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Hexagonal @ Cubic CdS Core@Shell Nanorod
Photocatalyst for Highly Active Production of H, with

Unprecedented Stability

Kui Li, Min Han, Rong Chen, Shun-Li Li, Shuai-Lei Xie, Chengyu Mao, Xianhui Bu,
Xue-Li Cao, Long-Zhang Dong, Pingyun Feng,* and Ya-Qian Lan*

Using semiconductor-based photocatalytic technology for water
splitting to produce H, is an ideal way to produce clean solar
fuels and remedying environmental problems.l!l For this pur-
pose, the key lies in finding proper photocatalysts that can har-
vest sunlight and efficiently separate photo-generated charge
carriers. CdS has a suitable band gap (E,; = 2.4 eV) for visible
light absorption and proper conduction band (CB) position for
reducing water to produce H,,”! making it a potential candidate
for photocatalytic water splitting. However, its application is
limited by problems such as rapid recombination of charge car-
riers, as well as low photostability.2><3]

To improve photocatalytic efficiency and stability of CdS,
various methods, for example, the integration of CdS with
other semiconductors or carbon-based materials, have been
studied,?®32 resulting in the synthesis of a number of CdS-
based hetero-nanostructured photocatalysts such as CdS-TiO,,
Cds-ZnS,? CdS-MoS, 123 CdS-WS,,122 and CdS-WO; Pl Still,
photocatalytic activity of these composites for H, evolution is
low and the stability is far below 100 h. Clearly, new strategies
to enhance photocatalytic performance of CdS-based photocata-
lysts are desirable.

One strategy, fabrication of surface phase junctions by uti-
lizing semiconductor polymorphism, has been shown to be
useful in enhancing photocatalytic performance. For example,
phase junctions based on rutile-nanoparticle-decorated anatase
nanocrystalsl®) or -Ga,0s-nanodot-patched #-Ga,05”1 were
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synthesized and shown to split water into H, and O, with much
enhanced activity over those with single phase structure alone.
Similar phenomena were observed in BiVO,® and CaTa,Og
nanoparticle phase junctions. However, significant challenges
were encountered when this strategy was applied to CdS. One
study found that hexagonal-cubic CdS nanocrystals phase junc-
tion actually showed poorer photocatalytic activity than that of
pure hexagonal and cubic phase CdS nanocrystals, which was
attributed to grain boundaries in the phase junction.’” Hoffmann
and co-workers circumvented this issue by inserting Pt between
core—shell hexagonal-cubic CdS nanoparticles phase junction,
which helped suppress the surface states of hexagonal CdS core
and improved the photocatalytic H, production rate by a factor of
two.'l Still, the challenge remains as to how to fabricate noble
metal-free high-quality CdS nanostructure-based phase junction.

Here we report a highly effective low-cost strategy based on
the integration of hexagonal-cubic core—shell architecture with
nanorod morphology. It takes into consideration advantages of
core—shell structures in passivating surface defects of quantum
dots, 1212 a5 well as advantages of 1D nanorods in shortening
the electron diffusion length and increasing the light absorp-
tion.3] Notably, the formation of hexagonal II-VI nanorod
nanocrystals was reported earlier.[¥

The synthesis of core-shell type concentric CdS nanorod
phase junctions (NRPJs) composed of hexagonal core and cubic
shell is based on a facile one-pot hydrothermal method, i.e.,
direct treatment of cadmium nitrate and thiourea precursor
solution at proper temperature with the variable Cd/S precursor
molar ratio and reaction time (Scheme 1). With the optimized
Cd/S precursor molar ratio and reaction temperature, ultrathin
cubic shell forms over the hexagonal core. In contrast, pure hex-
agonal CdS nanorods are generated in sulfur-rich environment.
The obtained concentric CdS NRPJs with the ultrathin cubic
shell (2.4 nm) show extremely high H, production rate with
a value of 742.5 pmol h™! (494 times higher than that of pure
hexagonal CdS nanorods) and unprecedented photocatalytic
stability over 400 h, which is much longer than previously
reported metal sulfide-based photocatalysts. Significantly, even
under aerobic condition, the CdS NRPJs can continuously
operate for over 100 h with H, production activity superior to
that of pure hexagonal CdS nanorods in vacuum by 108 times.

