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A B S T R A C T

Maximizing the usage of cocatalyst to provide fruitful proton reduction sites and suppress charge carrier re-
combination is an effective stratagy to dramatically improve the photocatalytic performance. Herein, anchoring
single atoms (SAs) of Pt onto the ultrathin porous CdS@carbon dots (CDs) nanosheets has been achieved through
in-situ reduction of Pt precursor. X-ray absorption fine structure spectra identify that the single Pt atoms are
bonded as Pt-S with a coordination number 4, due to the scattering between platinum center and the sulfur
atoms. The Pt single atoms exhibit strong capacity to trap photo-generated electrons, rendering CdS@CDs/Pt-
SAs as a class of efficient solar-driven photocatalyst. It shows an outstanding activity towards H2 generation at
rate of 45.5 mmol h−1 g−1, which is 133 times of that for bare CdS@CDs. The novel method can be extended to
the preparation of various functional nanocatalysts owing to its versatility and facileness.

1. Introduction

The creation of hydrogen fuel by photocatalytic water splitting with
solar energy is an effective strategy to mitigate the increasing energy
demand of modern society [1–4]. The hydrogen-energy process chain
consists of four major steps: hydrogen production [5,6], hydrogen
storage [7,8], regeneration [9] and application as fuel cell etc. The key
to enhance hydrogen production efficiency is to get an efficient pho-
tocatalyst, usually semiconductor is preferred, which is endowed with
the capacity to create electron-hole (e–h) pairs and thus initiated re-
lated redox reactions [10–15]. Semiconductor nanoparticles have more
reactive surface area, especially low dimensional nanomaterials with
dangling bonds. Compared to other dimensional counterparts, ultrathin
two-dimensional (2D) photocatalysts have a higher surface/volume
ratio. These figures of merits afford them to accelerate e–h separation
capability, and fast move charge carriers. However, the high re-
combination rate of electron–hole pairs is still a main obstacle to inhibit
their migration to the surface active sites, resulting low activity even
though sacrificial species are introduced into the reaction system.
Therefore, integrating an advanced cocatalysts or promoters onto the

surfaces of a proper semiconductor photocatalysts is often a requisite
[16–19].

Carbon nanomaterials, including graphene [20,21], carbon nano-
tubes, and carbon dots (CDs), have been hybridizeded with certain
photocatalysts to enhance electron-hole separation, inhibit re-
combination of the electron-hole pairs and thus boost the performance
[22–24]. Among various kinds of promoters, Pt is still the best one.
Unfortunately, the scarcity and high cost restrict its further practical
applications [25–30]. Therefore, the use of a minimal amount is an
urgent mission without compromise the catalytic efficiency. Recently,
using atomic-scale metal species can significantly increase the number
of catalytic active sites on the surface of the catalyst where basically all
the isolated metal atoms are ideally accessible to reactants [31–35]. In
this respect, metal atom catalysts possess the following interesting
properties: i) atomically dispersed metal centers; ii) coordinatively
unsaturated metal active sites; iii) electron confinement/quantum size
effects; and iv) strong metal-solid support interactions [36–39]. These
features enable them to expose uniform maximum reaction sites, si-
multaneously boosting both the catalytic activity and selectivity for
various reactions. These developments inspire the exploration of single-
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atom photocatalytic systems with significantly enhancing their corre-
sponding performance. For example, isolated Pt single atoms (SAs)
anchored on g-C3N4 (Pt-CN) with high dispersion and stability can
achieve the enhancement of the photocatalytic H2 evolution activity
[40]. Yao and coworkers reported a single Ni Atoms on nitrogen-doped
graphene not only serve as an electron storage medium to suppress
electron-hole recombination, but also as an active catalyst for proton
reduction reaction. However, the irregular shaped support catalysts
lead to the uncertainty in understanding the process of carrier transfer
and associated following redox reactions [41]. Recently, Ye et al rea-
lized the decoration of isolated platinum atoms onto the CdS nanowires,
in which the maximum utilization of Pt atoms can greatly boost the
photocatalytic hydrogen evolution efficiency [42]. Xiong et al reported
that the single-atom Co sites coordinated on the partially oxidized
graphene nanosheets can be a highly active and durable heterogeneous
catalyst for CO2 conversion, wherein the graphene bridges homo-
geneous light absorbers with single-atom catalytic sites for the efficient
transfer of photoexcited electrons [43]. These progresses make great
strides on the single-atom candidates towards improving the photo-
catalytic performance in certain reactions. However, the efficiency is
still far from practical requirements, and the development of ease of
synthesis and re-productivity strategy to get highly efficient single-atom
photocatalytic system still remains elusive.

