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pid approach to crystalline metal
sulfide nanoparticle synthesis for photocatalytic H2

generation†

Wentao Xu,a Ping Ye,a James Iocozzia,b Hefeng Zhang,b Yupeng Yuan*ab

and Zhiqun Lin *b
Herein, we report a facile and rapid dry route rather than a solution

process to prepare crystalline CdS nanoparticles via microwave-

assisted thermolysis of a Cd-thiourea complex. CdS prepared by

35minmicrowave heating offers aH2 generation rate of 103.2 mmol h�1

that is comparable to the H2 generation rate of commercially available

CdS (96.3 mmol h�1). Importantly, the present synthetic strategy can be

generalized to prepare other metal sulfides, including ZnS and MoS2,

and ZnS–CdS solid solutions.
Metal suldes have garnered much attention as an important
material group for semiconductors in solar cells,1,2 lithium-ion
batteries,3 light-emitting diodes,4 thermoelectric devices,5 and
nonvolatile memory devices.6 In recent years, their photo-
catalytic H2 generation capability has also become a focus of
research due to their narrow band gaps and suitable band
position for water splitting.7–14 For example, CdS and ZnS–
CuInS2–AgInS2 solid solutions show very active H2 genera-
tion.7–14 Notably, metal-phosphides/CdS-based photocatalytic
systems can also offer active H2 generation under visible light
exposure, in which metal phosphides serve as the non-noble
metal co-catalyst to boost H2 generation.15–17 Pt–PbS/CdS
offers the highest quantum efficiency of 93% for photo-
catalytic H2 generation.18 To date, metal suldes have been
produced through various strategies including electrochemical
deposition,19template methods,20 micro-emulsion methods,21

and solvothermal methods.22 The above processes are not only
tedious in their preparation reaction and washing procedures,
but also time and energy intensive.
ing, Anhui University, Hefei 230601, P. R.
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Herein we report a facile and rapid synthesis strategy for
metal suldes using microwave (MW)-assisted heating
synthesis.23–25 Compared with previous approaches, our strategy
possesses three advantages. First, metal suldes can be
prepared in air, thereby eliminating the need for inert condi-
tions and the removal of oxygen or other oxidizing gases.
Second, the reaction proceeds in dry media (absence of aqueous
solution and/or organic solvent), and the prepared metal
suldes can be immediately used for catalysis without the need
for post-synthesis washing or purication. Third, our strategy is
readily generalizable. Several metal suldes, including CdS,
ZnS, and MoS2, and Zn1�xCdxS solid solutions can also be
prepared using this procedure. To our knowledge, this is the
rst report on the dry preparation of metal suldes in air
through a MW-assisted heating strategy. Possessing minimal
synthetic steps and low energy/material consumption and waste
generation makes our strategy clean and environmentally
benign.

As a representative sample, CdS was synthesized via MW-
assisted thermolysis of a Cd-thiourea complex for the rst
time. Different Cd-thiourea complex batches were prepared by
dissolving thiourea and Cd(AC)2 at molar ratios of 1 : 1, 2 : 1,
4 : 1, 6 : 1 and 8 : 1 each in 50 mL of ultrapure water. Aer
stirring for 30 min, the obtained homogeneous solution was
dried in an oven overnight to obtain the desired Cd-thiourea
complex batches. Scanning electron microscopy (SEM) shows
the aggregated Cd-thiourea complex particles with average sizes
of 20–30 nm (Fig. S1†). The intense X-ray diffraction (XRD)
peaks signify the crystalline nature of the Cd-thiourea complex
(Fig. S2†). Fourier transform infrared (FT-IR) spectroscopy
veries the characteristic absorption peak for Cd–S bonding at
486 cm�1 indicating the effective coordination of Cd2+ ions with
thiourea (Fig. S3†).

