and four Ag–O. The Ag–O coordination
and the small size impact of Ag nanoparticles are responsible
d Ag2O. (b) Ag K-edge k3-weighted FT-EXAFS spectra of 3% Ag/TpPa-1
k space (inset) of (c) Ag foil and (d) 3% Ag/TpPa-1 sample. (e and f) WT-
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for the decrease in the metallic Ag–Ag coordination number for
Ag/TpPa-1 when compared to Ag foil (12).49 Furthermore, XPS
results indicate a binding energy value for Ag 3d, which is
attributed to the metallic Ag0 species, and no binding energy
values for Ag2O, so it could be speculated that the Ag–O coor-
dination bond is formed between Ag atom in NPs and O atom in
TpPa-1. WT-EXAFS provides a way to concurrently give the
radial distance resolution (R space) and the k space resolution
due to its adequate resolution, as shown in Fig. 4e. It indicates
that the metallic Ag–Ag bond is prominent accompanied by the
partial Ag–O coordination bond in Ag/TpPa-1, further demon-
strating the existence of metallic Ag NPs and the electronic
interactions between Ag NPs and the TpPa-1-COF substrate.
3.2 Photocatalytic hydrogen production

The assessment of hydrogen generation through photocatalysis
over each sample was conducted within a simulated visible-
light environment (l $ 420 nm) with the sacricial agent AC.
Notably, the H2 production standard curve (Fig. S2†) and the
integral area of H2 generated across the samples (Fig. S3 and
S4†) were used to calculate the rate of H2 evolution. The pho-
tocatalytic hydrogen evolution of TpPa-1-COFs loaded with
different amounts of Ag NPs is presented in Fig. 5a and b. The
unmodied TpPa-1-COF sample exhibits a photocatalytic
hydrogen production rate of 201.9 mmol g−1 h−1. It can be
observed that hydrogen production rises when illumination
time is increased. Aer incorporating 1% Ag NPs onto the bare
TpPa-1-COF, the photocatalytic activity is signicantly
enhanced, resulting in an increased H2 generation rate of 340.8
mmol g−1 h−1. The photocatalytic activities of the photocatalysts
are further improved by increasing the loading quantity of Ag
NPs. It is noted that the hydrogen production rate for the 3% Ag/
TpPa-1 composite reaches 801.2 mmol g−1 h−1. In consequence,
the deposition weight of Ag NPs has a considerable inuence on
photochemical activities. Specically, the 3% Ag/TpPa-1
Fig. 5 (a) Performance of time-dependent photocatalytic H2 evolu-
tion. (b) Photocatalytic H2 evolution by all the samples. (c) Tests on the
development of H2 over 3% Ag/TpPa-1 during cycles. (d) The depen-
dence of AQE on wavelength for 3% Ag/TpPa-1.
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composite sample demonstrates a hydrogen production rate 4
times higher than that of TpPa-1-COF. The excellent perfor-
mance in photocatalytic hydrogen production exhibited by the
optimized 3% Ag/TpPa-1 catalyst stands out signicantly when
contrasted with the prior research on COF-based photo-
catalysts, as illustrated in Table S2.† However, when the Ag
content is further increased, there is a decline in photocatalytic
H2 evolution once the loading content of Ag NPs is higher than
3%. Considering this, it is reasonable to conclude that an
optimal deposition content of Ag NPs enables their effective
distribution on the surface of TpPa-1-COF, which makes it
easier to separate and transfer the charge carriers. However, an
excessive quantity of Ag NPs might result in serious buildup,
which could lead to a decrease in the number of available active
sites and cause electrons and holes to recombine.