In this work, we firstly prepared ultrathin CdS@CDs nanosheets
through in-situ conversion of CDs aided grown Cd(OH)2 nanosheets,
accelerating the separation of photo-generated electrons and holes by
minimizing the distance through which the electrons have to migrate
before reaching the solid/water interfaces. Then single Pt atoms were
concurrently produced by carbon dots to achieve ultrathin 2D
CdS@CDs/Pt-SAs nanohybrids, representing a new scheme for solar
energy conversion for more energy-efficient catalytic hydrogen evolu-
tion and related catalytic reactions. The introduction of CDs and Pt SAs
increases the solar utilization, charge separation rate, and surface active
sites, and thus significantly enhanced the photocatalytic water splitting
efficiency. The solar-driven hydrogen evolution over ultrathin 2D
CdS@CDs/Pt-SAs nanohybrids is as 133 folds as single CdS@CDs na-
nosheets. The formation of Pt-S bonds between unsaturated sulfur
atoms of CdS with isolated platinum atoms promises the high stability
of the newly constructed catalysts. The extended X-ray absorption fine
structure (EXAFS) spectroscopy verifies that Pt atoms have been
atomically anchored on the surfaces of CdS@CDs with unsaturated
coordination geometry. Moreover, photoluminescence (PL) decay tests
and density functional theory (DFT) calculations reveal that Pt SAs have
the strong capacity to accept photo-generated electrons and maximize
the reaction sites, and thus promote directional migration of photo-
generated excitons to the platinum atoms, supplying long-lived elec-
trons for the reduction of water splitting into hydrogen.

2. Experimental section

2.1. Materials

All the chemical materials were used as received without further
purification. Cadmium acetate dihydrate (Cd(CH3COO)2·2H2O), n-
Butylamine (C4H11N), sodium sulfide nonahydrate (Na2S·9H2O) and
ethylene glycol (C2H6O2) were obtained from Aladdin. H2PtCl6·6H2O
was purchased from Macklin. And sodium sulfite (Na2SO3) was re-
ceived from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Deionized distilled water was used in all the experiments.

2.2. Synthesis of CDs, CdS@CDs, and CdS@CDs/Pt-SAs nanosheets

CDs were prepared by electrochemically anodic oxidation of alcohol
in NaOH solution (0.17 mol L−1) of 140mL ethanol and 10mL water.
Two pieces of platinum sheets (1.5 cm×1.5 cm) were used as anode
and counter electrode, respectively. A direct-current power supply with

a static potential of 15 V (current density ˜ 90mA·cm-2) was used. After
electrolysis of 24 h, dark brown solution was produced. Then the so-
lution was subjected to spin evaporation treatment. The obtained solid
was dissolved in 100mL of deionized water, and to be dialyzed for 24 h
[44].

The Cd(OH)2@CDs nanosheets were firstly synthesized by a sol-
vothermal method. In a typical procedure, 0.1 g of cadmium acetate
was dissolved in a mixture of 30mL of water dispersion of CDs (4
mg⋅mL−1), 20mL of ethylene glycol and 0.8 mL n-butylamine under
stirring. Then the mixture was transferred to a 100mL Teflon-lined
stainless-steel autoclave. The autoclave was sealed and maintained at
120 ℃ for 5 h. After the reaction was complete, it was cooled to room
temperature naturally. The obtained Cd(OH)2@CDs was rinsed with
distilled water and ethanol several times, collected by centrifugation,
and then dried in a vacuum at 60℃ overnight (For comparison, here we
also synthesized Cd(OH)2 nanosheets with 10mL and 40mL of carbon
dots, respectively. Corresponding SEM images (Fig. S1c and d) revealed
that the thick nanosheets and agglomerated sheets were resulted. So the
sample synthesized with 30mL CDs was applied in the following work).
Then 150mL aqueous solution of Na2S (3 mmoL⋅L−1) was added into
60mL water dispersion of Cd(OH)2@CDs (2 mmoL⋅L−1) and stirred
15min, subsequently 150mL Na2S solution (6 mmoL⋅L−1) was added
and maintained additional 15min. The obtained CdS@CDs (23.28 wt%)
was treated as above and collected for anchoring single-atoms.