The CdS NRPJs were fabricated by directly treating Cd(NO3),
and thiourea precursor solution at 220 °C with properly con-
trolled Cd/S molar ratios and reaction times. The X-ray diffrac-
tion (XRD) patterns (Figure 1a) indicated that the CdS nanorods
made from high content of S precursor (i.e., low Cd/S ratio
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Kinetics dominated Thermodynamics dominated the temperature range from 180 to 240 °C
vl by adjusting the Cd/S ratio (Figure S2, Sup-

porting Information). To probe the forma-

tion mechanism of CdS phase junction,

NaOH and ethylenediamine (EDA) alkaline

solutions were used to facilitate the dissocia-

tion of thiourea. In contrast to the distinct

increased reactlon time hexagonal-cubic CdS phase junction (Cd/S =

. . 1:0.5) in neutral deionized water, the CdS
prepared with the same synthetic parameters

(i-e., Cd/S ratio and reaction temperature and
Scheme 1. Schematic illustrating the formation process of concentric CdS NRPJs composed time) derived from alkaline solutions showed

of hexagonal core and cubic shell. pure hexagonal phase which is attributed

to the higher dissociation rate of thiourea
at 1:8) showed pure hexagonal phase via kinetics dominated pro-  (Figure S3, Supporting Information).
cess. As the amount of S supply was reduced, the nucleation rate Scanning electron microscopy (SEM) (Figure S4, Supporting
decreased and the reaction changed from kinetics-dominated to ~ Information) indicates that the microstructure of CdS changed
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Figure 1. XRD patterns of CdS NRPJs synthesized at 220 °C under (a) different Cd/S molar ratios and (b) different reaction time, respectively. c) The
HRTEM image, (d) HAADF-STEM image, and (e) the corresponding selected area electron diffraction pattern in the interface region of an individual
concentric hexagonal-cubic CdS NRP).
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from hexagonal prisms to tree-like morphology with increasing
S supply. Simultaneously, the increasing thiourea concentra-
tion leads to a gradual disappearance of the cubic CdS phase
(Figure 1a), and a reduction of the photocatalytic H, production
rate (Figure S5, Supporting Information). Notably, the sample
with pure hexagonal phase (Cd/S = 1/8) shows an extremely
low hydrogen evolution rate. The samples prepared at 180 °C
behaved similarly (Figure S6, Supporting Information), and the
photocatalytic activities of the samples with the optimal ratio
of Cd/S at temperatures up to 240 °C were shown in Figure S7
(Supporting Information). These results confirm the extremely
important role of CdS phase junction in improving its photo-
catalytic activity.

To investigate the formation mechanism of hexagonal/cubic
CdS phase junction, the CdS samples with the optimal Cd/S
ratio (1:0.5) were fabricated with different reaction times at
220 °C and abbreviated as CSx (x =1, 6, 12, 18, 25, and 45 h).
The Cd?" from completely dissolved cadmium nitrate is always
sufficient, whereas the continuous reaction decreases the con-
tent of thiourea, and causes the insufficient S~ (Scheme 1).
Consequently, the cubic CdS formed due to the change from
kinetics-dominated to  thermodynamics-dominated  pro-
cess with the reduced amount of S*~ in longer reaction time
(Figure 1b). A similar trend was found in the samples pre-
pared at 180 °C (Figure S8, Supporting Information). The SEM
images (Figure S9, Supporting Information) indicate that CS1
exhibits hexagonal prism morphology, and CS12 and CS18
show similar morphology due to their very limited shell thick-
ness. A further increase in shell thickness causes the disappear-
ance of this morphology.

The high-magnification transmission electron microscopy
(TEM) image of an individual CdS NRPJ (CS18) (Figure 1c)
shows the nanorod morphology. As depicted in the high-angle
annular dark field-scanning transmission electron microscopy
(HAADF-STEM) image (Figure 1d), a resolved phase junction
could be observed between the shell and core region. And the
staking mode of the CdS lattice changed from the cubic phase
(ABCABC) to the hexagonal phase (ABABAB). The electron
diffraction pattern recorded on the interface (Figure 1le) shows
streaks, indicating the polytype nature of the CdS NRP]J. The
high-resolution transmission electron microscopy (HRTEM)
was performed to further investigate the concentric CdS NRP]
and the effect of reaction time on the thickness of the cubic
CdS shell. As shown in Figure 2a—d (for details, see Figure S10,
Supporting Information), the pure hexagonal CdS (CS1) shows
well-defined hexagonal CdS lattice. Notably, a cubic shell with a
thickness of about 1.4 nm could be observed in CS12. With the
reaction time increasing to 18 h, the cubic CdS shell thickness
reaches to 2.4 nm. Further increasing the reaction time leads to
an increase of the cubic shell thickness to nearly 5 nm. All these
observations are consistent with the proposed mechanism of
constructing hexagonal/cubic CdS core/shell phase junction via
modulating the kinetic and thermodynamic parameters.

