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important for solving the problems of 
energy crisis and environment pollution. 
Different semiconductor materials (such 
as TiO 2 , CdS, and ZnO) have received 
widespread attention due to their special 
physical and chemical properties favored 
for dye-sensitized solar cells (DSSCs), pho-
todegradation of organic pollutants, and 
hydrogen generation. [ 1–8 ]  However, the 
high recombination ratio of photo-induced 
electron–hole pairs and the limited uti-
lization of broad band light for a single-
component semiconductor restrict its 
performance in device application under 
solar light irradiation. [ 4,9–11 ]  The synthesis 
and investigation of hetero-nanostruc-
tures with different constituents and 
optical response have experienced a rapid 
development in recent years. Because of 
integrating characteristic properties of dif-
ferent constituents and generating new 
properties caused by the inter-material 
interaction, the hetero-nanostructures 
have excellent manifestation in the pro-

cess of photon–electron conversion. [ 12–17 ]  
 Metal nanocrystals with unique surface plasmon resonances 

(SPRs) are regarded as a fascinating component in the hetero-
nanostructures. To combine different metal nanoparticles (Au, 
Ag, and Pt) with semiconductor also had been a hot topic in 
recent decades. The contact of metal and semiconductor can 
produce an active interface, and the interfacial charge separa-
tion and resonant energy transfer are complex, while some 
positive factors could improve the effi ciency of photon–elec-
tron conversion. [ 18,19 ]  The plasmonic resonances lead to the 
great absorption cross-section and make metallic nanocrystals 
an ideal light-harvesting medium. [ 20 ]  Some recent research pro-
gresses of hot electron injection into semiconductors provide an 
alternative utilization of light as well. [ 21–23 ]  The large scattering 
ability of plasmon could prolong the light pathway and then 
improve the light absorption of adjacent semiconductor. [ 24–26 ]  
Moreover, the plasmon induced local fi eld enhancement could 
enhance the light-semiconductor interaction and increase the 
quantity of photo-generated carriers in the semiconductor adja-
cent to the metal, [ 27,28 ]  especially for the part near the surface, 
the electron–hole recombination could be suppressed due to 
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  1.     Introduction 

 The new design of functional materials with excellent 
photoelectrical and photoelectrochemical properties is critically 
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the short diffusion length to the surface for redox reactions. 
Otherwise, the metallic nanocrystals could also act as an elec-
tron acceptor and improve the lifetime of photo-generated 
electrons. [ 29–31 ]  

 The arrangement of hetero-nanostructures is important for 
the fi nal performance. Janus-like and core–shell are two typical 
structural motifs. [ 32,33 ]  The core–shell structures have special 
advantages of maximizing the active interface and protecting 
the core metal from corrosion and reshaping, which is very 
important because the plasmon properties are greatly deter-
mined by the size and shape of metallic nanocrystals. [ 34–38 ]  
Compared with spherical nanoparticles, Au nanorods (NRs) 
have anisotropic morphology and then exhibit two plasmon 
resonances termed as transverse SPRs (T-SPRs) and longitu-
dinal SPRs (L-SPRs). [ 39 ]  Au NRs have been coupled with various 
metal oxide materials (SiO 2 , TiO 2 , Cu 2 O, Fe  x  O  y  , CeO 2 , etc.) and 
metal sulfi de materials (CdS, ZnS, Ag 2 S, Cu  x  S, etc.) to form 
hetero-nanostructures. [ 40–48 ]  An outstanding advantage of Au 
NRs is that the L-SPRs could be easily tuned in near infrared 
(NIR) region by adjusting the aspect ratio. Most interesting, 
the T-SPR band located in the visible region is stable and excel-
lently matches the peak wavelength of solar spectrum. That 
implies Au NRs have the potential to be incorporated into the 
solar applications. However, in extinction spectra, the intensity 
of T-SPRs is only 20%–40% of L-SPRs, which indicates the har-
vesting of visible light energy is limited for Au NRs. 

 In this work, we report a facile and common method to syn-
thesize the dumbbell-like Au–sulfi de core–shell NRs. Accom-
panying with the coating of metal sulfi des (including CdS, 
Bi 2 S 3 , ZnS, and Cu  x  S), the morphology of Au NRs synchro-
nously transforms to the dumbbell-like shape. Although the 
dumbbell-like Au have been produced through the controlled 
overgrowth of Au NRs stabilized by cetyltrimethylammonium 
bromide (CTAB), [ 49–54 ]  the further growth of metal sulfi de onto 
them with complete single or multi shell as well as maintaining 
the shape is not easy. Normally, the growth of semiconductor 
sulfi de shells onto Au nanocrystals is very diffi cult due to the 
large lattice mismatch between the two materials. [ 55 ]  Binding 
metal ion–molecule complex as precursor onto Au, applying 
Ag 2 S shells as intermediate layer and cation exchange method 
have been successfully demonstrated to prepare the metal–sem-
iconductor core–shell hybrids. [ 45,56 ]  Ascorbic acid (AA) has been 
exhibited to cooperate with CTAB for growing the uniform 
and dense semiconductor oxide shell onto various metal nano-
particles. [ 57 ]  Here, Au NR reshaping to dumbbell-shape and 
the sulfi de shell growth are accomplished in one-pot reaction. 
The cooperative effect of CTAB, AA, and S source (thioaceta-
mide, TAA) is studied. Compared with the initial Au NRs, the 
dumbbell-like Au NRs exhibit greatly enhanced T-SPR in vis-
ible region, which is a particular advantage to improve the vis-
ible light harvesting (the main portion in the solar spectrum). 
We also demonstrate the outstanding photocatalytic activity 
of these dumbbell-like Au–sulfi de core–shell NRs with mono-
layered and double-layered sulfi de shells. Two metal sulfi des 
of CdS and Bi 2 S 3  are shown in the photocatalytic experiments. 
CdS is expected as an ideal semiconductor material for solar 
devices with the bulk bandgap of ≈2.4 eV (≈510 nm), which is 
perfectly matched with the solar light as well as with the T-SPR 
of Au NRs here. Bi 2 S 3  is a layer-structured semiconductor with 

