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Low-valence platinum single atoms in sulfur-
containing covalent organic frameworks for
photocatalytic hydrogen evolution

Liangjun Chen1,5, Guinan Chen1,5, Chengtao Gong1,5, Yifei Zhang2, Zhihao Xing1,
Jiahao Li1, Guodong Xu 3, Gao Li 2,4 & Yongwu Peng 1

This study focuses on optimizing catalytic activity in photocatalytic hydrogen
evolution reaction by precisely designing and modulating the electronic
structure of metal single atoms. The catalyst, denoted as PtSA@S-TFPT, inte-
grates low-valence platinum single atoms into sulfur-containing covalent
organic frameworks. The robust asymmetric four-coordination between sulfur
and platinum within the framework enables a high platinum loading of 12.1 wt
%, resulting in efficient photocatalytic hydrogen production activity of
11.4mmol g−1 h−1 and stable performance under visible light. These outcomes
are attributed to a reduced hydrogen desorption barrier and enhanced pho-
togenerated charge separation, as indicated by density functional theory cal-
culations and dynamic carrier analysis. This work challenges traditional
notions and opens an avenue for developing low-valence metal single atom-
loaded covalent organic framework catalysts to advance photocatalytic
hydrogen evolution.

As a promising avenue toward sustainable energy production, hydro-
gen holds considerable potential due to its high-energy density and
negligible emission of air pollutants. These characteristic positions
hydrogen as a viable solution to address the current energy crisis and
mitigate environmental challenges associated with conventional fossil
fuels1–4. Among the various methods for hydrogen generation, pho-
tocatalytic water splitting emerges as an attractive option owing to its
cost-effectiveness and environmentally friendly nature5. In contrast to
conventional homogeneous and heterogeneous catalysts, single-atom
catalysts (SACs) have garnered significant attention due to their
remarkable atom-utilization efficiency, unique unsaturated coordina-
tion environments, and distinctive electronic structures, rendering
them highly active in diverse catalytic reactions, notably the hydrogen
evolution reaction (HER)6–10. Particularly noteworthy is the potential of
low-valence single atoms immobilized on suitable substrates to opti-
mize metal-carrier interactions and enhance adsorption/desorption

kinetics, thereby promoting the efficiency of HER process11–13. Despite
notable advancements in this field, challenges persist, including issues
related to low metal loading and inadequate stability, often stemming
from the intricate interplay between individual metal (or metalloid)
atoms and defective supports (or metalloids)13–17. This complexity
impedes a comprehensive understanding of HER mechanism, pre-
senting an ongoing obstacle in the quest to develop universally
applicable and straightforward methodologies for fabricating high-
loading, stable, and precisely defined SACs in the low-valence state.

As a burgeoning class of porous organic crystalline materials,
covalent organic frameworks (COFs) are assembled from organic
building blocks composed exclusively of light elements, such as
carbon, nitrogen, oxygen, boron, sulfur, etc, linked together by
covalent bonds18–21. Distinguished by their exceptional properties,
COFs exhibit high crystallinity, intrinsic porosity, structural reg-
ularity, functional versatility, design adaptability, and superior
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stability compared to other porous materials22–25. Capitalizing on the
inherent advantages and structural adjustability of COFs, precise
manipulation of the electronic structure and valence states of metal
single atoms within the COF matrix can be achieved6,8,9,26–29. This
presents an avenue for the controlled creation of low-valence SACs
by tailoring COF chemical structures and single-atom loading pro-
tocols. While numerous instances of COFs hosting single-site metal
atoms have been documented, a significant proportion of these
metal sites predominantly exist in high-valence states due to strong
coordination interactions with multiple adjacent electronegative
elements (O/N/S)15. Despite the catalytic activity exhibited by SACs
featuring high-valence metal atoms, their performance undergoes a
notable decline during catalytic reactions, particularly in HER, where
high-valence metal sites tend to undergo reduction, leading to the
formation of metallic nanoparticles that compromise catalytic effi-
ciency and stability30–33. Therefore, the ongoing pursuit of highly
efficient and stable low-valence SACs integrated into COFs for HER
remains a critical area of research focus.