Pt single atoms anchored CdS@CDs (CdS@CDs/Pt-SAs) was syn-
thesized by an in-situ reduction of Pt source with loaded CDs without
using external reductants. Typically, the as-prepared CdS@CDs (16mg)
nanosheets were dispersed in 8mL distilled water, then 20mL aqueous
solution of H2PtCl6·6H2O (0.06 mgmL−1) was dropwisely introduced
with a syringe pump and kept stirring 4 h at room temperature. The
final product was filtered and washed with deionized water and abso-
lute ethanol to remove the excess of Pt species and substituted chloride
ions on the surfaces of CdS@CDs. Pt nanoparticles decorated CdS@CDs
(CdS@CDs/Pt-NPs) was also synthesized by increasing quantity of
H2PtCl6·6H2O (0.08 mgmL −1).

2.3. Characterization

The morphology and microstructure of the as-prepared products
were studied by scanning electronic microscope (SEM; ZEISS MERLIN
Compact, Germany), transmission electron microscope (TEM; Tecnai
G2 Spirit TWIN, FEI), High-Resolution Transmission Electron
Microscope (HRTEM) with FEG (Talos F200 X), and the High-Angle
Annular Dark Field Scanning Transmission Electron Microscopy (Titan
Themis Cubed G2 60–300). X-ray diffraction (XRD) was carried out on a
Rigaku Corporation UItimaIV diffractometer with a Cu Kα radiation
source (λ=1.5418 nm) operated at 40 kV and 40mA. X-ray photo-
electron spectroscopy (XPS) measurements were performed on an
ESCALAB 250Xi system. The UV–vis diffuse reflectance absorption
spectrum was recorded on a Hitachi/U-3900 UV–vis spectro-
photometer. The photoluminescence (PL) was obtained from a FL3-2-
IHR221-NIR-TCSPC. Time-resolved transient PL decay spectrum was
performed on a Micro Time 200 spectrometer. The X-ray absorption
fine structure (XAFS) spectrum at Pt L3 (E0= 11,564.0 eV) edge was
performed at BL14W1 beamline of Shanghai Synchrotron Radiation
Facility(SSRF) operated at 3.5 GeV under “top-up” mode with a con-
stant current of 250mA. The elemental composition was tested by
Inductively Coupled Plasma Mass Spectrometer (ICP-MS, iCAP RQ,
Germany) and Elementar Analysensysteme GmbH (Vario EL Cube,
Germany).

2.4. Photoelectrochemical measurements

The photoelectrodes were prepared as follows. 5 mg of the as-ob-
tained photocatalyst powder was dispersed into 600 u L of ethanol and
40 u L Nafion under ultrasonication. Then the mixture was coated onto
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a 1.0× 1.0 cm2 FTO glass electrode. The photoelectrochemical system
was constructed in a conventional three-electrode system with a Pt
electrode and Ag/AgCl electrode as the counter electrode and reference
electrode, respectively. The electrochemical impedance spectroscopy
(EIS) was tested in a 0.5 M Na2SO4 aqueous solution ranging from
100,000 to 0.01 Hz. The photoelectrochemical tests were carried out on
an electrochemical workstation (CHI-760E, Shanghai Chenhua
Company, China) in a three-electrode cell with 0.5 M Na2SO4 as elec-
trolyte at room temperature under visible light.

2.5. Calculation of quantum yield (QE)

The average intensity of incident-light was determined by a CEL-
NP2000 optical power meter (CEAULIGHT). The average rate of hy-
drogen production was derived from the amount of hydrogen produced
at a certain time. The number of incident photons (N) is calculated by
Eq. (1).

=N Eλ
hc (1)

In Eq. (1), E is the average intensity of irradiation, λ represents
wavelength of light, h stands for the Planck constant, and c is the speed
of light, respectively.

The QE for H2 production at monochromatic light irradiation was
calculated from Eq. (2).