Recycling tests were conducted under the same settings to
evaluate the stability of the 3% Ag/TpPa-1 composite. As illus-
trated in Fig. 5c, the rates of H2 evolution during photocatalysis
by 3% Ag/TpPa-1 composite exhibit only a marginal decrease
over ve consecutive cycles, with a total reaction time of 30
hours. The corresponding XRD pattern and FTIR spectrum of
3% Ag/TpPa-1 aer photocatalysis match well with that of the
fresh 3% Ag/TpPa-1 (Fig. S5a and b†), indicating that its crys-
tallinity and microstructures are well retained. The XPS spec-
trum and TEM image (Fig. S5c and d†) indicate that the Ag NPs
in Ag/TpPa-1 remained in the Ag0 state and did not fall off aer
the photocatalytic reaction. This observation highlights the
remarkable stability and sustained photocatalytic properties of
the Ag/TpPa-1 photocatalyst. The DRS curves and the
wavelength-dependent AQE of 3% Ag/TpPa-1 are closely
matched (Fig. 5d), suggesting that the reaction was sparked by
incoming photon absorption. At 450 nm for 3% Ag/TpPa-1, the
maximum AQE of 1.2% was recorded, which is associated with
the strongest LSPR peak of Ag NPs at 465 nm, as conrmed by
Fig. 6a.
3.3 Dynamics of photogenerated carriers

UV-Vis DRS was utilized to characterize and illustrate the optical
absorption characteristics of the as-prepared samples. Based on
the data presented in Fig. 6a, it can be observed that Ag/TpPa-1
composites exhibit uniform light absorption across the UV-Vis
DRS spectrum. Moreover, the absorption edge of Ag/TpPa-1
composites is obviously red-shied (ca. 50 nm) compared with
bare TpPa-1-COF, indicating that the deposition of Ag NPs can
expend the visible-light response range of TpPa-1, which might
be due to the increased refractive index aer loading Ag NPs
and/or the strong electronic interaction between the support
and Ag NPs.50,51 Because the radius of Ag atoms is too large
(1.75 Å), it is not easy to be doped into the crystal lattice of
TpPa-1. Indeed, the Ag/TpPa-1-COF is the composite of Ag and
TpPa-1-COF, which exhibits the mixed optical behavior of
pristine Ag and TpPa-1-COF rather than the reduced band gap.
Furthermore, a signicant enhancement of the absorption peak
at approximately 465 nm is observed in the Ag/TpPa-1 sample,
which is identied as the LSPR effect of Ag NPs. The LSPR effect
of Ag NPs is also responsible for a substantial enhancement in
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) UV-vis DRS of the as-prepared samples. (b) Steady-state PL
spectra excited by a wavelength of 380 nm. (c) Transient PL decay
profiles. (d) Transient photocurrent responses. (e) EIS Nyquist plots. (f)
Mott–Schottky plots.
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light harvesting in the visible spectrum. Thus, the increased
visible light capture capacity of Ag/TpPa-1 composites facilitates
the generation of additional photon-generated carriers; thereby,
the system's photocatalytic properties are enhanced.

The transfer and recombination kinetics of photogenerated
carriers are frequently studied using the PL spectra. In general,
a photocatalyst exhibiting high PL intensity indicates a higher
likelihood of electron–hole pair recombination, whereas a pho-
tocatalyst with low PL intensity suggests a higher efficiency in
charge separation. Fig. 6b displays the PL spectra of a series of
samples. The PL peaks of the Ag/TpPa-1 composites are notably
smaller compared to those of TpPa-1-COF. This observation
provides evidence that the incorporation of Ag NPs effectively
enhances charge transfer efficiency and hinders the recombi-
nation of photogenerated electrons and holes. Among various
Ag/TpPa-1 composites, the 3% Ag/TpPa-1 photocatalyst
demonstrates the smallest intensity of the PL spectrum
absorption peak. This nding suggests the highest efficiency in
charge carrier separation and the lowest rate of charge recom-
bination, aligning with the results obtained from the photo-
catalytic hydrogen rate. To better comprehend the charge
dynamics, wemeasured the PL decay curves of both TpPa-1-COF
and 3% Ag/TpPa-1 (Fig. 6c). The decay proles of the time-
resolved PL were analyzed by tting them with single-
exponential functions. The analysis reveals that the incorpora-
tion of Ag NPs results in a reduced lifetime, such as 0.29 ns for
the 3% Ag/TpPa-1 composite, in contrast to TpPa-1 alone, which
This journal is © The Royal Society of Chemistry 2024
has a lifetime of 0.52 ns. This result suggests that the distance of
carrier migration between the Ag NPs and TpPa-1-COF is
shortened through an additional decay pathway.