The as-obtained Cd-thiourea complex (200 mg) was then
irradiated for a set time to prepare the CdS photocatalyst (see
the Experimental section for details). The prepared CdS is
denoted as CdS(x : 1)t, in which x is the molar ratio of thiourea/
Cd2+ ions in the starting feed precursor (x ¼ 1, 2, 4, 6, and 8),
J. Mater. Chem. A, 2017, 5, 21669–21673 | 21669
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and t refers to the MW irradiation time in minutes. Impres-
sively, CdS can be prepared within 5 minutes, as shown in
Fig. 1a. Despite the varying thiourea/Cd2+ ratios, the CdS(x : 1)5
samples have distinct diffraction peaks indexed to hexagonal
CdS (JCPDS no. 41-1049). The XRD peaks are essentially the
same as those of commercial CdS (CdSc) (Fig. 1a). Notably, the
XRD peak intensity is sensitive to the thiourea/Cd2+ ratio. For
example, the CdS(2 : 1)5 sample has more evident diffraction
peaks compared to CdS(1 : 1)5 (Fig. 1a). Increasing the thiourea/
Cd2+ ratio further intensies the XRD peaks, as illustrated by
CdS(4 : 1)5, CdS(6 : 1)5, and CdS(8 : 1)5 (Fig. 1a). XRD analysis
clearly substantiates that CdS can be formed within 5 minutes
under microwave irradiation. The TEM measurements showed
that the HRTEM images of CdS(1 : 1)5 was not attainable, while
CdS(2 : 1)5 and CdS(6 : 1)5 showed lattice fringes (Fig. S4†). A
close examination revealed that the lattice fringe of CdS(2 : 1)5
was not clear (marked by a dashed line in Fig. S4a†), indicating
that several crystal defects existed in CdS(2 : 1)5. In contrast,
CdS(6 : 1)5 possessed a very clear lattice fringe (Fig. S4c†),
signifying that the concentration of crystal defects in CdS(6 : 1)5
was reduced compared to that of CdS(2 : 1)5. The low crystal-
linity of CdS(2 : 1)5 was further substantiated by a ring-shaped
selected area electron diffraction pattern (Fig. S4b†). However,
CdS(6 : 1)5 demonstrated a very clear electron diffraction
pattern (Fig. S4d†). We note that polymeric products derived
from the excessive thiourea in the Cd-thiourea complex exist in
the various CdS(x : 1)5 samples, as revealed by thermogravi-
metric and FT-IR analysis (Fig. S5† and 1b). The CdS(x : 1)5
samples feature several vibration modes of thiourea (1470 cm�1

from the C–N stretching mode and 1619 cm�1 from the N–H
bending mode).26 The intense bending vibration mode of the
tri-s-triazine unit (808 cm�1) and stretching vibration modes
(1397, 1430, and 1520 cm�1) of the CN heterocycles reveal the
thiourea polymerization. Our previous study conrms thiourea
(CH4N2S) polycondensation into graphitic carbon nitride (g-
Fig. 1 (a) XRD patterns and (b) FT-IR spectra of CdS(x : 1)5, x ¼ 1, 2, 4,
6, and 8. For comparison, the XRD pattern and FT-IR spectrum of
commercially available CdS were also provided (CdSc); XPS spectra of
CdS(6 : 1)5 showing the (c) Cd 3d and (d) S 2p spectra.

21670 | J. Mater. Chem. A, 2017, 5, 21669–21673
C3N4) via MW-assisted heating for 15 min.23 However in the
present study, the thiourea was only irradiated for 5 minutes. As
a consequence, the products should be polymeric intermediates
rather than g-C3N4. The content of the polymeric intermediates
can be measured by thermogravimetric analysis. For instance,
CdS(6 : 1)5 shows an 18% weight loss at �610 �C (Fig. S5†). In
addition, ICP was used to determine the Cd/S ratio in the nal
products. The ICP measurements showed that the Cd/S ratios of
CdS(1 : 1)5, CdS(2 : 1)5, CdS(4 : 1)5, CdS(6 : 1)5 and CdS(8 : 1)5
were 0.55, 0.40, 0.38, 0.39 and 0.34, respectively. The increased S
content in the nal products was due likely to the retained
polymeric products, as shown by the TGA analysis in Fig. S5.†