=
×

×QE
number of evolved H molecules
number of incident photons

2
100%2

(2)

2.6. Evaluation of photocatalytic hydrogen evolution

The photocatalytic hydrogen evolution was evaluated on a Labsolar-
6A system (PefectLight Company, Beijing China), where a 300W Xe arc
lamp (CEL-HXF300/300UV, CEAUlight Company, Beijing China) was

used as simulated sunlight source. The as-fabricated photocatalyst
samples (10mg) were added into an aqueous solution containing
0.35M Na2SO3 and 0.25M Na2S (60mL) in a quartz vial. The evolved
H2 was detected using an online gas chromatography (GC7900,
Techcomp) equipped with a 0.5 nm molecular sieve column.

2.7. X-ray absorption fine structure (XAFS) measurements

The X-ray absorption fine structure spectra at Pt L3
(E0= 11,564.0 eV) edge was performed at BL14W1 beamline of
Shanghai Synchrotron Radiation Facility (SSRF) operated at 3.5 GeV
under “top-up”mode with a constant current of 250mA. The XAFS data
were recorded under fluorescence mode with a Lytle ion chamber. The
energy was calibrated accordingly to the absorption edge of pure Pt foil.
Athena and Artemis codes were used to extract the data and fit the
profiles. For the X-ray absorption near edge structure (XANES) part, the
experimental absorption coefficients as function of energies μ(E) were
processed by background subtraction and normalization procedures,
and reported as “normalized absorption” with E0= 11,564.0 eV for the
measured sample and PtO2/Pt foil standard. Based on the normalized
XANES profiles, the molar fraction of Pt4+/Pt0 can be determined by
the linear combination fit [45] with the help of various references (Pt
foil for Pt0 and PtO2 for Pt4+). For the extended X-ray absorption fine
structure (EXAFS) part, the Fourier transformed (FT) data in R space
were analyzed by applying first-shell approximate model for Pt-S con-
tribution. The passive electron factors, S02, were determined by fitting
the experimental data on Pt foil and fixing the coordination number
(CN) of Pt-Pt to be 12, and then fixed for further analysis of the tested
samples. The parameters describing the electronic properties (e.g.,
correction to the photoelectron energy origin, E0) and local structure
environment including CN, bond distance (R) and Debye-Waller factor
around the absorbing atoms were allowed to vary during the fit process.
The fitted ranges for k and R spaces were selected to be k=3–12 Å−1

with R=1.3–2.5 Å (k3 weighted).

Fig. 1. (a) A schematic illustration for the synthesis of CdS@CDs/Pt-SAs: i) Cd(OH)2@CDs was synthesized by the reaction of cadmium acetate with n-butylamine in
a mixture of ethylene glycol and CDs aqueous solution by a solvothermal method, ii) Reaction of sulfidation process to produce CdS@CDs, iii) Pt single-atoms were
loaded by an in-situ impregnation and conversion; (b) SEM image and (c) HRTEM image for Cd(OH)2@CDs, (d) SEM image and (e) HAADF-STEM image of CdS@CDs/
Pt-SAs, the insets show the HRTEM image (bottom-left) and SAED pattern (up-right), and (f, g) EDS elemental mapping of CdS@CDs/Pt-SAs.
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2.8. Theoretical calculations

All the calculations presented in this work were performed using the
generalized gradient approximation (GGA)-Perdew, Burke and
Ernzerhof (PBE) as implemented in the all-electron DMol3 code [46,47]
Double numerical plus polarization (DNP) basis set was used
throughout the calculation. The convergence criteria were set to be
2× 10−5 Ha, 0.004 HaÅ-1, and 0.005 Å for energy, force, and dis-
placement convergence, respectively. A self-consistent field (SCF)
density convergence with a threshold value of 1×10−5 Ha was spe-
cified. (2× 3) 29 Å thickness (7 CdS layers) surface unit cells have been
used to represent the CdS {220} surface.

