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ABSTRACT Single-atom catalysts have high catalytic activity due to their
unique quantum size effects and optimal atom utilization. Herein, visible-
light-responsive photocatalysts were designed by coupling CdS with gra-

phene quantum dots (GQDs) and platinum single atoms (PtSAs). GQDs and B 4
PtSAs were successively loaded on ultrathin CdS nanosheets through /
freeze-drying and in-situ photocatalytic reduction. The synergistic effect be- Cds ——
tween PtSAs and GQDs results in superior photocatalytic activity with a hy-

drogen production rate of 13488 ymol h': g as well as the maximum appar- o I\

ent quantum efficiency (AQE) of 35.5% in lactic acid aqueous solution, CaSIGQDYPISA (.),:u":ﬂ::l:

which is 62 times higher than that of pristine CdS (213 ymol g* h'%). The

energy conversion efficiency is ca. 13.05%. As a photosensitizer and an electron reservoir, GQDs can not only extend the light response of CdS
to the visible-light region (400-800 nm), but also promotes the separation of photoinduced electron-hole pairs. Meanwhile, PtSAs, with unique
electronic and geometric features, can provide more efficient proton reduction sites. This finding provides an effective strategy to remarkably

improve photocatalytic H, production performance.
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n INTRODUCTION

Given the shortage of fossil fuels and environmental pollution, the
exploration of renewable energy becomes necessary.l'9l It is a
sustainable approach to converting solar energy into hydrogen
fuel. As a promising H, generation photocatalyst, CdS has the ad-
vantages of a relatively narrow bandgap, appropriate conduction
and valence band positions, and high visible-light absorption effi-
ciency.[° Nevertheless, the Hp-production rate is still limited by
the rapid recombination of electron-hole pairs caused by the lack
of surface-active sites and the long electron migration dis-
tance.’%1 To enhance hydrogen evolution performance, noble
metals such as platinum, palladium, and gold are usually used as
cocatalysts to promote charge separation.[*28 Most noble metals
exist in the form of nanoparticles, which have low atom utiliza-
tion.[%291 While downsizing particles into single atoms is effective
to maximize their atomic utilization and provide more active sites.
Thus, numerous attempts have been made to stabilize high-den-
sity noble metal atoms on the photocatalyst for H, production.?+-2

As a most effective cocatalyst for hydrogen evolution, the dis-
persed platinum single atoms (PtSAs) greatly improve the utiliza-
tion rate of noble metal materials. Thus, their photocatalytic effi-
ciency is much higher than that of precious metal particles due to
their maximum atomic efficiency as well as the admirable Gibbs
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free energy proton adsorption.[?528 Besides, the low coordination
environment of metal centers, electron confinement/quantum size
effects and enhanced metal-carrier interaction also contribute to
the enhanced catalytic performance of Pt single atoms.?? Generally,
single-atom catalysts (SACs) with high surface free energy usu-
ally cannot exist alone, and need to be stabilized by suitable sup-
port. Metal oxides such as TiO2,2%%2 FeQ,,*! and CeO,,[3*%!
have been reported as supports to disperse metal atoms. SACs
can also be anchored on two-dimensional materials including
MoS,%6:371 g-C3N4B82% and carbon materials.[0-45]

Carbon materials with high surface area, outstanding water solu-
bility, excellent electrical conductivity and high chemical stability
have proved to be the ideal supporting materials to enhance the
metal-support interactions.®! As a new type of carbon material,
graphene quantum dots (GQDs) with a size less than 10 nm have
attracted extensive attention in the field of photocatalysis.*” Bene-
fiting from their electronic and chemical features, they can not only
serve as effective cocatalysts, but also provide anchoring sites for
PtSAs to further improve photocatalytic performance.®!