In this study, wepresent the development of a catalyst designated
as PtSA@S-TFPT, tailored for the photocatalytic HER, showcasing both
high catalytic efficiency and remarkable stability. This achievement is
realized through the incorporation of low-valence platinum (Pt) single
atoms into sulfur-containing COFs. Utilizing methanol as a mild
reducing agent facilitated the reduction of Pt to a low valence state,
establishing robust asymmetric four-coordination with sulfur/oxygen
moieties without inducing particle aggregation. Contrary to conven-
tional assumptions regarding sulfur coordination that typically pose
challenges to the catalytic activity of noble metals, PtSA@S-TFPT
demonstrates exceptional photocatalytic hydrogen evolution perfor-
mance, achieving a notable rate of 11.4mmol g−1 h−1 and sustained
stability over a duration of 3 × 3 h under visible light. The superior
catalytic performance of PtSA@S-TFPT is further elucidated by density
functional theory (DFT) calculations and dynamic carrier analysis,
attributing this outcome to the presence of Pt single atoms, which
effectively reduce the hydrogen desorption barrier and enhance
photogenerated charge separation.

Results and discussion
The schematic representation of the synthetic pathway for generating
atomically dispersed Pt single atoms embedded within sulfur-rich
porous COF skeleton is depicted in Fig. 1a. Initially, the synthesis
involved the preparation of a sulfur-rich COF, designated as S-TFPT,
through the reaction between 2,5-bis(2-(methylthio)ethoxy)benzene-
1,4-dihydrazide (METPH) and 1,3,5-tris-(4-formyl-phenyl) triazine
(TFPT) with an acid catalyst at 120 °C for a duration of 3 days, yielding
yellow powder S-TFPT with an 85.0% yield (See Experimental Section
for detailed procedures, Supplementary Figs. 1–2). Verification of the
successful formation of S-TFPT was accomplished through Fourier
transform infrared (FT-IR) spectroscopy analysis, as depicted in Sup-
plementary Fig. 3. The appearance of a characteristic peak at 1609 cm−1

corresponding to hydrazone bond stretching vibration, alongside the
significant attenuation of peaks associated with the stretching vibra-
tions of N-H (3325 cm−1 and 3414 cm−1 in TFPT) and C=O (1705 cm−1 in
METPH and 1658 cm−1 in TFPT), provides clear evidence for the for-
mation of Schiff bases. Furthermore, solid-state 13C cross-polarization
magic-angle-spinning (CP/MAS) nuclear magnetic resonance (NMR)
spectrum confirms the successful synthesis of S-TFPT, with a distinct
chemical shift observed for the hydrazone carbon at 159.9 ppm (Sup-
plementary Fig. 4). Additionally, thermogravimetric analysis (TGA)
analysis reveals the excellent thermal stability of S-TFPT up to 300 °C
under N2 atmosphere conditions (Supplementary Fig. 5).

The crystallinity and topological structure of S-TFPT were char-
acterized by powder X-ray diffraction (PXRD) measurement in con-
junction with structural simulation and Pawley refinement techniques.
Based on the geometric features and connectivity patterns of METPH

and TFPT, three distinct stacking models, namely AA, AB, and ABC
stacking crystal models, were built utilizing the Materials Studio soft-
ware package (Supplementary Fig. 6a–f andTables S1–3). Among these
models, the eclipsed AA stacking configuration effectively reproduces
most of diffraction positions and their intensities observed in the
refined PXRD pattern of S-TFPT, as evidenced by negligible deviation
(Rwp = 2.67% and Rp = 1.75%) (Fig. 1b and Supplementary Fig. 6g–i). The
experimental diffraction peaks (Fig. 1b and Supplementary Fig. 7)
observed for S-TFPT at 2θ values of 2.40°, 4.14°, 4.71°, 6.12°, and 26.62°
are attributed to the Bragg diffractions originating from the (100),
(110), (200), (210), and (001) crystallographic planes, respectively.
Furthermore, Pawley refinement procedure yielded the determination
of P6/m (no.175) unit cell parameters, with values of a = 46.4289Å,
b = 46.4289Å, c = 3.3119 Å, α = β = 90°, and γ = 120° (Supplementary
Table S1). Additionally, the Brunauer-Emmett-Teller (BET) surface area
and pore size distribution of S-TFPT were calculated to be approxi-
mately 1033.10m2 g−1 and 2.95 nm, respectively, which is in good
agreement with the theoretical value of 2.97 nm (Supplementary
Figs. 8-9). These results demonstrate the high porosity of S-TFPT and
provide further validation of its crystal structure.