The substantial light-harvesting ability (Fig. 6a) caused by
the local electric eld is subsequently translated into a higher
rate of electron–hole pair generation on the surface of the
photocatalyst as opposed to in bulk, giving the photogenerated
carriers a shorter diffusion length, a lower probability of
recombination, and more opportunities to take part in the
surface photocatalytic reaction.52,53 Besides that, as seen by the
decreased PL peak intensity (Fig. 6b), the LSPR-induced local
electric eld also promotes spatial charge separation and
directs charge migration toward active sites to further activate
the photocatalytic process.54,55 This is because the metal Ag NPs'
surface has an enhanced local electric eld that extends tens of
nanometers outward from the surface.40 This could lead to the
potential separation of more photogenerated electron–hole
pairs and the presentation of a close-range dipole–dipole reso-
nance at the interface between semiconductors (like TpPa-1-
COF) and metals (like Ag NPs). Notably, the excited electrons
in the semiconductor (such as TpPa-1-COF) are mostly situated
in the shallow position under the surface, enabling a very short
diffusion distance to the surface.40 As a result, electron–hole
pairs might be quickly created close to the semiconductor
surface and rapidly travel to the surface to participate in the
photocatalytic H2 evolution event because of the increased local
electric eld.

Analyzing transient photocurrent responses and electro-
chemical impedance spectroscopy (EIS) plots allowed
researchers to better understand how photogenerated electrons
and holes are separated at the composite photocatalyst's
interface. Over a few on-off photoirradiation cycles, the tran-
sient photocurrent responses of Ag/TpPa-1 reveal an increasing
photoinduced charge separation (Fig. 6d). Especially the 3% Ag/
TpPa-1 composite has the strongest photocurrent response
than other photocatalysts, indicating that it has the most
effective means of separating and transferring photoinduced
carriers. The performance of photocatalytic hydrogen genera-
tion is also consistent with this photocurrent intensity. Subse-
quently, electrochemical impedance tests were conducted to
study charge separation and transport mechanisms. Fig. 6e
illustrates the Nyquist impedance plots obtained from the EIS
measurements conducted on the prepared samples. The radius
of 3% Ag/TpPa-1 is remarkably smaller compared with that of
TpPa-1-COF. Additionally, the charge-transfer resistance (Rct)
steadily decreases from 20.11 kU in TpPa-1-COF to 4.62 kU in
3% Ag/TpPa-1. Overall, the photogenerated charge separation is
improved in the 3% Ag/TpPa-1 composite compared to TpPa-1-
COF, which is completely in conformity with the ndings of
photocatalytic hydrogen production efficiency. Fig. 6f presents
the results of the Mott–Schottky analysis, which was conducted
to determine the energy level of the conduction band minimum
(ECBM), which is −0.43 V vs. normal hydrogen electrode (NHE)
for TpPa-1 and −0.48 V vs. NHE for the 3% Ag/TpPa-1
composite, indicating that the ECBM value of TpPa-1-COF is
slightly changed aer loading Ag NPs.
J. Mater. Chem. A, 2024, 12, 5392–5405 | 5399
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3.4 FDTD simulation

The LSPR effects could increase the interfacial electric eld,
generate hot electrons, and give additional absorption peaks in
the visible light range.56 Moreover, the increased local interfa-
cial electric eld could signicantly facilitate hot electrons'
ability to cross the surface.56 Furthermore, when a plasmonic
metal's LSPR mode is excited, the energy of the conduction
band electrons rises above the metal's Fermi level, producing
what are known as “hot electrons,” which are then susceptible
to a nonradiative decay via Landau damping.52 Besides, large
electric eld enhancements could result in “hot spots” in the
interparticle gap area,57,58 particularly in the gap area between
two strongly coupled Ag or Au NPs.59 In addition, FDTD simu-
lation of adjacent nanoparticle pairs is usually employed to
reect the “hot spots” region in the junction.58,60 Especially, the
“hot spots” effects through the FDTD simulation were used to
describe the enhanced localized electric eld in the eld of
photocatalysis.31,61 Therefore, the FDTD simulation as an indi-
cator of localized electric eld enhancement was used to
describe the “hot spots” effects in this work.