Herein, we firstly prepared hierarchical CdS nanosheets by a
facile one-step microwave hydrothermal method. Especially, the
ultrathin CdS nanosheets with thickness of 4 nm can greatly
shorten the charge transfer distance, which is beneficial for im-
proving the separation of photogenerated carriers and optical
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absorption. To further realize the uniform dispersion of GQDs on
CdS nanosheets, freeze drying was adopted to maintain the origi-
nal physical structure of the sample while avoiding the agglomera-
tion of GQDs. Afterwards, single platinum atoms were deposited
on CdS/GQDs nanocomposites by in-situ photocatalytic reduction
at low temperatures. Compared with other synthetic strategies,
this method can inhibit the migration of PtSAs precursor during
the reduction reaction and effectively avoid the nucleation and
growth of PtSAs. Hence, CdS/GQDs/PtSAs hybrid with abundant
surface-active sites was constructed. It demonstrated superior
charge transfer and separation ability, which improved solar en-
ergy utilization and charge separation rates. CdS/GQDs/PtSAs
hybrid exhibited the highest hydrogen evolution activity with a rate
of 13488 umol h* g, 62 times higher than that of pristine CdS.
This strategy is testified to significantly improve the photocatalytic
performance of CdS derived from the synergistic catalytic effect
of GQDs and PtSAs.

n RESULTS AND DISCUSSION

Structure and Morphology of Materials. The X-ray diffraction
(XRD) patterns are shown in Figure la. The diffraction peaks of
all samples can be easily indexed to the hexagonal CdS (JCPDS
No. 41-1049). The peaks at 26 values of 24.8, 26.5, 28.2, 36.6,
43.7,47.8, and 51.8 can be ascribed to (100), (002), (101), (102),
(110), (103) and (112) crystal planes of hexagonal CdS, respec-
tively. The ultrathin nanosheet structure of CdS results in broad-
ened peaks. The XRD peak positions of the composite samples
did not change significantly compared with the pristine CdS, and
the XRD peaks of GQDs and PtSAs were not observed due to
their relatively low content. The concentration of Pt element was
measured to be 0.86% by inductively coupled plasma-optical
emission spectrometry (ICP-OES). The structures of PtSAs and
GQDs will be determined by further investigations.

Fourier transform infrared (FTIR) spectroscopy was performed
to analyze the functional groups present in GQDs as well as
CdS/GQDs nanocomposite. As displayed in Figure 1b, GQDs ex-
hibit specific absorption bands around 3364, 2950 and 1724 cm,
which can be respectively attributed to the stretching vibration of
O-H, C-H, and C=0. The peaks located at 1120 and 990 cm™* are
related to the C-O bonds and epoxy groups.[*>*% The high inten-
sity of the aforementioned peaks indicates that GQDs have simi-
lar structures to graphene oxide (GO) that have many oxygen-rich
functional groups.®Y Due to the presence of chemical groups
such as -OH, C=0 and epoxy groups, GQDs have good solubility
in water and most polar organic solvents. After loading GQDs on
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Figure 1. (a) XRD patterns of the CdS, CdS/GQDs, CdS/PtSAs and
CdS/GQDs/PtSAs samples; (b) FTIR spectra of GQDs and CdS/GQDs.
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CdS, the composite demonstrates a similar spectrum to GQDs
but with lower absorption intensity. The FTIR results suggest that
GQDs have been successfully introduced facilitated by their small
size.

