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ABSTRACT Photoabsorption charge separation/transfer and surface reaction are the three main
factors influencing the efficiency of photocatalysis. Band structure engineering has been extensively
applied to improve the light absorption of photocatalysts, however, most of the developed photo-
catalysts still suffer from low photocatalytic performance due to the limited active site(s) and fast
recombination of photogenerated charge carriers. In this work, atomically dispersed main group
magnesium (Mg) is introduced onto CdS monodispersed nanospheres, which greatly enhances the
photocatalytic hydrogen evolution reaction. The photocatalytic hydrogen evolution reaction rate
reaches 30.6 MMOl-Qeaayst>-h?, which is about 11.8 and 2.5 times that of pure CdS and Pt (2
wt.%)-CdS. The atomically dispersed Mg on CdS acts as an electron sink to trap photogenerated
electrons, and at the same time, greatly reduces the Gibbs free energy of hydrogen evolution reaction

(HER) and accelerates HER.
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n INTRODUNTION

In the long progress of seeking renewable energy to tackle en-
ergy crisis and alleviate environmental deterioration, hydrogen
shows great potential to replace traditional fossil fuels.l*-5! Pho-
tocatalysis provides a green approach to generate renewable
hydrogen or hydrogen Peroxide.®”] However, practical applica-
tion of photocatalytic hydrogen production is challenging be-
cause of the low energy conversion efficiency.®-% Three main
factors including photoabsorption, charge carrier separation and
surface catalysis determine the overall energy efficiency of a
photocatalytic process. While the band structure of photocata-
lysts has been extensively engineered to enhance light absorp-
tion, the fast recombination of photogenerated electrons and
holes as well as the lack of effective active site(s) still limit the
photocatalytic performance.*4

Generally, reactive active sites played an important role in
photocatalytic process via activating the target compound with
lower energy demands.*?l Coupling co-catalysts to expose more
active sites onto light absorbing semiconductors delivers im-
pressive performance in photocatalysis.*>-'71 Over the past few
years, various noble metal, transition metal sulfide, phosphide
and carbide co-catalysts have been studied to enhance photo-
catalytic hydrogen evolution reaction.'8-21 Different from con-
ventional co-catalysts of clusters or nanoparticles, isolated atoms
exhibit unique characteristics of well-controlled coordination
environment, accelerated charge transfer and close to 100%
atom utilization efficiency in catalysis.??-28

In this work, we develop atomically dispersed main group Mg
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atom decorated CdS photocatalysts by a simple hydrothermal
method (Figure 1a). The single Mg atoms on CdS not only act as
an electron sink to trap photogenerated electrons, enhancing
charge separation, but also greatly reduce the Gibbs free energy
of HER, which together accelerate catalytic dynamics and boost
the efficiency of photocatalytic hydrogen evolution reaction.

n RESULTS AND DISCUSSION

Morphology and Phase Structure. CdS based photocatalysts
were synthesized by a hydrothermal reaction (Figure 1a). The
morphologies of the as-prepared CdS and single Mg atom dec-
orated CdS (MgxCdi1xS) photocatalysts were examined in detail.
Transmission electron microscope (TEM) images of Mgo.02Cdo.9sS
(Figure 1b—c and Supplementary Figure 1) exhibit monodispersed
nanospheres with a mean diameter of 450 nm. Compared to
pure CdS, the morphology of Mgo.02Cdo.0sS is well maintained
after the introduction of Mg. High-resolution TEM (HR-TEM)
images in Figure 1c and d show well-organized lattice with an
interplanar spacing of 0.32 nm, which can be assigned to the
(101) facets of wurtzite CdS.?®! Magnesium was uniformly dis-
tributed in the matrix of CdS (Figure le), suggesting that Mg
atoms have been successfully incorporated into CdS in the
atomically dispersed states.

While extended X-ray absorption fine structure (EXAFS) is not
possible to be applied to extract the coordination environment of
Mg, DFT calculations were employed to study the structure of
Mgo.02Cdo9sS. Different configurations of Mg sites on/in CdS
were constructed (Supplementary Figure 2), including the re-
placement Mg sites (site A, B and C) and the interstitial Mg sites
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Figure 1. a) Schematic illustration showing the preparation route for
MgxCd1xS photocatalyst. b) TEM (scale bar: 500 nm), c—d) HR-TEM
(scale bar: ¢ 2 nm and d 0.5 nm), and e-h) HAADF-STEM (scale bar: 0.5
nm) image with elemental mappings.