Theoretically, the LSPR linking up a photocatalyst and
a plasma metal could intensify the local electric eld
enhancement factor (EF) and “hot spots”.31,61,62 The interfacial
electric eld EF distribution resulting from the LSPR effect-
induced hot electron injection at the Ag/TpPa-1-COF interface
was simulated using three-dimensional FDTD in order to better
comprehend the aforementioned impact. To investigate the
wavelength-dependent LSPR effect, a simplied model was
established (Fig. 7a). As shown in Fig. 7b–d, the interfacial
electric eld EF distribution is clearly shown under the irradi-
ation of light at three different excitation wavelengths (420, 465,
and 500 nm). These selected wavelengths of light are closely
related to the region of the LSPR effect in the UV-Vis DRS. The
FDTD simulation results indicate the presence of LSPR-
enhanced “hot spots” near the edge of plasmonic Ag NPs in
Fig. 7 (a) Simulated model of Ag/TpPa-1. Simulated interfacial electric
field jEj/jE0j distribution of Ag/TpPa-1 at excitation wavelengths of
420 nm (b), 465 nm (c), and 500 nm (d).
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the Ag/TpPa-1 interface, which facilitates high-energy charge
carrier generation by using the energy of incident light with
various wavelengths. Based on the simulated interfacial electric
eld EF distribution, the maximum EF (i.e., jEj/jE0j) is obtained
at the incident wavelength of 465 nm, where E is the local
electric eld and E0 is the incident source electric eld. This
agrees with what we have seen with the LSPR effect from the UV-
Vis DRS spectra.

Moreover, the effect of the numbers of Ag NPs (e.g., 2, 3, 4, 5,
6, and 7) on the simulated interfacial electric eld jEj/jE0j
distribution excited at l = 465 nm was investigated using the
FDTD method, as shown in Fig. 8. When Ag NPs are isolated
and dispersed on the surface of TpPa-1-COFs (Fig. 8a–d), the
“hot spots” region becomes enlarged as the number of Ag NPs
increases. When the number of Ag NPs exceeds 5, the “hot
spots” region becomes overlapping (Fig. 8e and f), which is
attributed to the coupling effect of the “hot spots”. Moreover,
the accurate values of the electric eld EF of Ag NPs, TpPa-1-
COF, and total model of Ag/TpPa-1 could be obtained from
the surface integral, and the results are shown in Fig. 8h. It is
found that the total jEj/jE0j of Ag/TpPa-1 with various numbers
of Ag NPs of 1, 2, 3, 4, 5, 6, and 7 is 1.038 × 104, 1.0404 × 104,
1.0416 × 104, 1.0429 × 104, 1.0442 × 104, 1.0451 × 104, and
1.0442 × 104, respectively. Clearly, when six adjacent Ag NPs
gather together, the total electric eld EF reaches themaximum,
and then a slight decrease of the total electric eld EF is found
when seven Ag NPs closely aggregate together. This is due to the
coupling effect of the “hot spots” (i.e., the junction of neigh-
boring Ag NPs), as presented in Fig. 8e and f, which enables Ag
NPs to enhance the hot electron production rate more effi-
ciently, as it is proportional to the electric eld strength.
However, it is observed that the area of the “hot spots” becomes
smaller when seven Ag NPs closely aggregated together (Fig. 8g)
compared with the case where six Ag NPs gathered together
(Fig. 8f), which might result from the electric eld shielding
effect when much more Ag NPs closely aggregated together,
leading to the decrease in the generation of the hot electron.
This could be used to account for the decrease in the photo-
catalytic H2 evolution rate of 5% Ag/TpPa-1, in which some Ag
NPs closely aggregated together (as conrmed by Fig. S1c and
d†), which might induce the decrease in the electric eld
intensity and the reduction of the area of the “hot spots”.
Therefore, the simulated interfacial electric eld jEj/jE0j distri-
bution of Ag/TpPa-1 with different numbers of Ag NPs demon-
strates that the optimal value of Ag NPs leads to the largest
electric eld EF accompanied by the maximal “hot spots”
region, which means much more hot electrons could be
produced, resulting in the sample with 3% Ag/TpPa-1 having
the best photocatalytic H2 evolution capability.