Notably, the presence of well-ordered and abundant sulfur-rich
groups within S-TFPT confers inherent adsorption capabilities, serving
as strategic sites for the controlled capture ofmetal single atomswhile
effectively hindering metal migration and aggregation (See details in
Comparison Experiment Section and Supplementary Figs. 10–14).
Encouraged by the advantageous attributes, we endeavored to syn-
thesize a SAC of PtSA@S-TFPT. This synthetic route involved immer-
sing S-TFPT in a methanol solution containing chloroplatinate
hexahydrate (H2PtCl6•6H2O) at 60 °C for 1.5 h (Fig. 1a, c, See Experi-
mental Section for detailed procedures). The resultant PtSA@S-TFPT
exhibits analogous FT-IR (Supplementary Fig. 3), 13C CP/MAS NMR
(Supplementary Fig. 4), TGA (Supplementary Fig. 5), and PXRD (Sup-
plementary Fig. 7) to these of S-TFPT, indicating the preservation of
both chemical and crystal structures.Moreover, TGA analysis reveals a
high Pt loading capacity of 12.1 wt% in PtSA@S-TFPT (Supplementary
Fig. 15). The observed reduction in specific surface area and pore size
after post-metallization suggested partial occupation of the internal
cavities and pores of S-TFPT by platinum species (Supplementary
Fig. 8b). Subsequent X-ray photoelectron spectroscopy (XPS) analysis
provided definitive evidence of the presence of platinum within
PtSA@S-TFPT, with characteristic binding energy peaks at 76.6 and
73.3 eV for the 4 f doublet of Pt, indicative of partially positively
charged Ptx+ (0 <x < 2) species in PtSA@S-TFPT (Supplementary
Fig. 16a, b). Furthermore, a positive shift in the binding energy for the
2p doublet of sulfur following loading of Pt single atoms suggested
coordination between sulfur and platinum elements, likely facilitated
by electron transfer from sulfur to Pt2+ ions (Supplementary Fig. 16c).

Field-emission scanning electron microscopy and transmission
electronmicroscope (TEM) techniques were employed to investigate
the morphological characteristics of PtSA@S-TFPT. SEM (Supple-
mentary Fig. 17) and TEM (Fig. 2a) images of PtSA@S-TFPT reveal a
uniform nanobelt morphology with a widespread distribution of
lattice spacing measuring 3.2 Å, as observed along the [001] crys-
tallographic orientation. Besides, the aberration-corrected high-
angle annular dark-field scanning transmission electron microscopy
(AC-HAADF-STEM) images unveil distinct bright spots (highlighted
by red circles) characterized by focused sizes ranging from 0.1 to
0.2 nmwithin PtSA@S-TFPT (Fig. 2b and Supplementary Fig. 18). This
observation provides compelling evidence for the presence of
atomically dispersed Pt single atoms rather than Pt clusters or
nanoparticles in PtSA@S-TFPT. Consistent with these findings, high-
angle annular dark-field scanning transmission electron microscopy
(HADDF-STEM) and energy-dispersive X-ray (EDX) mapping analyses
of PtSA@S-TFPT demonstrate the homogeneous distribution of
carbon (C), nitrogen (N), oxygen (O), sulfur (S), and platinum (Pt)
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elements, without discernible instances of element aggregations
(Fig. 2c–h).