(site D, E and F). Figure 2a compares the formation energy of
different Mg sites, suggesting that the incorporation of Mg on the
surface of CdS is most favourable. X-ray photoelectron spec-
troscopy (XPS) was adopted to investigate the valence states of
pure CdS and Mgo.02Cdo.gsS. As displayed in Figure 2b, the Mg
1s XPS spectrum can be deconvoluted into two peaks at ca.
1304.1 and 1302.9 eV. The binding energy at 1304.1 eV belongs
to Mg-0,B% while the lower binding energy at 1302.9 eV origi-
nates from Mg-S that was formed by the substitution of Cd.BY As
observed in Supplementary Figure 3a and b, characteristic peaks
at ca. 405.3 and 412.1 eV belonging to Cd 3ds;; and Cd 3ds; and
ca. 161.5 and 162.7 eV corresponding to S 2ps2 and S 2ps; can
be clearly detected in pure CdS photocatalyst.23 Both Cd 3d
and S 2p XPS spectra shift to lower binding energies after the
introduction of Mg with the formation of Mg-S—Cd bond. Fur-
thermore, X-ray diffraction (XRD) and Raman spectroscopy were
performed to study the structure of Mgo.02Cdo.9sS (Supplementary
Figure 4-5), and the results are discussed in the Supplementary
Information. To gain more information about the valence state of
the Mg atom, X-ray absorption near the edge structure (XANES)
was examined as shown in Figure 2c, from which the valence
state of Mg in Mgo.02Cdo.sS is determined to be in the range of 0
to +2. Additionally, the edge of Mg XANES spectrum is sensitive
to the coordination environment.[3*3% As compared in Figure 2c,
the XANES spectrum edge of Mgoo.CdogsS is slightly
right-shifted as compared to that of the reference Mg(OH),,
suggesting that Mg partially substitutes Cd in the as-prepared
Mgo.02Cdo.9sS as shown in Figure 2d.

Photocatalytic Performance. The photocatalytic hydrogen
evolution reaction under visible light irradiation (A 2 420 nm) over
the as-synthesized CdS photocatalysts was evaluated in
S%/S03% (as the hole scavenger) solution. As shown in Figure 3a,
pure CdS without loading of any co-catalyst exhibits very poor
photocatalytic activity with photocatalytic hydrogen evolution
reaction rate of only 2.6 mmol-h-geaaystl. Interestingly, the
photocatalytic hydrogen evolution is greatly promoted after in-
troducing Mg into CdS. The optimized photocatalytic hydrogen
evolution reaction rate for MgxCd,xS at x = 0.02 reaches 30.6
mmol-h™gearyst With quantum efficiency of 40.7% at 420 nm,
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Figure 2. a) Formation energy of Mgo.c2Cdo.0sS acquired from DFT calcu-
lation. b) XPS spectra of Mg 1s. ¢) Mg K-edge XANES spectra. Inset shows
the enlarged spectra. d) Structure model of Mgo.02Cdo.08S.

significantly outperforming the photocatalytic hydrogen evolution
reaction rate of Pt (2 wt.%)-CdS (12.1 mmol-h™geataysct). The
introduction of Mg atoms could afford more active sites and the
atomically dispersed Mg on CdS acts as an electron sink to trap
photogenerated electrons, thus promoting the greatly enhanced
photocatalytic hydrogen evolution performance. Further in-
creasing Mg content in MgxCd1xS reduces the photocatalytic
activity, possibly due to the formation of deep level recombination
centers.®l The obtained hydrogen evolution reaction results of
MgxCdi1.xS samples are compared with previously reported
CdS-based photocatalysts in Table S1. More details about the
comparative study over various CdS-based photocatalysts are
shown in Supplementary Figure 6-7. Besides activity, the
MgxCdixS photocatalysts also show excellent photocatalytic
stability. As shown in Supplementary Figure 8, nearly no deacti-
vation was observed during the five consecutive photocatalytic
cycles. Furthermore, the photocatalyst after photocatalytic hy-
drogen evolution reaction was characterized by XRD, Raman,
XPS and TEM (Supplementary Figure 9-11), showing that the
photocatalyst could well maintain its morphology and electronic
structure during photocatalytic reaction, testifying the excellent
durability. Additionally, XANES spectrum of Mgo0.Cdo.osS after
photocatalytic hydrogen evolution reaction in Figure 2c shows
increased absorption intensity as compared to the
as-synthesized Mgo.02CdoesS, indicating a decreased valence
state of Mg after photocatalytic hydrogen evolution reaction. In
photocatalytic hydrogen evolution reaction, atomically dispersed
Mg atoms may act as an electron sink to trap photogenerated
electrons, which causes a partial reduction of Mg to a lower oxi-
dation state.