The overall synthetic procedure for the CdS/GQDs/PtSAs com-
posites is presented in Figure 2a. The surface morphologies of
samples were explored via field emission scanning electron mi-
croscopy (FESEM). Pristine CdS (Figure 2b) has a unique hierar-
chical flower structure composed of ultrathin nanosheets. Accord-
ingly, such structure benefits light harvesting due to possible mul-
tiple scattering in the interlayer between the CdS nanosheets. In
addition, their multiple exposed surfaces provide more active sites
for hydrogen production (Figure Sla). After the decoration of
GQDs and PtSAs, the inherent morphology of CdS remains al-
most the same, indicating that the nanostructures of CdS were
not damaged (Figure S1b). The transmission electron micro-
scopic (TEM) image in Figure 2c exhibits the uniform distribution
of nanometer-sized GQDs on the surface of CdS nanosheets. The
high-resolution TEM (HRTEM) image in Figure 2d confirms the
crystallinity of CdS nanosheets. The lattice fringes of CdS nano-
sheets with a d spacing of approximately 0.31 and 0.33 nm can
be assigned to the (0 0 2) and (1 0 1) crystal planes of CdS, which
correlates well with the XRD data in Figure 1a. It can be seen that
Figure Slc displays lattice fringes with a spacing of 0.21 nm, cor-
responding to the (1100) crystal plane of graphene.l*”! Further-
more, the microstructure and composition of materials at the
atomic scale can be observed from HAADF-STEM (Figure 2e and
2f) images with single-atom resolution. Specifically, the bright
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Figure 2. (a) Synthesis of CdS/GQDs/PtSAs nanocomposites; (b) FESEM
image of CdS nanosheets with flower-like spherical structure; (c) TEM im-
age and (d) HRTEM image, (e-f) HAADF-STEM images, and (g) EDS el-
emental mapping of CdS/GQDs/PtSAs.
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Figure 3. (a) XANES spectra of the CdS/GQDs/PtSAs, Pt foil, and PtO2
at Pt Ls-edge. (b) k3-weight EXAFS spectra of the CdS/GQDs/PtSAs, Pt
foil, and PtO2.

spots are assigned to PtSAs which are uniformly anchored on the
whole surface of CdS/GQDs nanosheets with little aggregation.
Besides, the EDS spectrum (Figure S2) and elemental mapping
for CdS/GQDs/PtSAs reveal the spatial distributions of Cd, S, C
and Pt. The elemental mapping also reflects that PtSAs are
evenly distributed in the samples (Figure 2g).

To further confirm the local structure of single-atom Pt in
CdS/GQDs/PtSAs, the X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)
were performed to investigate the electronic structure and coordi-
nation environment. Figure 3a shows the Pt Ls-edge XANES
spectra of CdS/GQDs/PtSAs, Pt foil and PtO,. The absorption
edge of CdS/GQDs/PtSAs is higher than that of Pt foil, demon-
strating that Pt is partially oxidized in CdS/GQDs/PtSAs. As fur-
ther revealed by the k3-weighted EXAFS (Figure 3b), no obvious
Pt-Pt coordination peak at 2.6 A was observed in CdS/GQDs/
PtSAs, confirming the presence of PtSAs. Its single-atom dis-
tribution accords with the HAADF-STEM image. In addition, a
dominant peak centered at around 1.9 A is observed in
CdS/GQDs/PtSAs, which can be assigned to the Pt-C bonding
according to previous reports.[5354 These results indicate that Pt
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Figure 4. (a) and (b) AFM images of CdS; (c) N2 adsorption-desorption
isotherms and corresponding pore size distribution curves (inset) of CdS,
CdS/GQDs, CdS/PtSAs and CdS/GQDs/PtSAs samples; (d) UV/Vis dif-
fuse reflectance spectra of samples.
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Table 1. Pore Characteristics for CdS, CdS/GQDs, CdS/PtSAs and
CdS/GQDs/PtSAs Samples

Sample Sger (M?/g) Vp (cm3/g) dp (nm)
Cds 85 0.28 13.4
CdS/GQDs 83 0.21 11.6
CdS/PtSAs 79 0.20 10.1
CdS/GQDs/PtSAs 72 0.19 9.8

© 2022 fjirsm, CAS, Fuzhou

atoms can be stabilized and integrated into a suitable supporting
medium such as GQDs.