To further examine the dispersion state of Pt single atoms within
PtSA@S-TFPT, the diffuse reflectance infrared Fourier transform
spectroscopy was employed. As shown in Supplementary Fig. 19, the
presence of a narrow and quasi-symmetrical band at ~2034 cm−1 is an
indicative of linearly adsorbed CO on Pt single atoms, thereby corro-
borating the dispersion of Pt single atoms34. Furthermore, the nor-
malized X-ray absorption near-edge structure (XANES) spectrum of
PtSA@S-TFPT reveals that the electron state of Pt single atoms lay
between that of Pt foil and PtO2, consistent with the findings in XPS
analysis (Fig. 3a). Additionally, the Fourier-transformed (FT) k2-
weighted R-space extended X-ray absorption fine structure (EXAFS)
was conducted to further elucidate the coordination configuration of
Pt single atoms. The dominant peak observed at 2.03 Å was phase-
corrected to 2.11 Å, indicating that PtSA@S-TFPT is formed via Pt-S and
Pt-O coordination patterns, with no evidence of Pt-Pt coordination
(Fig. 3b, Supplementary Fig. 20, and Supplementary Tables S4 and S5).
This absence of Pt-Pt coordinationwas further confirmed by the peaks
corresponding to Pt foil and PtO2, consistent with the findings in the
XPS analysis (Supplementary Figs. 16 and 21). Furthermore, the fitting
analyses of EXAFS features (Fig. 3c–e) reveal that the Pt atom is bonded
with two S atoms and two O atoms at an atomic distance of 2.07 Å (Pt-
S) and 2.35 Å (Pt-O) within PtSA@S-TFPT. These above-mentioned
findings provide compelling evidence for the presence of Pt single
atoms and establishment of an asymmetric four-coordination between
sulfur/oxygen and Pt single atoms within PtSA@S-TFPT. Using the
same synthetic method, other metal SACs with low-valence state
embedded in S-TFPT can also be prepared (See Experimental Section
for detailed procedures and Supplementary Figs. 22–24).

Given the abundance of accessible active Pt sites, PtSA@S-TFPT
holds considerable potential as a catalyst for the photocatalytic HER.
To elucidate the exceptional HER catalytic performance of PtSA@S-
TFPT, we conducted a controlled experiment involving the fabrication
of Pt nanoparticles (PtNPs) embedded in S-TFPT, designated as
PtNPs@S-TFPT (See Experimental Section for detailed procedures,
Supplementary Figs. 25–33). The Pt contents in PtSA@S-TFPT and
PtNPs@S-TFPT were measured using inductively coupled plasma
spectrometry (ICP) and found to be nearly identical at 12.97wt% and
11.92wt%, respectively. UV-visible diffuse reflectance spectroscopy
(UV-Vis DRS) and XPS valance band spectra of PtSA@S-TFPT,
PtNPs@S-TFPT, and S-TFPT were conducted to investigate their opti-
cal properties. The UV-Vis DRS spectrum of PtSA@S-TFPT exhibits an
apparent red shift compared to PtNPs@S-TFPT andS-TFPT, suggesting
its pronounced visible-light responsiveness (Fig. 4a). The optical band
gaps of PtSA@S-TFPT were calculated to be 2.30 eV, narrower than
these of S-TFPT (2.77 eV) and PtNPs@S-TFPT (2.56 eV), indicating that
Pt single atoms could effectively narrow the band gap, thereby
enhancing light absorption capability (Supplementary Fig. 25). Fur-
thermore, the conduction band (CB) and valence band (VB) positions
of the PtSA@S-TFPT, estimated byXPS and optical band gaps analyses,
were found to be conducive for both proton reduction and water
oxidation reactions, suggesting a stronger driving force for proton
reduction (Fig. 4b and Supplementary Fig. 26).

Motivated by these findings, the photocatalytic H2 production
performance of PtSA@S-TFPT was evaluated under visible-light
irradiation (λ > 420 nm) using triethanolamine (TEOA) as the sacrifi-
cial agent and CH3OH/H2O solution as solvents. Impressively, a long-
term HER test over PtSA@S-TFPT exhibits an average rate up to
11.44mmol g−1·h−1, more than eight times to that of PtNPs@S-TFPT.