To understand the significantly improved photocatalytic activity
of MgxCd1xS, the light absorption property was first studied. As
shown in Figure S12, CdS exhibits a UV-vis absorption edge at
around 550 nm, corresponding to a bandgap of 2.25 eV.F
Meanwhile, the absorption edge shows a continuous blue shift
with increasing the Mg content in MgxCdi1«xS, indicating that the
improved photocatalytic activity of MgxCd1.xS should not result
from the enhanced light absorption. The charge recombination
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Figure 3. a) Photocatalytic performance of CdS, a series of MgxCd1xS
and Pt (2 wt.%)-CdS. b—c) PL and time-resolved PL results. d) Linear
sweep voltammetry curves and the corresponding HER Tafel plots. e)
Transient photocurrent response. f) Electrochemical impedance spectra.

characteristics were evaluated by photoluminescence (PL). A
much-quenched PL emission and shorter fluorescence lifetime
were observed on Mgo02CdogsS as compared to that on CdS
(Figure 3b and c), suggesting much efficient photogenerated
charge carrier separation on Mgo.02Cdo.9sS. Additionally, the sur-
face catalytic activity of CdS and Mgo.02Cdo.0sS was compared as
shown in Figure 3d. It is clear to see that Mgo.02Cdo.9sS pos-
sesses a much higher activity in catalyzing HER, which displays

a much larger current density at the same applied potential as
compared to CdS. Both improved charge separation and en-
hanced HER catalysis ensure Mgo02CdogesS with much higher
photocurrent (Figure 3e) and reduced charge transfer resistance
(Figure 3f). Moreover, from the ultraviolet photoelectron spec-
troscopy (UPS) results and the corresponding band structures
(Supplementary Figure 13-14), the conduction band (CB) edge
of Mgo.02Cdo.0sS is closer to the Fermi level (EF) as compared to
that of pure CdS, which shall effectively promote carrier density
and electron transfer.

To gain further theoretical information on the promoting effect
of atomically dispersed Mg on the photocatalytic hydrogen evo-
lution reaction process, density functional theory (DFT) calcula-
tions were performed. Figure 4a summarizes the possible Mg
sites in Mgo.02Cdo.9sS. Based on the formation energy calculation
of different Mg sites, the atomically dispersed Mg site (site 3) in
Mgo.02Cdo.9sS is thermodynamically most favourable. As calcu-
lated, the differential charge density as displayed in Figure 4b
shows that electrons tend to transfer to Mg atoms near the sur-
face of Mgo.02Cdo.9sS, suggesting that Mg atoms can act as an
efficient electron sink to trap photogenerated electrons, matching
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Figure 4. a) Calculated differential charge density for Mgo.02Cdo.esS. b)
The calculated Gibbs free energy for hydrogen adsorption. c) Atomic
structure models showing possible Mg sites in Mgo.02Cdo.ssS.

well with the experimental observation. Furthermore, the HER
Gibbs free energy calculation as displayed in Figure 4c shows
that the hydrogen adsorption energy (DGn) significantly deceases
if Mg substitutes Cd in CdS at the surface. With Mg atoms re-
placing deeper Cd sites, the DGy increases but is still lower than
that for pure CdS, indicating the crucial role of isolated Mg atoms
as the active sites in catalyzing HER at the surface of CdS.

n CONCLUSION

In summary, a novel atomically dispersed main group Mg atom
on CdS photocatalyst has been successfully developed for pho-
tocatalytic hydrogen evolution reaction, which exhibits extraor-
dinary photocatalytic activity and stability. The atomically dis-
persed Mg on CdS not only acts as an efficient electron sink to
trap photogenerated electrons to promote charge separation, but
also effectively reduces the Gibbs free energy of HER, which
together accelerate catalytic dynamics and boost the efficiency of
photocatalytic hydrogen evolution reaction.