The thickness of the obtained ultrathin CdS nanosheets is
about 4 nm according to AFM images (Figure 4a-b). The BET spe-
cific surface area (Sget) and corresponding pore size distribution
of samples were investigated using N, adsorption-desorption iso-
therms (Figure 4c). All samples exhibit typical type-1V isotherms,
which indicates the presence of mesopores within CdS petals.
The shape of the peculiar hysteresis loops originates from the
overlap of the type H2 and H3 hysteresis loops. The hysteresis
loops of H2 at the relative pressure (p/po) range of 0.5-0.9 imply
the formation of a network of interconnected pores produced by
the originally produced CdS nanoparticles within the nanosheets.
At the same time, the type H3 hysteresis loops at a higher relative
pressure (p/po) ranging from 0.9 to 1.0 indicate the presence of
slit-shaped macropores, which is consistent with the FESEM im-
age of the CdS (Figure 2b). In the corresponding pore size distri-
bution curves (Figure 4c inset), all the samples possess two
peaks centered at 2.5 and 80 nm, confirming the coexistence of
mesopores formed by the aggregation of primary CdS particles
and macropores formed by the self-assembly of CdS nano-
sheets. 5556

Table 1 lists the Brunauer-Emmett-Teller specific surface area
(SeeT), pore volume (Vp) and average pore diameter (d,) of all the
samples. The introduction of GQDs and PtSAs on the surface of
CdS nanosheets has a negligible effect on its pore size distribu-
tion curve and N, adsorption-desorption isotherm. The Sger of
CdS, CdS/GQDs, CdS/PtSAs and CdS/GQDs/PtSAs gradually
decreases from 85 to 83, 79 and 72 m? g*. This is because GQDs
and PtSAs partially block some mesopores on the CdS nanosheet
surface.

The optical absorption features and light-harvesting ability of
the CdS, CdS/GQDs, CdS/PtSAs, and CdS/GQDs/PtSAs sam-
ples were characterized by the UV/Vis diffuse reflectance spectra
(DRS). As shown in Figure 4d, the substantial enhancement of
absorption at a wavelength around 500 nm correlates with the in-
trinsic bandgap absorption of CdS. And the bandgap of CdS is
estimated to be about 2.4 eV. After loading GQDs and PtSAs, the
absorption edge exhibits a slight redshift. Also, enhanced light ab-
sorbance is observed for the CdS/GQDs, CdS/PtSAs, and
CdS/GQDs/PtSAs samples in the visible-light range (400-800 nm),
which is consistent with the color change of the samples from light
yellow to viridescent. In short, the synergy of GQDs and PtSAs
can ameliorate the optical properties of CdS nanosheets.[57:51

Photocatalytic Activity Measurement. The photocatalytic hy-
drogen evolution activity of the prepared samples was evaluated
under visible light illumination (= 420 nm) with lactic acid as the
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Figure 5. (a) Comparison of the Hz generation rate of samples CdS and
CdS/GQDs (CGx, x stands for the mass percentage of GQDs); (b) The Hz
evolution rate of composite samples; (c) 12 h recycle photocatalytic Hz2
production performance of CdS/GQDs/PtSAs.