3. Results and discussion

Fig. 1a gives a schematic illustration for the formation of CdS@CDs/
Pt-SAs. Briefly, ultrathin Cd(OH)2@CDs nanosheets were firstly syn-
thesized from the reaction of cadmium acetate with n-butylamine in a
mixture of ethylene glycol and CDs aqueous solution by a solvent-
thermal method (i). SEM image (Fig. 1b) of the obtained Cd(OH)2@CDs
precursor shows that it consists of large amount of nanosheets with
average thickness of ˜7 nm, which is much thinner than the obtained Cd
(OH)2 nanoplates without CDs (Fig. S1a). TEM image as shown in
Fig. 1c further reveals the Cd(OH)2 ultrathin nanosheets features em-
bedded many CDs with an average diameter of ˜4 nm (Fig. S1b). Then
the as-synthesized Cd(OH)2@CDs nanosheets were transformed into
porous CdS@CDs nanosheets by sulfidation with Na2S (ii). After con-
verting to CdS@CDs, the surface becomes rough and maintains the
original shape (Fig. S2a). Finally, the Pt single atoms were anchored
onto the surfaces of CdS@CDs nanosheets by in-situ reduction of
H2PtCl6 with CDs (iii). The HRSEM image (Fig. 1d) and the inset of
HRTEM image in Fig. 1e confirm the porous structure of CdS@CDs/Pt-
SAs nanosheets. The SAED pattern (the up-right inset in Fig. 1e) of the
CdS@CDs/Pt-SAs reveals three diffraction rings corresponding to the
(111), (220) and (311) planes of CdS, which is consistent with the XRD
(Figure S3). The interplanar spacing of 0.34 nm, 0.21 nm and 0.18 nm
over CdS@CDs/Pt-SAs nanosheets based on the HRTEM image (Fig.
S2b) belong to the (111), (220) and (311) planes of cubic phase of CdS,
respectively. The Pt signals cannot be detected here because of its
atomic nature. Fig. 1e gives the HAADF-STEM image of CdS@CDs/Pt-
SAs. It clearly shows that the bright spots corresponding to Pt atoms
(marked with red circles) are uniformly dispersed on the CdS@CDs
nanosheets. The EDS spectrum and elemental mapping demonstrate
that Pt atoms are distributed evenly in the sample (Fig. 1f, g).

The local structure and coordination envrionment of the Pt single
atoms are invetigaged by synchrotron-based X-ray absorption spectro-
scopy (XAS). Compared to the standard samples of PtO2 and Pt foil, as
revealed in Fig. 2a, the Pt L3-edge X-ray absorption near-edge spec-
troscopy (XANES) of CdS@CDs/Pt-SAs demonstrates the existence of
Pt-S bond, confirming that Pt exists exclusively as isolated single atoms.
Fig. 2b gives the extended X-ray absorption fine structure spectroscopy
(EXAFS) to probe the local structure environment of Pt atoms in
CdS@CDs. EXAFS of CdS@CDs/Pt-SAs just gives one single sharp peak
with total Gaussian distribution at about 2.3 Å, which is drastically
different from the standard compound PtO2 (gives an about 1.9 Å bond
length) and Pt foil (contributions at a distance of ˜ 2.9 Å). The EXAFS
part with the data-fitting in R space was carried out to determine the
short-range local coordination structure including distances (R) and
coordination number (CN) around the studied platinum atoms. On the
basis of EXAFS fitting results (Fig. 2c and Table S1), a strong peak at ca.
2.3 Å with CN of ca. 4 was identified for the Pt-S shell, which is at-
tributed by the scattering between platinum center and the sulfur atoms
from the substrate. No significant other contributions such as ionic Pt-O
and metallic Pt-Pt or Pt-Cd components have been observed. The results
are consistent with the XPS analysis, confirming that the dispersed Pt
atoms are stabilized through the Pt-S bond. Fig. 2d is the XPS spectra to