X-ray photoelectron spectroscopy (XPS) was used to further
study the chemical composition of the prepared CdS samples.
XPS analysis shows the C, N, S and Cd peaks for CdS(6 : 1)5 (see
Fig. S6†). The carbon species with a binding energy of 288.2 eV
reects the sp2 C]N bond in the formed intermediates. The
284.9 eV peak arises from the graphitic carbon. The N 1s
binding energy can be deconvoluted into two peaks at 398.9 and
400.7 eV. The stronger N 1s peak at 398.9 eV results from the
sp2 N (C]N–C) in the formed intermediates, and the peak at
400.7 eV results from the amino groups (C–N–H) (Fig. S7†).27

The binding energy of Cd 3d5/2 and 3d3/2 is 404.7 and 411.4 eV
(Fig. 1c), respectively. This validates the presence of the Cd2+

chemical state in CdS(6 : 1)5. The binding energy difference of
6.7 eV is also indicative of the Cd2+ chemical state.28 The S 2p
peaks are observed at 161.0 and 162.2 eV for the S 2p3/2 and 2p1/2
states signifying the S2� chemical state in CdS(6 : 1)5 (Fig. 1d).
The peak separation d¼ 2p3/2� 2p1/2¼ 1.14 eV further conrms
the presence of the S2� chemical state and is consistent with
previous reports.28 The XPS analysis, together with the XRD
results, clearly veries the rapid formation of CdS by MW-
assisted heating.

Fig. 2 shows the representative SEM and TEM images of
CdS(6 : 1)5. CdS(6 : 1)5 is composed of nanoparticles with a size
of roughly 50 nm (Fig. 2b). These nanoparticles heavily aggre-
gated (Fig. 2b) with an average size of �30 mm determined by
using a laser particle size analyzer (Fig. S8†). Note that the
overall appearance and size of the CdS(6 : 1)5 nanoparticles are
similar to those of the Cd-thiourea complex (Fig. 2a). TEM
observations clearly show the formation of crystalline
CdS(6 : 1)5 nanoparticles roughly 50 nm in size (Fig. 2c). The
polymeric intermediates are also observed, as shown by the
arrow in Fig. S9a.† Energy dispersive X-ray spectroscopy (EDS)
(Fig. S9b†) demonstrated that the Cd and S elemental compo-
sition was roughly 1 : 1 in the CdS(6 : 1)5 nanocrystals. In
addition, several CdS nanoparticles were coated by polymeric
intermediates (Fig. S10†). HRTEM of CdS(6 : 1)5 veries the
single crystalline nature of the prepared CdS nanoparticles. The
spacing of lattice fringes is measured to be 0.36 nm as a result of
the {100} hexagonal plane (Fig. 2d).

The thiourea/Cd2+ molar ratio has a large effect on the UV-
visible absorption spectra of the CdS(x : 1)5 samples as shown
in Fig. 3. Compared to the CdSc reference, the CdS(x : 1)5
samples have an additional absorption tail above the 550 nm
absorption edge. This absorption tail should not be caused by
the polymeric intermediates because the optical absorption
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) SEM image of the Cd-thiourea complex with a Cd2+/thio-
urea molar ratio of 6 : 1, (b) SEM image of CdS(6 : 1)5, (c) magnified
TEM image of an individual CdS(6 : 1)5 nanoparticle, and (d) HRTEM
image of a CdS(6 : 1)5 particle.

Fig. 3 UV/vis absorption spectra of CdS(x : 1)5, x¼ 1, 2, 4, 6, and 8. The
thiourea/Cd2+ ratio has a large impact on the optical absorption
behavior of the CdS(x : 1)5 samples. The spectrum of commercial CdSc
is also included for comparison.