sacrificial agent. As shown in Figure 5a, the pure CdS exhibits a
relatively low hydrogen evolution rate of 213 ymol h g%, which
can be attributed to the facile recombination of photogenerated
carriers. The loading amount of GQDs has a significant influence
on the photocatalytic hydrogen evolution performance of CdS. Af-
ter adding 1 wt% GQDs to CdS, the composite photocatalyst ex-
hibits the highest H, rate of 513 umol h* g?. The growth de-
creases dramatically after adding GQDs up to 5 wt%, which can
be attributed to the influence of opacity and light scattering, pre-
venting effective absorption of light and reducing active sites.
With the introduction of 1 wt% GQDs and 1 wt% Pt, the H; evo-
lution rate of composite samples shows an upward trend in com-
parison with the pure CdS. Figure 5b displays that CdS or
CdS/GQDs loaded with PtSAs has better hydrogen production ac-
tivity than Pt particles (PtNPs). This result is attributed to the
higher utilization rate of isolated platinum atoms than platinum
particles. The closer contact and good incorporation among
PtSAs, GQDs and CdS is conducive to accelerating the transfer
of carriers. When PtSAs and GQDs coexist on the CdS surface
for the CdS/GQDs/PtSAs sample, it shows the highest hydrogen
evolution activity with a rate of 13488 pmol h' g* as well as the
maximum apparent quantum efficiency (AQE) of 35.5%. The en-
ergy conversion efficiency is estimated to be ca. 13.05%. As
shown in Table S1, CdS/GQDs/PtSAs, in this work, outperforms
most of the CdS-based photocatalysts reported previously. The
evolution of dense hydrogen bubbles is apparent over the com-
posite sample, whereas this phenomenon is hardly observed over
the undecorated CdS (Supplementary video). The enhanced pho-
tocatalytic performance can be ascribed to the following reasons:
1) GQDs and PtSAs can accelerate the separation and transfer
of charges on CdS nanosheets in order to retard the recombina-
tion of photogenerated electron-hole pairs. 2) The light absorption
of CdS/GQDs/PtSAs sample was enhanced in the visible-light re-
gions, and the effective light harvesting assisted in photocatalytic
hydrogen production. 3) The existence of the "heating effect"
caused by GQDs and PtSAs promotes the interaction of photon
energy with the lattice, the lattice vibration intensifies and the tem-
perature rises, which contributes to the reduction reaction of pho-
tocatalytic hydrogen production. It is reasonable that the syner-
getic effects of PtSAs and GQDs play a vital part in facilitating
photocatalytic reactions of the CdS. Figure 5c displays recyclability
of photocatalytic H, production over CdS and CdS/GQDs/PtSAs
samples under visible-light irradiation. After four recycles, the
CdS/GQDs/PtSAs sample exhibits favorable stability after 12 h
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visible light irradiation. It can be seen from Figure S3 that the XRD
pattern of CdS/GQDs/PtSAs does not change significantly after
the cyclic stability test. Moreover, the stable H; evolution rate of
CdS/GQDs/PtSAs confirms the stability of PtSAs and GQDs in
the CdS sample.

Photocatalytic Mechanism of CdS/GQDs/PtSAs. To investi-
gate the surface chemical composition and chemical status of all
the studied samples, XPS measurements were carried out./5%%
The survey spectrum of CdS/GQDs/PtSAs sample reveals the ex-
istence of Cd, S, C and Pt elements (Figure 6a). The high-resolu-
tion spectrum of C 1s (Figure S4) is deconvoluted into four peaks
at 284.6, 286.8, 288.5 and 290.3 eV for the CdS/GQDs sample,
corresponding to sp? graphite carbon (C=C), epoxy/hydroxyls (C—
0), carbonyls (C=0) and carboxyl (COOH), respectively. The as-
prepared GQDs are rich in oxygen-containing functional groups,
consistent with the FTIR spectrum. In Figure 6b, Cd 3d XPS spec-
trum from CdS reveals two obvious peaks located at 404.8 and
411.5 eV, which can be respectively ascribed to the binding ener-
gies of Cd 3ds;, and Cd 3dz, of Cd?*. Besides, the peaks of S 2pa,
and S 2py2 in the S 2p spectrum (Figure 6c) are located at 160.8
and 162.0 eV, respectively. For CdS/GQDs/PtSAs, Pt is present,
confirming the successful incorporation of Ptinto CdS/GQDs. The
Pt 4f spectrum of CdS/GQDs/PtSAs displays two main peaks lo-
cated at 72.6 and 75.9 eV, which are assigned to Pt 4f7, and Pt
4fsp,, respectively (Figure 6d). Notably, both Cd 3d and S 2p peak
positions exhibit a gradual positive shift from pure CdS to
CdS/GQDs, demonstrating the transfer of free electrons from CdS
to GQDs after combination. After the deposition of PtSAs on
CdS/GQDs, the peaks of Cd 3d and S 2p further shift positively,
indicating that free electrons are further transferred to PtSAs.
When exposed to light, the binding energies of both Cd 3d and S
2p for CdS/GQDs/PtSAs are increased by 0.2 eV in comparison
with those in dark, indicating that the transfer direction of the pho-
toexcited electrons is preserved while the transfer degree rein-
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Figure 6. (a) XPS survey spectra, high-resolution X-ray photoelectron
spectra of (b) Cd 3d regions, (c) S 2p regions, and (d) Pt 4f regions in the
CdS, CdS/GQDs, CdS/PtSAs and CdS/GQDs/PtSAs samples.
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Figure 7. (a) PL spectra of the CdS, CdS/GQDs, CdS/PtSAs and
CdS/GQDs/PtSAs samples; (b) Time-resolved transient PL spectra; (c)
Transient photocurrent response; (d) Electrochemical impedance spectra.