further prove the chemical composition and states of Cd, S and Pt in the
sample. It is observed that binding energies of S 2p was at 161.4 and
162.45 eV in CdS@CDs nanosheets. Meanwhile, for CdS@CDs/Pt-SAs,
the binding energies of S 2p was determined to be 161.25 and 162.2 eV
[48]. The spectra can be convoluted into 3 peaks, where the signal at
162.7 eV can be attributed to the formation of Pt-S bond in CdS@CDs/
Pt-SAs [40]. Moreover, the binding energies of Pt 4f in CdS@CDs/Pt-
SAs (72.59 eV, 75.91 eV) are larger than those in CdS@CDs/Pt-NPs
(72.43 eV, 75.75 eV) (Fig. S4a), indicating more metallic state Pt ex-
isted in the CdS@CDs/Pt-NPs [49–51]. In detail, the Pt 4f spectrum in
CdS@CDs/Pt-SAs shown in Fig. S4b can be convoluted into 2 peaks
corresponding to the Ptδ+ (δ=0, 2). Furthermore, the binding energies
of the Pt 4f7/2 and 4f5/2 shifted positively by ∼1.0 eV, which is larger
than that over Pt NPs in CdS@CDs/Pt-NPs (Fig. S4b, c). This phe-
nomenon could be ascribed to the electronic interaction between Pt-SAs
bonds with S, which was corroborated by the shift of S 2p peak to a
lower binding energy (Fig. 2d) [52]. The peaks of Cd 3d5/2 and Cd 3d3/2
in the Cd 3d spectrum at 405.1 eV and 411.8 eV, respectively, are ori-
ginating from Cd2+ in CdS (Fig. S4d) [53]. Thus the coordination of
sulfur with Pt-SAs slightly reduced the binding energy of Cd 3d, in-
dicating the presence of Pt-SAs increased the electron density. Fig. 2e
gives the time-resolved transient PL decay spectra of CdS@CDs/Pt-SAs
exhibits more rapid decay than that of CdS@CDs, revealing that pla-
tinum component produces better trapping ability (Table S2). And the
lowest PL intensity (Fig. 2f) and the lowest of decay life time of
CdS@CDs/Pt-SAs compared to samples of CdS@CDs/Pt-NPs and
CdS@CDs also implies its low recombination rate, good electron-hole
separation capacity, and long-survived photogenerated electrons. The
CdS@CDs nanosheets can absorb visible light with an absorption edge
of about 613 nm, which corresponds to a bandgap of 2.02 eV. The ad-
dition of Pt single atoms result in a little blue shift of the absorption
edge (Fig. S5a, b). The quantum efficiency (QE) of photocatalytic hy-
drogen production over CdS@CDs/Pt-SAs photocatalyst as a function of
the wavelength of incident light was tested. Notably, as shown in Fig.
S5c, the overall trend of QE is related to the absorbance of the catalyst.
The QE is ˜29.8% at 400 nm when used 10mg of the catalyst in the
system.

Additionally, the charge carrier separation capability in CdS@CDs/
Pt-SAs was also demonstrated by photocurrent production in photo-
electrochemical tests. The CdS@CDs/Pt-SAs sample shows the highest
photocurrent response (Fig. S6a), implying its high capacity in produ-
cing high density of photo-generated electrons. Fig. S6b shows the
photo-induced EIS for CdS@CDs, CdS@CDs/Pt-NPs, and CdS@CDs/Pt-
SAs. CdS@CDs/Pt-SAs exhibits a much lower charge-transfer resistance
than CdS@CDs and CdS@CDs/Pt- NPs. The results are consistent with
the conclusion of PL emission (Fig. 2f), testifying the CdS@CDs/Pt-SAs
can provide an effective transport pathways to enhance harvest of in-
cident light by multiple scattering within the porous nanosheets, and
thus promote photocatalytic hydrogen production.

Theoretically, the role of Pt single atoms on the CdS nanosheets is
also dissussed. CdS {220} and single CdS/Pt-SAs {220} structure have
been optimized using GGA-PBE [54]. Mulliken population analysis and
density of states over these two structure were calculated. As shown in
Fig. 3, the computational results indicate that with the introduction of
Pt single atoms onto the CdS surface, new empty bands produced near
the Fermi level. Population analysis shows that there are 8.9 electrons
in the d-band of single Pt atom in the CdS/Pt-SAs, thus the d-band
occupancy is not affected during the bonding of Pt and CdS, and the
empty orbitals still exist. These empty bands are closer to the Fermi
level than pure CdS, which will facilitate the accommodation of pho-
togenerated electrons generated in the photo-induced process. Because
of the high atomic utilization of monoatomic dispersed materials with
maximize active sites, a large number of empty bands accommodate
photogenerated electrons on the surface of the single CdS/Pt-SAs are
expected, and thus leads to the reduction of water for highly efficient
hydrogen evolution.
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Fig. 4a compares the photocatalytic H2 evolution performance of
single CdS, CdS/Pt-NPs, CdS@CDs, CdS@CDs/Pt-SAs (1.15 wt% Pt),
and CdS@CDs/Pt-NPs (1.54 wt% Pt). The result shows that CdS@CDs
gives the lowest activity with H2 evolution rate of 0.344mmol h−1 g−1.
Meanwhile, the H2 evolution rate over CdS without CDs is slightly

higher than CdS@CDs. UV-vis absorption spectra (Fig. S5a) show that
although the addition of the CDs improves the visible light absorption,
the bandgap of CdS@CDs nanosheets is slightly decreased in compar-
ison with single CdS, reducing the reduction ability of photogenic
electrons, even Pt NPs were introduced onto the CdS@CDs surface.