Fig. 4 (a) Photocatalytic H2 generation over the CdS(x : 1)5 samples
from NaS2 (0.35 M) and NaSO3 (0.25 M) solutions under visible light
irradiation (l $ 420 nm), (b) long-term H2 generation stability of the
CdS(x : 1)5 samples, (c) transient photocurrent response of ITO/
CdS(x : 1)5 (x¼ 4, 6, and 8) at�0.4 V vs. Ag/AgCl in 0.5 MNa2SO4 under
visible light (l $ 420 nm, 300 W Xe lamp), and (d) stable photo-
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edge gradually blue shis with increased thiourea/Cd2+ ratios.
This optical absorption behavior is likely a consequence of
crystal defects. Higher ratios of thiourea/Cd2+ improve the
crystal quality (Fig. 1a) and thus reduce the crystal defects,
leading to a blue shi of the absorption edge. More experi-
mental and theoretical studies are in progress to clarify this
assumption. N2 adsorption and desorption isotherms show that
the specic surface area (SBET) of CdS(x : 1)5 (x¼ 1, 2, 4, 6, and 8)
samples is 4.8, 7.8, 4.4, 5.1, and 2.5 m2 g�1, respectively. These
values are larger than that of CdSc (0.9 m2 g�1).
This journal is © The Royal Society of Chemistry 2017
Photocatalytic H2 generation on the CdS(x : 1)5 samples was
initiated by visible light irradiation (l$ 420 nm) in NaS2(0.35M)
and NaSO3 (0.25 M) solutions, wherein NaS2 and NaSO3 were
used as the sacricial electron donors.29 A Pt (0.5 wt%)
co-catalyst was loaded onto the CdS(x : 1)5 surface through an in
situ photodeposition route. No H2 generation was detected in
control experiments (CdS with no added Pt co-catalyst and
without light irradiation). Among the CdS(x : 1)5 samples,
CdS(6 : 1)5 offered the highest H2 generation rate of 1.8 mmol h�1

(Fig. 4a). The optimal thiourea/Cd2+ ratio of 6 : 1 reects the
overall effect of crystal quality and defect concentration on
photocatalytic H2 generation. An increased thiourea/Cd2+ ratio
improved the CdS crystal quality as shown by the intensied
XRD peaks. Meanwhile, the thiourea polymerization generates
large amounts of reduction gases, such as NH3, which cause
crystal defects in the CdS nanoparticles. Taken together,
CdS(6 : 1)5 possesses the most active H2 generation upon expo-
sure to visible light. In addition, all the prepared CdS(x : 1)5
samples have very stable H2 generation over 24 h of reaction,
demonstrating the excellent photostability of the obtained CdS
samples (Fig. 4b). It is notable that for CdS(1 : 1)5, CdS(2 : 1)5,
and CdS(4 : 1)5 samples, the CdS(1 : 1) with the lowest crystal-
linity offered the highest H2 generation activity (Fig. 4a). The
existence of residual polymeric products and the balance
between the crystallinity and defect concentration as noted
above for CdS(6 : 1)5 may account for this observation.

The enhanced photocatalyticH2 production is attributed to the
efficient separation of photogenerated electrons and holes as
revealed by photocurrent measurements (Fig. 4c). The photocur-
rent generated on a CdS(6 : 1)5 electrode is larger than those of
luminescence spectra of the CdS(x : 1)5 (x ¼ 4, 6, and 8) samples.

J. Mater. Chem. A, 2017, 5, 21669–21673 | 21671
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CdS(4 : 1)5 and CdS(8 : 1)5 conrming the enhanced separation
efficiency of photoinduced electrons and holes in CdS(6 : 1)5.
Furthermore, the trend observed for photocurrent is the same as
the trend in photocatalytic H2 generation from the various
CdS(x : 1)5 samples (Fig. 4a). Stable-state photoluminescence (PL)
was also employed to monitor the charge transfer in the
CdS(x : 1)5 samples. As shown in Fig. 4d, CdS(6 : 1)5 displayed the
lowest emission peak centered at 550 nm among all the
CdS(x : 1)5 samples. This supports the decreased recombination
rate of electron–hole pairs in CdS(6 : 1)5. The slight blue shi of
the PL peaks in CdS(4 : 1)5 and CdS(8 : 1)5 is attributed to crystal
defects as discussed above.