forces. On the contrary, the binding energies of Pt 4f in CdS/
GQDs/PtSAs (72.5, 75.8 eV) are smaller than those in dark (72.6,
75.9 eV), indicating that more oxidized state Pt existed in the
CdS/GQDs/PtSAs. The negative shift of corresponding Pt 4f
peaks further manifests that PtSAs are electron acceptors in the
composite.

Steady-state photoluminescence (PL) and time-resolved fluore-
scence (TRPL) spectroscopy were used for exploring the separa-
tion and transfer efficiency of photogenerated electron-hole pairs.
Figure 7a shows the steady-state photoluminescence (PL) spectra
of as-obtained samples. The PL intensity of CdS/GQDs/PtSAs is
considerably lower in comparison to pristine CdS under 400 nm
light excitation, which can be attributed to effective electron transfer
through CdS to GQDs and PtSAs. Furthermore, TRPL spectra re-
vealed the lifetime of photogenerated charge carriers (Figure 7b). A
double-exponential model function fitting was adopted to analyze
the photoluminescence decay curves. As Table 2 summarizes, the
fitting result illustrates that the average lifetime of CdS/GQDs/PtSAs
exhibits faster decay than that of CdS, confirming that PtSAs and
GQDs have better electron trapping ability. Compared with
CdS/GQDs and CdS/PtSAs samples, CdS/GQDs/PtSAs samples
have the lowest PL strength and decay life. In other words, the com-
posite possesses a lower recombination rate, better electron-hole
separation ability, and long-survived photogenerated electrons. 662

To further investigate the photocatalytic mechanism, a series of
photoelectrochemical measurements were acquired in a typical
three-electrode system. Photocurrents can reflect the generation
and separation of electron-hole pairs and their transfer efficiency on
the semiconductor surface.[f364 The transient photocurrent re-
sponses of CdS, CdS/GQDs, CdS/PtSAs, and CdS/GQDs/PtSAs
with on-off cycles of 400 nm LED-light irradiation are shown in Fig-
ure 7c. The pristine CdS exhibits a relatively low photocurrent res-
ponse due to the fast electron-hole recombination. The enhanced
photocurrent responses of CdS/GQDs and CdS/PtSAs indicate that
either GQDs or PtSAs facilitate electron extraction, which is bene-
ficial for improving the separation and transfer efficiency of the pho-
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Table 2. Double Exponential Fitting Results of the Average Lifetimes

1 A1 2 Az Average
Sample I

ns) (%) (ns) (%) lifetime (ns)
Cds 250 79.80 15.66 20.18 10.57
CdS/GQDs 2.38 8240 14.41 17.60 9.16
CdS/PtSAs 213 92.26 1259 7.74 559
CdS/GQDs/PtSAs 185 9340 940 6.60 3.85

© 2022 fjirsm, CAS, Fuzhou

toinduced carriers. The CdS/GQDs/PtSAs sample exhibits the high-
est photocurrent density, implying that the synergy between GQDs
and PtSAs further improves charge separation.