A systematic study of the effect of cubic CdS shell thickness
on the photocatalytic H, production activity (Figure 2e, details
in Figure S11, Supporting Information) shows the extremely
important role of cubic CdS shell for improving the photocata-
Iytic activity. The pure hexagonal CdS (CS1) shows very low H,
production rate of 1.5 pmol h™'. Fascinatingly, the formation of
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Figure 2. a-d) The HRTEM images and (e) photocatalytic H, production
rate (per 20 mg) of CS1, CS12, CS18, and CS25.
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the core/shell phase junction dramatically improved the photo-
catalytic H, production by 252 times even for CS6. The max-
imal H, production rate up to 742.5 pmol h™! with an apparent
quantum efficiency (QE) of 43% at 420 nm was obtained for
CS18, upon further increasing the reaction time, likely due to
the increased crystallinity of cubic CdS shell. This extraordinary
H, production rate is 494 times higher than that of the pure
hexagonal CdS, and compares favorably with the previously
reported CdS-based heterostructure (Table S1, Supporting Inf
ormation).2>¢32<15] This extremely high photocatalytic activity
of CS18 in comparison with the pure hexagonal CdS may come
from the passivation of surface trap states of the hexagonal CdS
core, and the tunneling of the energetically favorable electrons
and holes through the ultrathin cubic CdS shell as reported in
CdSe/CdS and CdS/ZnS heterojunctions.!">"1%] Moreover, the
CS18 exhibited much higher photocatalytic hydrogen produc-
tion activity than that of cubic CdS (Figure S12, Supporting
Information). However, further increasing the shell thickness
through longer reaction time leads to a slight reduction of the
photocatalytic activity. The effect of reaction time on photo-
catalytic activity became much more pronounced for the sam-
ples prepared at 180 °C (Figure S13, Supporting Information).
We have further measured the H, evolution of the optimal
CdS nanorod phase junctions (CS18) under different wave-
length of monochromatic light, and the H, evolution plotted
against wavelength of monochromatic light is exhibited in
Figure S14 (Supporting Information). The hydrogen evolu-
tion rate decreased with the increasing wavelength, and the H,
evolution action spectra coincided with the absorption edge of
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lyst owing to the unique CdS core/ultrathin
shell phase junction (Table S1, Supporting
Information).?*"l As shown in Figure 3b,
different atmospheres were used to fur-
ther evaluate the photocatalytic activity of
CS18. Under N, atmosphere, the H, evolu-
tion rate is lower as the H, is not easy to be released. Interest-
ingly, the CdS NRPJs show considerable photocatalytic activity
even under aerobic condition, indicating that the as-prepared
CdS phase junction may be suitable for practical applications.
The lower H, evolution rate under aerobic conditions may be
ascribed to the inhibition of reaction between photo-generated
holes and sacrificial reagent by O, and/or the backward reac-
tion of H, and O, on the photocatalyst surface.l'”] Notably, this
value is still 108 times higher than that of the hexagonal CdS in
vacuum. More significantly, the CS18 showed excellent photo-
catalytic stability even under aerobic condition as confirmed by
the stability test over 100 h (Figure 3c).

The X-ray photoelectron spectroscopy (XPS) valence band
(VB) spectra indicate that the VB of the hexagonal CdS is
0.13 eV above that of cubic CdS (Figure 4a). Considering the
larger bandgap of cubic CdS than its hexagonal counterpart,!!
as proved by the UV-vis reflection spectra (Figure 4b), the CB
of the cubic CdS is calculated to be upshifted by 0.08 eV and
the as-prepared CdS NRP]J shows the type I heterojunction.!'!
The enhanced photocatalytic activity may come from the pas-
sivation of surface trap states on hexagonal CdS, as reported
in the CdS-ZnS and CdSe-ZnS core-shell structures.'18] For
the hexagonal CdS nanorods, the photo-generated charge car-
riers are easily transferred to abundant surface trap states
where the electrons or the holes with lower energy are not
readily available for photocatalytic reactions.['>!l In CdS NRPJs,
most surface states of the hexagonal CdS core are passivated
via the cubic CdS shell, making the electrons and holes ener-
getically favorable for photocatalytic reactions.>f] Thanks to the
ultrathin shell thickness of CdS NRPJs, the confined electrons
and holes with high energy in the core would tunnel through
the cubic CdS shell to the external surface for reactions.?>18]
Thus, the photo-generated holes could be rapidly consumed
by the sacrificial reagent and the recombination probability of
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Figure 3. a) The photocatalytic stability of CS18 in vacuum under visible light irradiation
(2420 nm). b) The photocatalytic H, production activity of CS18 under different conditions.
) The photocatalytic stability of the CS18 under aerobic condition.