Furthermore, the interfacial electric eld EF of Ag/TpPa-1
with different sizes of Ag NPs was simulated by gradually
introducing one Ag NP with sizes of 18, 16, 14, 12, 10, and 8 nm,
respectively, as illustrated in Fig. 9a–g, since TEM results indi-
cate that the distribution of Ag NPs is non-uniform and the
main particle size distribution of Ag NPs is around 15 nm. The
simulation results show that the LSPR effect may lead to
a localized enhancement of the electric eld intensity within
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Simulated interfacial electric field jEj/jE0j distribution of Ag/TpPa-1 with different numbers of Ag NPs excited at l = 465 nm: (a) single Ag
NPs, (b) two Ag NPs, (c) three Ag NPs, (d) four Ag NPs, (e) five Ag NPs, (f) six Ag NPs, and (g) seven Ag NPs. (h) Surface integration of jEj/jE0j.

Fig. 9 Simulated interfacial electric field jEj/jE0j distribution of Ag/TpPa-1 through a gradual introduction of a smaller diameter of Ag NPs excited
at l = 465 nm: (a) 20 nm, (b) 18 nm, (c) 16 nm, (d) 14 nm, (e) 12 nm, (f) 10 nm, and (g) 8 nm. (h) Surface integration of jEj/jE0j.
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a certain range as the particle size of Ag NPs decreases.
However, as the particle size of Ag NPs continues to decrease,
the electric eld EF begins to decrease. This is because the
coupling effect of the “hot spots” is signicantly decreased,
resulting from the distance between two Ag NPs with different
sizes being enlarged whenmany more Ag NPs with smaller sizes
are introduced. The variation of the electric eld EF of Ag NPs,
TpPa-1-COF, and total model of Ag/TpPa-1 is illustrated in
Fig. 9h. By observing the surface integral of total jEj/jE0j, it can
be found that the maximum electric eld EF is presented when
the particle size of Ag NPs reaches 18 nm. These results indicate
This journal is © The Royal Society of Chemistry 2024
that the diameter of the Ag NPs plays an important role in the
electric eld EF of Ag/TpPa-1.

Additionally, the LSPR-enhanced localized electric eld
distribution depends on the alignment and relative position of
plasmonic metal NPs.31 Therefore, the effect of the gap distance
of Ag NPs on the electric eld EF was further investigated, as
illustrated in Fig. 10. It is found that the area of the “hot spots”
region enlarges gradually, accompanied by an increasing gap
distance between two neighboring Ag NPs. However, when the
gap distance is greater than 10 nm, the interaction between two
neighboring Ag NPs could be weakened, which reduces the total
J. Mater. Chem. A, 2024, 12, 5392–5405 | 5401
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Fig. 10 Simulated interfacial electric field jEj/jE0j with different gap distances of Ag NPs excited at l = 465 nm: (a) 2 nm, (b) 4 nm, (c) 6 nm, (d)
8 nm, (e) 10 nm, (f) 12 nm, and (g) 14 nm. (h) Surface integration of jEj/jE0j.
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electric eld EF, resulting from a weakening of the coupling
effect of “hot spots”.