Fig. 2. (a) The normalized Pt-edge XANES spectra of different samples and references. (b) Fourier transform magnitudes of the experimental Pt L3-edge EXAFS
spectra of Pt foil, PtO2, and CdS@CDs/Pt-SAs. (c) Fourier-transformed magnitudes of Pt L3-edge EXAFS spectra in R space for CdS@CDs/Pt-SAs. (d) The XPS spectra
of S 2p for CdS@CDs and CdS@CDs/Pt-SAs. (e) Time-resolved transient PL decay spectra and (f) PL spectra of CdS@CDs, CdS@CDs/Pt-NPs and CdS@CDs/Pt-SAs.

Fig. 3. Partial density of states (PDOS, d band) and optimized structure of CdS/Pt-SAs {220} and CdS {220}. (a) d-PDOS of CdS/Pt-SAs {220} and CdS {220}, (b)
optimized CdS/Pt-SAs {220}, and (c) CdS {220} structure (Top and side view).
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However, when single-atom Pt introduced as cocatalysts, the
CdS@CDs/Pt-SAs shows a significant enhancement towards H2 gen-
eration with a rate of 45.5 mmol h−1 g−1 under simulated sunlight ir-
radiation, which is as nearly 133 folds as that of CdS@CDs. And it also
displays much higher performance than CdS@CDs/Pt-NPs, CdS/Pt-NPs
and CdS. Moreover, the stable H2 evolution rate of CdS@CDs/Pt-SAs
reflects the stability of single-atom Pt in the CdS@CDs. Compared to the
reported noble-metal photocataysts (Table S3), the CdS@CDs/Pt-SAs
exhibited the highest activity. Fig. 4b exhibits different activities with
the Pt loadings varied from 0.77 wt% to 1.54 wt% associated with an
average H2 generation rate ranging from 6.12 to 1.45mmol h−1 g−1. It
is noted that if the Pt loading is 0.77 wt%, the hydrogen evolution rate
(6.12 mmol h−1 g−1) has an obvious drop compared to that loading
1.15 wt% Pt, which could be attributed to the decreased Pt atoms
density with low quantity of active sites. While further increased Pt
loading to1.54 wt% resulted in the formation of Pt NPs (Fig. S7a), the
activity of which was also decreased. The results indicated that a cer-
tain single atom density is essential to reach optimal catalytic activity.
When the single CdS nanosheets synthesized without CDs loaded
1.15 wt% Pt species, Pt nanoparticles are formed on the surfaces of CdS
(Fig. S7b), proving that reduction effectiveness of CDs on the achieve-
ment of Pt single atoms. Furthermore, the CdS@CDs/Pt-SAs can be
experienced 20 h without losing activity (Fig. 4c). The analyses of XPS,
HAADF-STEM image, and EDS mapping of CdS@CDs/Pt-SAs after the
tests (Fig. S8 and Fig. S9) show that no significant changes occur,
showing its good stability. More importantly, Pt single atoms have the
most significant impact in improving charge separation over CdS na-
nosheets, accelerating the electron transfer to avoid recombination of
photo-induced electron-hole pairs, and simultaneously accept electrons
as active sites for the reduction of water under light irradiation
(Fig. 4d).

4. Conclusion

In summary, we have developed a simple and reproducible route to
synthesize highly efficient solar-driven CdS@CDs/Pt-SAs nanophoto-
catalysts with the in-situ reduction of metal precursor by CDs. The
HAADF-STEM and the Pt-edge XANES spectra of catalyst confirmed the
dominant presence of isolated Pt atoms without Pt nanoparticles for-
mation. It was very interesting that the as-achieved CdS@CDs/Pt-SAs
(1.15 wt% Pt loading) catalyst has remarkably higher catalytic activity

than CdS@CDs/Pt-NPs and bare CdS in the solar-driven hydrogen
production. It shows a H2 generation rate of 45.5 mmol h−1 g−1, which
is as nearly 133 folds as that of CdS@CDs. The formed Pt-S bond makes
Pt single-atoms very stable, rendering it to be reused for 20 h without
losing activity. The present work opens a new way to prepare many
types of metal single atoms assisted photocalysts, electrocatalysts and
other catalysts to drive various organic synthesis with enhanced per-
formance.
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