electron/hole pairs would be greatly reduced. Further evidence
comes from the steady-state photoluminescence (PL) and time-
resolved transient-state photoluminescence (TRPL) spectra
tests (Figure S16, Supporting Information), which can provide
valuable information on the transfer of photo-generated charge
carriers and their lifetime. Compared with that of pure hex-
agonal CdS NRs, the emissions of CdS NRPJs (Figure S17a,
Supporting Information) were remarkably quenched and the
Stoke’s shifts were largely reduced, confirming that the surface
trap states of hexagonal CdS cores are effectively passivated and
the charge carriers are favorable to penetrate or tunnel across
the ultrathin cubic CdS shell. That is to say, the electron—hole
recombinations are greatly suppressed in CdS NRP]Js, facili-
tating to boost their photocatalytic performance. Additionally,
the TRPL tests (Figure S17b, Supporting Information) reveal
that the decay lifetime of charge carriers in CdS NRPJs
(0.428 ns) is shorter than that of H-CdS (0.645 ns), implying
that the lifetime of photo-generated holes in CdS NRPJs might
be very short and rapidly tunneled from the core to the shell
surface to be depleted by the sacrificial reagents in solution.
While the photo-generated electrons may linger on the catalyst
surface and reduce H,O to produce H,. It should be mentioned
that the sample obtained with short reaction time may possess
poor crystallization quality of cubic shell and increase the sur-
face defect centers. On the other hand, shells that are too thick
will inhibit the tunneling effect of charge carriers.?’! So, CdS
NRPJs with proper shell thickness and crystallinity exhibit the
highest H, production activity.

Furthermore, the transient photocurrents of CS1, CS18, and
CS25 showed that the samples (CS18&25) with phase junctions
exhibit much higher photocurrents than that of pure hexag-
onal sample (CS1) (Figure 4c), confirming the importance of
cubic CdS shell in the process of charge carriers transfer. Con-
sistent with H, evolution tests, the highest photocurrent was
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Figure 4. a) Valence-band XPS spectra and b) UV-visible diffuse reflection spectra (inset shows the (0hv)? vs hv curve) for pure cubic and hexagonal
CdS samples. c) Transient photocurrent responses and d) Nyquist plots for the samples synthesized at 220 °C under different reaction time.

obtained on CS18, owing to its optimum cubic CdS shell thick-
ness for electron and hole tunneling and superior separation
and transfer of charge carriers due to the passivated surface
states.171% The similar transient photocurrent responses from
samples made with the different Cd/S ratios further confirmed
the important role of CdS NRPJs in improving photocatalytic
activity (Figure S18, Supporting Information). Furthermore, the
electrochemical impedance spectra (EIS) analysis (Figure 4d)
indicated that CS18 exhibited the smallest semicircle in the
middle-frequency region, indicating its fastest interfacial charge
transfer due to the well-modulated CdS NRPJs.

In summary, core-shell concentric CdS NRPJs composed
of hexagonal core and cubic shell have been successfully syn-
thesized via directly reacting Cd(NOj3), and thiourea precursor
solution at proper temperature with variable Cd/S molar ratio
and reaction time. The concentric hexagonal-cubic CdS NRPJs
with the ultrathin cubic shell (2.4 nm) exhibit extremely high
photocatalytic H, yield of 742.5 pmol h™! (494 times higher than
pure hexagonal CdS nanorods). Especially, such concentric CdS
NRP]Js also possess excellent photocatalytic stability over 400 h,
much longer than previously reported metal sulfide-based pho-
tocatalysts. Moreover, even under aerobic conditions, our con-
centric CdS NRPJs can persistently operate for 100 h with the
photocatalytic H, yield superior to that of pure hexagonal CdS
nanorods in vacuum by 108 times. The superior photocatalytic
performance of such concentric hexagonal-cubic CdS NRP]Js is
attributed to the following two reasons: (i) the unique core—shell
concentric nanorod geometric structure can facilitate charge
transfer (tunneling) through the passivation of surface states
and the enhanced tunneling of charge carriers; (ii) the presence
of ultrathin cubic shell not only passivates the surface state of

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

hexagonal core but also reduces the recombination of charge
carriers via enhanced tunneling. These findings illustrate that
the photocatalytic activity and stability of CdS, and possibly
other metal sulfide photocatalysts in general, can be greatly
improved by elaborate phase junction engineering at nanoscale.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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