n METHODS

Materials Synthesis. All chemicals were of analytical grade and
used as received without further purification. MgxCd; xS photo-
catalysts (x = 0, 0.01, 0.02, 0.05 and 0.08) were synthesized by a
simple hydrothermal method. Typically, 0.005 mol of
Cd(CH3C0OO0),-2H,0 was added into 60 mL of deionized (DI)
water with CH4N.S under stirring, followed by adding a certain
amount of Mg(NOs),-6H,0. Next, the above solution was trans-
ferred into a 100 mL Teflon-lined stainless-steel autoclave and
heated at 160 °C in an electric oven for 24 h. After reaction, the
product was washed several times by DI water, harvested by
centrifugation and dried at 60 °C overnight. Pt (2 wt.%)-CdS
photocatalyst was synthesized under vacuum atmosphere using
a photodeposition method. Briefly, 10 mg of the as-prepared CdS
was put into 50 mL DI water, followed by adding sacrificial rea-
gent containing 0.35 M Na,SO3; and 0.25 M Na»S-9H,O under
stirring. Subsequently, 0.1 mL of 0.04 M H;PtCls-6H,O was
added into the above solution. Next, the solution was degassed

2201016



COMMUNICATION

S Chinese Journal of
tructural Chemistry

and vacuumed, and illuminated under a 300 W Xenon lamp with
a 420 nm cut-off filter for 2 h to load Pt nanoparticles on CdS.

Characterization. X-ray diffraction (XRD) was employed to an-
alyze the catalyst structure using a Rigaku/SmartLab diffractom-
eter system with CuKa radiation (A = 1.5418 A). The morphology
of the catalyst was examined by scanning electron microscopy
(SEM, Hitachi S4800), transmission electron microscopy (TEM)
and high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). UV-vis diffuse reflectance spectra
(DRS) were collected on a Shimadzu/UV-3600 equipment. Pho-
toluminescence (PL) was performed on a Hitachi/F-7000 appa-
ratus to examine the charge separation characteristics. The ex-
ponential fitting formula is listed as follows:
-t -t -t

) ) o)
R(t)=Be ™ +B,e ™ +Bse ™

X-ray photoelectron spectra (XPS) were carried out on PHI 5000
Versaprobe with Al-Ka radiation. Ultraviolet photoelectron spec-
troscopy (UPS) was conducted on ESCALAB 250Xi. Raman
spectroscopy was performed on a LabRRM HR Evolution. Soft
X-ray absorption spectroscopy (XAS) spectra at the Mg K-edge
were collected at the NSRRC TLS BL20AL station in Taiwan,
China.

Electrochemical Measurements. All of the electrochemical
tests were performed on a Chenhua CHI660D electrochemical
workstation in a standard three-electrode configuration with a
Ag/AgCl electrode as the reference electrode, a graphite rod as
the counter electrode and a catalyst coated glassy carbon elec-
trode as the working electrode. All measured potentials vs.
Ag/AgCl were converted to the potentials vs. reversible hydrogen
electrode (RHE) by the Nernst equation: Erxe = Eagiage + 0.059 x
pH + 0.198.

Photocatalytic H2 Evolution Measurements. Photocatalytic
performance of the as-prepared photocatalysts was examined in
a 150 mL quartz reactor under visible light illumination. Typically,
5 mg of the photocatalyst was added into 50 mL solution, con-
taining 0.25M Na,S and 0.35M Na;SOs as the sacrificial rea-
gent. Then, the system was vacuumed and illuminated under a
Xenon lamp with a 420 nm cut-off filter (CELHXF300, Beijing
China Education Au-light Co., Ltd). The H, produced was quanti-
fied by an online gas chromatography (GC 7900) equipped with a
TCD detector. The apparent quantum efficiency (AQE) was cal-
culated using the following equation:

_ Number of reacted electrons

= 0,
AQE Number of incident photons x100%

_ 2 x Number of evolved H, molecules

X 0,
Number of incident photons 100%

Theoretical Calculation. DFT calculation was performed using
plane-wave basis Vienna ab initio simulation package code with
generalized gradient approximation. The cutoff energy for ex-
panding Kohn-Sham wave functions was chosen to be 460 eV
and the vacuum space of 20 A was used to avoid the interaction
between periodical images. The Monkhorst-Pack k-points grid
was 8 x 8 x 1 and all forces on the free ions were 0.03 eV/A. The
activation energies were calculated using the climbing nudged
elastic band method. Electromagnetic simulations were obtained
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by a FEM. Differential charge density was calculated according
to previous work.[8l
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