As shown in Figure 7d, the charge transfer resistance of sam-
ples was further investigated by electrochemical impedance spec-
tra (EIS). Generally, a smaller arc radius of the EIS spectrum re-
flects smaller charge transfer resistance, implying that the photo-
catalyst can accelerate the photo-generated charge separation
more effectively. Apparently, CdS/GQDs/PtSAs shows the lowest
charge transfer resistance while the pristine CdS shows the high-
est. The trend of impedance is consistent with that of photocurrent
intensity. Furthermore, Mott-Schottky experiment was performed
to estimate the flat-band potential of CdS. As shown in Figure S5,
all the Mott-Schottky curves have positive slopes, suggesting that
CdS is an n-type semiconductor. The flat-band potential of CdS
calculated from the intercept of the linear graph with the horizontal
axis is -0.45 V versus the normal hydrogen electrode (NHE). The
flat band potential is very approaching to conduction band (CB)
position. Due to the negative flat band potential of CdS, the photo-
generated electrons have sufficient reduction capacity.

To further investigate the interfacial charge transfer in
CdS/GQDs/PtSAs nanocomposite samples, the contact potential
difference (CPD) of CdS, GQDs and PtSAs samples was tested
by Kelvin probe. The work function values of Pt, GQDs, CdS,
CdS/GQDs and CdS/GQDs/PtSAs samples derived from CPD
(Figure 8a) are 4.90, 4.75, 3.78, 3.90, 4.10, respectively (Figure
8b). Accordingly, the Fermi level (Es) values of Pt, GQDs, CdS,
CdS/GQDs and CdS/GQDs/PtSAs samples were calculated to
be -4.90, -4.75, -3.78, -3.90 and -4.10 eV, respectively. The differ-
ence in Fermi levels results in interfacial charge transfer between
CdS, GQDs and PtSAs.[%% Since CdS has a higher E;, the charge
will transfer from CdS to GQDs until the contact interface reaches
the Fermi level equilibrium. When PtSAs are deposited on
CdS/GQDs composite, the electrons may migrate from GQDs to
PtSAs driven by the most negative E: of Pt. This is attributed to
the fact that Pt has the lowest Er and the largest work function,
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Figure 8. (a) CPDs of Pt, GQDs, CdS, CdS/GQDs and CdS/GQDs/PtSAs
samples and (b) work functions of the above samples.
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Figure 9. Energy level diagram and schematic of photogenerated carriers
transfer pathway in CdS/GQDs/PtSAs composites.

which makes it easier to capture photoexcited electrons. There-
fore, the photogenerated electrons migration pathway is evi-
denced from CdS nanosheets through GQDs to PtSAs.

Based on the experimental results, the possible photocatalytic
mechanism for photocatalytic H, generation on CdS/GQDs/PtSAs
composites is proposed in Figure 9. The energy band structure
can be determined since the conduction band (CB) levels, the val-
ues of Eg and Fermi levels are obtained. Before contact, the Fermi
level of GQDs is lower than that of CdS. A Schottky barrier is
formed at the interface between GQDs and CdS. Upon visible
light irradiation, the electrons in CdS are excited from the valence
band (VB) to CB, and then cross the Schottky barrier to arrive at
GQDs, whereas the holes remain in the VB of CdS. After PtSAs
are anchored on the surface of the CdS/GQDs composite, photo-
generated electrons will transfer from GQDs to PtSAs and com-
bine with the protons to form hydrogen atoms. The effective elec-
tron transfer pathway is highly consistent with the XPS results.
GQDs possess excellent electrical conductivity and reservoir

properties, forming close contact with PtSAs and CdS nanosheets.

It can be inferred that GQDs act as an effective mediator of elec-
tron transfer, and PtSAs serve as electron acceptors. The syner-
getic effects of PtSAs and GQDs play a vital role in upgrading the
photocatalytic H, production performance of the CdS nanosheets
due to the effective electron transfer pathway among CdS, GQDs
and PtSAs.

n CONCLUSION

In summary, hierarchically nanostructured CdS/GQDs/PtSAs
composite photocatalysts were successfully prepared through a
simple microwave-hydrothermal method followed by lyophilization
and in-situ photocatalytic reduction method. The resultant
CdS/GQDs/PtSAs photocatalyst exhibited enhanced and durable
visible-light photocatalytic H, production performance (13488
umol ht g %) than the pure CdS, CdS/GQDs, and CdS/PtSAs sam-
ples. The CdS/GQDs/PtSAs photocatalyst also achieved appar-
ent quantum efficiency of 35% at 420 nm and an energy conver-
sion efficiency of 13.05%. The outstanding photocatalytic activity
is mainly ascribed to the effective electron transfer among CdS,
GQDs and PtSAs, as well as the collaboration of enhanced visible
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light absorption intensity and plentiful proton reduction sites con-
tributed by GQDs and PtSAs. This study aims at providing new
insights into the design and fabrication of single-atom photocata-
lysts for increasing photocatalytic activity.