3.5 DFT calculations

To further comprehend the catalytic active site of Ag/TpPa-1,
DFT calculations were used. Because the radius of Ag atoms is
too large, it is not easy to be doped into the crystal lattice of
TpPa-1. Thus, a geometric model with a single TpPa-1-COF (001)
planar unit cell and an Ag13 cluster was employed to complete
the DFT calculations, as shown in Fig. S6.† The density of state
(DOS) indicates that the CB of Ag/TpPa-1 is closer to the Fermi
level than that of TpPa-1 (Fig. 11a and b), demonstrating that
Fig. 11 (a) DOS of TpPa-1-COF sand (b) Ag/TpPa-1. (c) Charge density
differencemaps (the blue zone denotes charge depletion, whereas the
yellow region symbolizes charge buildup). (d) H2 evolution reaction
free energy profiles over TpPa-1-COFs and Ag/TpPa-1 with different
adsorbed sites.
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Ag/TpPa-1 has greater charge transfer efficiency and a larger
carrier density.63 The differential charge density diagram shows
that Ag NPs are mostly controlled by the blue area while TpPa-1
is principally lled by the yellow area (Fig. 11c), demonstrating
a quicker electron transport across the interface from Ag NPs to
TpPa-1. As illustrated in Fig. S7,† a three-state schematic rep-
resenting the initial catalyst-H2O* adsorption state, the inter-
mediate catalyst-H* state, and the end catalyst-H2 product state
was used to depict the whole HER process.64 As shown in
Fig. 11d, the Gibbs free energy of H2O molecule adsorption
(DGH2O*) on the Ag/TpPa-1 (−0.53 eV) is more negative than that
on the TpPa-1 site (−0.16 eV), indicating that Ag/TpPa-1 is more
favorable for H2O molecule adsorption. Moreover, the Gibbs
free energy associated with the atomic hydrogen adsorption,
DGH*, has been accepted as a reliable marker for assessing the
HER's catalytic activity. In general, DGH* can vary depending on
the adsorption sites of the H atom and the congurations.65 It is
possible to identify the most active adsorption site as the one
with the lowest jDGH*j.66,67 Therefore, the DGH* values for every
potential adsorption site in many models were calculated
(Fig. S8†). It is found that both the N and O sites in TpPa-1-COFs
for adsorbing one H atom exhibit comparatively large DGH*

values of 1.09 and 0.86 eV, respectively. The large DGH* values
for both the N and O sites in TpPa-1-COFs could be ascribed to
the following two reasons. Firstly, the H atom is preferentially
adsorbed on the N and O sites in TpPa-1-COFs within a 2D plane
(Fig. S8a and b†), resulting in the H atom rmly bonding to
the N and O sites through in-plane sp2 orbitals.68 Secondly, the
adsorbed H atom could interact with other H atoms of TpPa-1-
COFs within the in-plane through substantial charge density
overlapping (Fig. S8a and b†), which could strengthen this H
atom's binding.68,69 Moreover, it is discovered that the DGH* of
a hydrogen atom adsorbed on the N sites in Ag/TpPa-1 (0.22 eV)
is closer to 0, compared with that adsorbed on the Ag sites in Ag/
This journal is © The Royal Society of Chemistry 2024
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TpPa-1 (0.27 eV) and the O sites in Ag/TpPa-1 (0.29 eV). It
indicates that the H–N binding in Ag/TpPa-1 is signicantly
weaker than in TpPa-1. This is because the introduction of Ag
atoms pushes the H bound onto N out of the TpPa-1 in-plane,
resulting in a substantial decrease in the charge density inter-
action between H and N as well as the H–N bonding (Fig. S8e†).
Furthermore, this result suggests that there is a preferential
desorption of molecular hydrogen on the N sites in Ag/TpPa-1
and favorable electron–proton transfer to form H*. Addition-
ally, the preferential N sites in Ag/TpPa-1 could ensure both
effective production of H* through the interaction of H+ and e−

and subsequently quick hydrogen desorption. In contrast, pure
TpPa-1 has a noticeably greater DGH*, indicating that the
hydrogen adsorption is too powerful to be desorbed.
3.6 Mechanism analysis

According to the aforementioned ndings, we present
a preliminary photocatalytic process to elucidate the remark-
able charge transfer and photocatalytic activity in Ag/TpPa-1
composite photocatalysts. It is generally considered that there
are two different mechanisms for the composite of semi-
conductor and noble metal, such as the Schottky junction and
plasmonic effect, which depend on their work functions and the
type of semiconductor.70 Several aspects can impact the band
diagram at the interface between a semiconductor and a plas-
monic metal. Band bending in the semiconductor is typically
the result of these factors, which also include their work func-
tion, Fermi energy alignment, and the particular arrangement
of the material surface states.71,72 When the work function of the
plasmonic metal is smaller than that of the n-type
Scheme 2 (a) Diagrams depicting the energy band location and the Fe
suggested mechanism for the release of H2 by photocatalysis over Ag/T