(b) (d)

(c)(a) (e) 2.35 2.35 Å2.07 2.07 Å

2.35 2.35 Å2.07 2.07 Å

0 2 4 6
0.0

0.5

1.0

1.5

2.0

2.5

|X
(R
)|
(Å

-3
)

R (Å)

Pt-foil
PtO2
PtSA@S-TFPT

Pt-Pt
Pt-O

Pt-O/Pt-S

2 4 6 8 10 12
-2

-1

0

1

k2
X(
k)
(Å

-2
)

Wavenumbler (Å-1)

PtSA@S-TFPT
Fitting

0 2 4 6
0

3

6

9

12

|X
(R
)|
(Å

-3
)

R (Å)

PtSA@S-TFPT
Fitting

11520 11560 11600 11640 11680
0.0

0.5

1.0

1.5

2.0

2.5

3.0
N
or
m
al
iz
ed
X
(E
)

Energy (eV)

Pt-foil
PtO2
PtSA@S-TFPT

11555 11560 11565 11570
0.0

0.5

1.0

1.5

2.0

2.5

N
or
m
al
iz
ed
X
(E
)

Energy (eV)

Fig. 3 | Single-atom fine-structure characterization of PtSA@S-TFPT.
a Experimental Pt L-edge XANES and (b) Pt L-edge EXAFS spectra of PtSA@S-TFPT,
PtO2, and Pt foil excluding phase correction. Fourier transforms of EXAFS spectra in

(c) k-space and (d) R-spacewith their corresponding bestfitting results forPtSA@S-
TFPT excluding phase correction. e Schematic model and calculated bond lengths
of PtSA@S-TFPT (top: front view, bottom: side view).

Article https://doi.org/10.1038/s41467-024-54959-8

Nature Communications |        (2024) 15:10501 4

www.nature.com/naturecommunications


Moreover, after a 3 × 3 h cycle test, no significant decrease in HER
performance was observed (Fig. 4c). The apparent quantum effi-
ciencies (AQE) for the photocatalysts were measured at various
wavelengths. The highest AQE of PtSA@S-TFPT could be calculated
as 4.65% at 420 nm (Fig. 4d). The AQE decreased as the wavelength of
irradiated light increased, consistent with the light absorption
property of PtSA@S-TFPT (Supplementary Tables S6 and S7). Addi-
tionally, PXRD, AC-HAADF-STEM, S-TEM, TGA, XPS, and FT-IR ana-
lyses of the spent PtSA@S-TFPT catalysts show minimal changes and
no nanoparticles were observed after photocatalysis (Supplementary
Figs. 34–38). This further confirms the robust nature of PtSA@S-
TFPT for photocatalysis. Furthermore, the catalytic HER ability of
PtSA@S-TFPT was comparable with other prominent catalysts,
demonstrating its excellent performance35–48 (Fig. 4e, Supplementary
Tables S6 and S7). Theoretical investigations employing DFT calcu-
lations were conducted to elucidate the underlying factors con-
tributing to the superior catalytic activity observed in PtSA@S-TFPT.
The Gibbs free energy hydrogen adsorption (ΔGH) serves as a critical
descriptor for the HER activity. As shown in Fig. 4f, the energy bar-
riers of 0.76 and −0.86 eV were identified for PtSA@S-TFPT and

PtNPs@S-TFPT, respectively, suggesting that the rate-determining
step involves desorption (Heyrovsky/Tafel reaction) for PtSA@S-
TFPT and adsorption (Volmer reaction) for PtNPs@S-TFPT. Notably,
in contrast to PtNPs@S-TFPT, where hydrogen adsorption occurs as
depicted in Fig. 4g, PtSA@S-TFPT exhibits a moderate interaction
with hydrogen atoms, as illustrated in Fig. 4h, which facilitates des-
orption. The lower energy barriers for H* generation observed in
PtSA@S-TFPT are conducive to subsequent H2 evolution.