n EXPERIMENTAL

Materials. Analytical reagent (AR)-grade chemicals were pro-
cured and used without further purification. Citric acid (CA), cad-
mium chloride hemi(pentahydrate) (CdCl,-2.5H,0), S powder,
ethanol and sodium hydroxide (NaOH) were obtained from Si-
nopharm Chemical Reagent Co., Ltd. (Shanghai, China). Diethy-
lenetriamine (DETA) and H,PtCls:6H,O were purchased from
Macklin. Deionized water was used in all experiments.

Synthesis of GQDs. GQDs were prepared by pyrolyzing CA as
previously reported.5Y Typically, 2 g of CA was put into a 20 mL
round-bottomed flask and heated to 200 °C. After 20 mins, the
white solid was liquated and changed to orange. The obtained or-
ange products were dispersed in 20 mL of 50 mg mL™? NaOH so-
lution to obtain a neutral solution which was then transferred into
a 50 mL Teflon-lined autoclave and heated at 180 °C for 12 h.
After hydrothermal reaction, the reactor was naturally cooled.
Then the aqueous solution of GQDs was obtained.

Synthesis of CdS. Hierarchically CdS nanosheets used herein
were prepared by a facile one-step microwave-assisted solvother-
mal method.l®® Firstly, 1 mmol of CdCl,-2.5H,0 was suspended
in 25 mL of DETA and ultrasonicated for 15 mins. Then, 0.110 g
of S powder was added to the above solution. After another ultra-
sonication treatment of 20 mins, the mixture was transferred into
a 50 mL Teflon-lined autoclave, which was placed in a microwave-
hydrothermal synthesis system (MDS-6, Sineo, China), and
heated at 80 °C for 1 h. After cooling to room temperature, the
resultant yellow precipitate was centrifuged with ethanol and de-
ionized water for several times, and then dried in a vacuum drying
oven at 60 °C for 12 h.

Synthesis of CdS/GQDs. GQDs decorated CdS nanosheets
were prepared by a simple lyophilization method. Typically, 100
mg of CdS nanosheets was dispersed into 20 mL of 20 mg mL™*
GQDs aqueous solution and stirred for 4 hours to maintain uni-
form dispersion. Then, the well-mixed solution was frozen with lig-
uid nitrogen, followed by a freeze-drying process for 24 h. Then
CdS/GQDs nanocomposites were obtained after a freeze-drying
process. Besides, a series of CdS/GQDs nanocomposites with
different weight ratios of GQDs were referred to as CGx, where x
represents the theoretical weight ratios of GQDs (x = 0.5, 1, 2, 3,
and 5 wt%).

Synthesis of CdS/GQDs/PtSAs Nanosheets. CdS/GQDs/PtSAs
nanocomposites were synthesized by a photochemical reduction
method. Typically, 20 mg of CdS/GQDs nanocomposites were
dispersed into 10 mL 1 wt% H,PtCls aqueous solution with con-
tinuous stirring for 12 h. Then, the mixture was rapidly frozen by
liquid nitrogen and irradiated under a 350 W Xenon arc lamp. After
5 min irradiation, the ice layer was close to melting. After centrifu-
gation, CdS/GQDs/PtSAs samples were rinsed with deionized
water and ethanol for several times and dried in a vacuum drying
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oven at 60 °C for more than 12 hours. In contrast, the platinum
particles were loaded by the commonly-used photoreduction
method, in which a certain amount of chloro-platinic acid was
added to the reaction system and illuminated for 30 min.
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