To monitor the decomposition dynamics of Cd-thiourea, we
further studied the effect of reaction time on the phase and
morphology of CdS(6 : 1)t (t ¼ 5, 10, 20, and 35 min). The
characteristic XRD peaks of CdS start to appear aer 5 min of
microwave heating (Fig. 5a). The peak intensity over a range of
20–30� gradually became stronger with the increase of reaction
time from 5 to 35 min, indicating a gradual improvement in
crystal quality. The high crystallinity is highly favorable for
photocatalytic H2 generation. As discussed above, polymeric
intermediates derived from thiourea exist in CdS(6 : 1)5. The
polymeric intermediates disappear gradually with extended
microwave heating, as signied by the gradual decrease in the
FR-IR absorption peaks (Fig. 5b). The peaks at 1470, 1619, and
808 cm�1 become gradually weaker as the reaction time extends
from 5 to 20 min, and disappear aer 35 min (Fig. 5b).
Accordingly, the size of the CdS particles gradually becomes
larger with extended reaction time (Fig. S11†). Note that the
surface of CdS(6 : 1)35 is quite smooth (Fig. S11d†). In addition,
the absorption edge is gradually blue-shied with increasing
irradiation time from 5 min to 35 min (Fig. S12†).
Fig. 5 (a) XRD patterns and (b) FT-IR spectra of CdS(6 : 1)x, x ¼ 5, 10,
20, and 35 in minutes. The XRD pattern and FT-IR spectrum of CdSc
are also included for comparison, respectively. (c) Photocatalytic H2

generation fromCdS(6 : 1)t (t¼ 5, 10, 20, and 35) samples in NaS2 (0.35
M) and NaSO3 (0.25 M) solutions under visible light irradiation (l$ 420
nm), and (d) long-term H2 evolution activity of CdSc and CdS(6 : 1)35
samples.

21672 | J. Mater. Chem. A, 2017, 5, 21669–21673
The improved crystal quality can reduce the defects and
thereby be translated into enhanced photocatalytic H2 genera-
tion (Fig. 5c). Photocatalytic H2 generation is enhanced from
1.8 mmol h�1 for CdS(6 : 1)5 to 8.0 mmol h�1 for CdS(6 : 1)10 to
13.6 mmol h�1 for CdS(6 : 1)20, and nally to 103.2 mmol h�1 for
CdS(6 : 1)35 (Fig. 5c). As discussed above, the FT-IR absorption
peaks of the polymeric intermediates gradually weaken with
increased reaction time from 5 to 20 min and completely
disappear aer 35 min. Therefore, the enhanced H2 generation
from CdS(6 : 1)35 is a direct consequence of reduced polymeric
intermediates. All CdS(6 : 1)t (t ¼ 5, 10, 20, and 35) samples
exhibit very stable H2 generation over 24 h of reaction
(Fig. S13†). In addition, the crystallinity of microwave-heating
produced CdS is evidently higher than that of commercially
available CdS, as reected by the comparable H2 generation
activity of 103.2 mmol h�1 for CdS(6 : 1)35 and 96.3 mmol h�1

CdSc (Fig. 5d). Considering the very short reaction time and
green preparation process, the present microwave-assisted
heating strategy offers great advantages in the preparation of
CdS catalysts.

The present microwave-assisted heating strategy can also be
applied to prepare other metal suldes such as ZnS and MoS2,
and ZnxCd1�xS solid solutions. By using a similar experimental
procedure, a M-thiourea (M¼ Zn, Mo, and Zn/Cd) complex with
a thiourea/M ratio of 4 : 1 was subjected to microwave heating
(700 W) for 20 min. XRD analysis (Fig. S14†) shows that in all
cases, well-crystallized ZnS, MoS2, and ZnxCd1�xS solid solu-
tions were obtained. This conrmed the generalizability of the
present procedure in the preparation of metal suldes. The
detailed studies on the reaction time, the thiourea/M ratio, and
the physical properties of the as-prepared metal suldes are
currently underway.

In summary, we have demonstrated that a microwave-
assisted heating route is a rapid and general procedure for
metal sulde synthesis. Compared with conventional methods,
the present route offers the following advantages. First, the
reaction occurs in a dry state, and thereby avoids tedious
rinsing processes. Second, the strategy is a general route and
can be applied to several metal suldes, including CdS, ZnS,
and MoS2, and ZnxCd1�xS solid solutions. Finally, the present
strategy is rapid, and easily performed and reproduced. We
believe that the present strategy provides a rapid and general
strategy to prepare metal sulde photocatalysts, and can also be
extended to prepare metal sulde-based hybrid photocatalysts
for H2 production and environmentally friendly applications.
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