This journal is © The Royal Society of Chemistry 2024
semiconductor, a downward band bend of the n-type semi-
conductor would be formed due to the electron migration,
whichmay signicantly quicken reaction kinetics.69 In this case,
the TpPa-1-COF is an n-type semiconductor and its work func-
tion (4.82 eV) is larger than that of Ag metal (4.26 eV).23,73

Thereby, when there is contact, it follows the mechanism of the
plasmonic effect. It would allow hot electrons from the plas-
monic Ag caused by the LSPR effect to ow to the LUMO of
TpPa-1-COF, causing a downward band bend of TpPa-1-COF
until the equilibrium is reached at the Fermi level, as illus-
trated in Scheme 2a. A similar mechanism was reported
between Ag and BiOCl (001) in the composite of Ag/BiOCl, in
which the band of BiOCl bends downward, and the plasma hot
carrier injection was realized to enhance photocatalytic perfor-
mance.74 It is also noted that the electron migration direction is
supported by the results from the differential charge density
diagram based on DFT calculations as mentioned above
(Fig. 11c). It means that Ag NPs act as a plasmonic metal to
generate hot electrons rather than cocatalysts in the Ag/TpPa-1
composite in this case. Moreover, the ability to collect visible
light is improved in the Ag/TpPa-1 composites due to the LSPR
action of Ag NPs deposited onto the TpPa-1-COF surface.
Additionally, the LSPR phenomenon of Ag NPs with optimal
numbers, particle size, and gap distance causes an amplica-
tion of the localized electric eld and the maximal “hot spots”
region, resulting in much more hot electrons being produced,
as conrmed by Fig. 7–10 as mentioned above. As depicted in
Scheme 2b, when subjected to visible light irradiation, the Ag/
TpPa-1 photocatalytic systems exhibit the generation of plas-
monic states of Ag NPs. This is because the plasma action of Ag
NPs causes a resonance between the incident light and off-
rmi level of TpPa-1-COF and Ag NPs before and after contact. (b) A
pPa-1.
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domain electrons. Energy transfer from the plasma of Ag NPs to
TpPa-1-COF occurs through hot electrons. The energetic hot
electrons produced by Ag NPs can immediately immigrate to the
CB of TpPa-1-COF, which are engaged in the reduction process
of H+ to H2, and the holes at the VB of TpPa-1-COF could react
with AC as a sacricial regent in the meanwhile. During this
process, the lower DGH* of the preferential N sites in Ag/TpPa-1
(Fig. 11d) signicantly improves the interaction of H+ and e−

and subsequently quick hydrogen desorption, resulting in
enhanced photocatalytic H2 production performance.

4. Conclusion

In conclusion, we developed an in situ approach to preparing
the Ag/TpPa-1 photocatalytic water-splitting catalyst. By making
the absorption of visible light as efficient as possible due to the
LSPR effect in the Ag/TpPa-1 sample, hydrogen generation
efficiency could be raised even more, reaching 801.2 mmol g−1

h−1. Moreover, the LSPR effect of Ag NPs contributes to the Ag/
TpPa-1 photocatalyst achieving an AQE of 1.2% at 450 nm.
Furthermore, the FDTD simulations show that the wavelength
of an excited LSPR has a direct relationship to how strong the
electric eld is at the interface, and its strongest electric eld
intensity with an excitation wavelength of 465 nm is consistent
with the UV-Vis DRS spectrum. In the case of the same incident
light, the strongest total electric eld EF is presented when the
number of Ag NPs reaches 6. Besides, it has been demonstrated
that the LSPR-enhanced localized electric eld distribution
highly depends on the particle size and gap distance of Ag NPs.
Additionally, DFT results demonstrate the hot electron transfer
from Ag NPs to TpPa-1 across the interface and the
preferential N sites in Ag/TpPa-1 possess both effective
production of H* and subsequently quick hydrogen desorption
compared with O sites and Ag sites in Ag/TpPa-1. Overall, this
research opens the door to enhancing the plasmonic hot elec-
tron injection and reducing the energy barrier for sustainable
photocatalytic hydrogen generation.
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