To elucidate the mechanisms underlying carrier separation and
recombination, we investigated the properties of photogenerated
carrier dynamics in the samples using transient photocurrent
responses, electrochemical impedance spectroscopy (EIS), DFT cal-
culations, photoluminescence (PL) spectra, and time-resolved PL
spectra, respectively (Fig. 5). Notably, PtSA@S-TFPT demonstrates a
substantial cathodic photocurrent, approximately 4 and 1.5 times
greater than that of S-TFPT and PtNPs@S-TFPT, respectively (Fig. 5a,
See the Electrochemical Studies section in the supplementarymaterial
for detailed methodology). This enhancement indicates that the pre-
sence of platinum single atoms significantly facilitates the effective
separation of photogenerated carriers in PtSA@S-TFPT49,50. The
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accelerated electron-hole separation rate is further supported by the
smaller semicircle radius observed in the EIS of PtSA@S-TFPT com-
pared to S-TFPT and PtNPs@S-TFPT (Fig. 5b). Moreover, PL and time-
resolved PL spectra further elucidated electron-hole pair recombina-
tion dynamics (Fig. 5c and Supplementary Fig. 39). PtSA@S-TFPT
exhibits the lowestfluorescence intensity and longest average lifetime,
indicating that electron-hole recombination is effectively inhibited,
which correlates with improved catalytic performance51. To reveal the
carrier separation mechanisms among these samples, we computed
the highest occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) distributions using DFT (See the DFT
calculations section in the supplementary material for detailed meth-
odology). The HOMO and LUMO of S-TFPT predominantly localize
within the skeleton, exhibiting significant overlap and leading to
inefficient separation of photogenerated carriers52,53 (Fig. 5d, e). In
contrast, the introduction of Pt metals facilitates electron donation
from parts of the S-TFPT skeleton to themetal sites, concentrating the
LUMO of both PtNPs@S-TFPT and PtSA@S-TFPT around the platinum
positions53,54 (Fig. 5f–i). The strong electron donation effect in
PtNPs@S-TFPT resultes in suboptimal charge separation, with HOMO
and LUMO confined within the nanoparticle fraction55 (Fig. 5f, g).
Conversely, in PtSA@S-TFPT, characterized by low-valent and asym-
metrically coordinated single atoms, the orbital distribution becomes

highly non-overlapping, with the HOMO localizes on the Pt single
atoms and the LUMO distributes across the S-TFPT framework
(Fig. 5h, i). This arrangement effectively mitigates carrier recombina-
tion, thereby enhancing catalytic activity. Collectively, the unique
heterojunction system created by integrating Pt single atoms into the
S-TFPT framework accelerates electron-hole pair generation, enhances
carrier transfer, effectively inhibits recombination, and ultimately
improves photocatalytic hydrogen evolution activity.

In summary, we have successfully engineered a catalyst, PtSA@S-
TFPT, with significantly enhanced catalytic activity for the photo-
catalytic HER. By incorporating low-valenceplatinum single atoms into
sulfur-enriched COFs using methanol as a mild reducing agent, the
resultant SAC demonstrates notable improvements in both photo-
catalytic efficiency and stability. The exceptional performance of
PtSA@S-TFPT is primarily attributed to the presence of platinum sin-
gle atoms,which reduce the hydrogendesorption barrier andpromote
the separation of photogenerated carriers. These findings are sup-
ported by transient photocurrent measurements, electrochemical
impedance spectroscopy, DFT calculations, and photoluminescence
spectra. This study challenges conventional paradigms and paves the
way for the synthesis of low-valence metal single atom-loaded COFs,
thus propelling the field of photocatalytic hydrogen evolution
forward.
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Fig. 5 | Analysis of photogenerated carrier dynamics. a Transient photocurrent
responses and (b) EIS Nyquist plots of S-TFPT, PtNPs@S-TFPT, and PtSA@S-TFPT.
c PL spectra of S-TFPT, PtNPs@S-TFPT, and PtSA@S-TFPT, excited at 417 nm. Cal-
culated HOMO (d, f, h) and LUMO (e, g, i) distributions for the model molecules:

S-TFPT (d, e), PtNPs@S-TFPT (f, g), and PtSA@S-TFPT (h, i). (The yellow region
indicates charge accumulation, while the cyan region indicates charge depletion.
Isosurface value is 4 × 10−9 e/Bohr3).
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Methods
Synthesis of S-TFPT
A 10-mL Pyrex tube was initially loaded with 4,4′,4″-(1,3,5-Triazine-2,4,6-
triyl)tribenzaldehyde (TFPT, 13.1mg, 0.03mmol), 2,5-bis(2-(methylthio)
ethoxy)benzene-1,4-dihydrazide (METPH, 18.7mg, 0.05mmol), and a
mixture of DMA/n-BuOH (v:v = 1:2, 0.5mL). The resulting mixture was
sonicated for 5min to achieve a clear solution, followed by the addition
of 0.40mL of trifluoroacetic acid (TFA). Subsequently, the tube was
rapidly cooled to 77K using a liquid nitrogen bath and subjected to
three freeze-pump-thaw cycles for degassing. The sealed tube was then
evacuated under vacuumandheated at 120 °C for 3 days. Upon reaching
room temperature, a yellow precipitate was obtained through cen-
trifugation at 6000 rpm for 2min, followed by washing with anhydrous
acetone. The collected sample underwent a solvent exchange with
anhydrous tetrahydrofuran thrice and was dried at 80 °C under vacuum
for 12 h to yield a yellowpowder (28mg, 85% isolated yield). The infrared
spectroscopy (IR) analysis (powder, cm−1) revealed characteristic peaks
at 1663(m), 1609(w), 1504(s), 1416(m), 1354(m), 1312(w), 1200(m),
1084(w), 1015(w), 1203(m), 814(m).

Synthesis of PtSA@S-TFPT
33mg of chloroplatinate hexahydrate (H2PtCl6•6H2O) was dissolved in
8mL of 25 vt% methanol/aqueous solution using ultrasound. Subse-
quently, 60mg of S-TFPT was immersed in the solution under light-
free conditions. After soaking for 3 d, the resulting productwas filtered
and washed with methanol. The obtained powder was then immersed
in 5mL of methanol and cooled using liquid nitrogen at 77 K, followed
by subjecting the mixture to three freeze-pump-thaw cycles. Upon
sealing the tube, themixture was heated at 60 °C for 1.5 h to enable in-
situ Pt reduction. Finally, the resulting PtSA@S-TFPT product was
collected by filtration and washed with anhydrous methanol.

Synthesis of PtNPs@S-TFPT
Typically, 33mg of H2PtCl6•6H2O was dissolved in 8mL of 25 vt%
methanol/aqueous solution. Then, 60mg of S-TFPT was immersed in
the solution without exposure to light. Following a 3-day immersion
period, the resultant product was filtered and rinsed with methanol.
Subsequently, it was soaked in 2mL of a 1MNaBH4/methanol solution
for 2min, resulting in the formation of a dark yellow solid powder,
designated as PtNPs@S-TFPT.

Photocatalysis
The photocatalytic H2 evolution test was conducted using a photo-
catalytic reaction setup (Labsolar 6 A; Beijing Perfect light Technology
Co., Ltd). Specifically, 20mg of PtSA@S-TFPT was dispersed in a
solution containing 35mL of deionized water and 5mL of methanol.
The suspension was sonicated for 1 h to ensure uniform dispersion
before adding 5mL of triethanolamine as the sacrificial agent. The
mixture was stirred at 500 rpm and degassed using a vacuum pump.
Xenon lamps (300W) emitting light with wavelengths greater than
420 nm and an optical power density of 1W/cm2 served as the illumi-
nation source. To prevent photothermal effects, a water circulation
system maintained the samples at room temperature. The evolved H2

gas in the reactor headspace was collected automatically using a gas-
tight syringe connected to a photocatalytic system and quantified
using a gas chromatograph equipped with a thermal conductivity
detector. To ensure consistency, the system was degassed for 30min
after each cycle of illumination, and the optical power density was
recalibrated before the subsequent cycle of illumination.

Data availability
All data are available in the main text or the supplementary mate-
rials. Correspondence and requests for materials should be
addressed to Yongwu Peng (ywpeng@zjut.edu.cn) or Gao Li (gaol-
i@dicp.ac.cn). Source data are provided with this paper.
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