narrow bulk bandgap (≈1.3 eV) and high absorption coeffi cient, 
thus exhibits great potential in photocatalysis, photodetector, 
and photovoltaics recently. Here, several advantages of Au–
sulfi de core–shell NRs: 1) dumbbell-like Au NRs with strongly 
enhanced T-SPRs and tunable L-SPRs; 2) stronger local electric 
fi eld induced by the dumbbell-like shape as compared to ini-
tial Au NRs; 3) integrating dumbbell-like Au NRs with excel-
lent semiconductor materials of CdS and Bi 2 S 3 ; 4) good spectral 
overlap between CdS bandgap and T-SPR wavelength as well as 
Bi 2 S 3  bandgap and L-SPR wavelength, make the materials as an 
ideal candidate for the optoelectronic applications.  

  2.     Results and Discussion 

  2.1.     Synthesis and Characterization 

 The reshaping of Au NRs and the coating of metal sulfi des could 
be accomplished in one-pot reaction and the detail approach for 
synthesizing dumbbell-like gold–metal sulfi de NRs is shown 
progressively in  Figure    1  a. The dumbbell-like shape was pro-
duced through the reduction of residual chloroauric acid by 
AA in the uncentrifuged Au NRs solution and the overgrowth 
of Au on the initial Au NRs. The initial Au NRs were synthe-
sized by the conventional seed-mediated method using CTAB 
as the surfactant. Previous literatures have revealed that the 
surfactants of CTAB are expected to bind much more strongly 
to the {110} surface (dominate the side facets of Au NRs) than 
to the {111} or {100} facets (enclose the ends of Au NRs). [ 58,59 ]  
As shown in Figure  1 b–d, the dumbbell-like NRs with enlarged 
diameter and length could be produced through the controlled 
overgrowth (higher overgrowth rate along {111} directions than 
that along {110} directions) of Au on the CTAB-stabilized Au 
NRs, which were analogous reported before. [ 58,60,61 ]  It should 
be noticed that the reaction is performed in the presence of S 
source (TAA) and metal ion source (metal acetate). Previous 
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 Figure 1.    a) Schematic illustrating the preparation of dumbbell-like Au–
metal sulfi de core–shell nanostructures. A single Au NR b), possible 
growth mechanism c), and a single dumbbell-like Au–Bi 2 S 3  NR d) are 
displayed.
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report shows the crystalline growth direc-
tions can be further regulated by adding 
foreign ions (such as Ag +  ions) or by using 
different reduction methods. [ 62 ]  Sulfi de has 
also been reported to induce the selective 
growth of gold by reduction or quenching 
of Au precursor as well as the adsorption of 
sulfi de onto the Au NRs surface. [ 63 ]  Hence, 
we think that the presence of CTAB sur-
factant and TAA (or generated sulfi de) played 
a co-promoted role in the formation of the 
dumbbell-like Au NRs. TAA, AA, and CTAB 
are also critically important for the semicon-
ductor growth besides the reshaping of Au 
NRs (Figures S1 and S2, Supporting Infor-
mation). TAA was regard as the S source 
and could combine with metal ions to form 
metal sulfi de shells deposited onto Au NRs. 
For depositing complete and dense semicon-
ductor shells on metallic nanoparticles, the assistance of AA 
was claimed in ref.  [ 57 ] . Besides acting as reducing agent for Au 
overgrowth, we think AA also plays important role for sulfi de 
shell growth in current work. AA is proposed to combine with 
metallic ions (Bi 3+ , Zn 2+ , Cu  x   + , and Cd 2+ ) as complex and then 
cooperate with CTAB for carrying the metallic ions to the Au 
surface towards the growth of sulfi de shells. Hence, different 
components including Bi 2 S 3 , CdS, ZnS, and Cu  x  S nanoshells 
were deposited on the surface of dumbbell-like Au NRs despite 
of how large the lattice mismatch exists (2%–3% for Au–Bi 2 S 3  
and 30%–40% for Au–CdS). [ 56,64 ]   

 The morphology and structure charac-
terization of the dumbbell-like gold–metal 
sulfi de core–shell NRs were performed 
by transmission electron microscopy 
(TEM).  Figure    2  a shows the initial Au NRs 
which have an average length/diameter of 
15 ± 3 nm/55 ± 5 nm. The TEM images of 
dumbbell-like Au–CdS, Au–Bi 2 S 3 , Au–ZnS, 
and Au–Cu  x  S NRs are shown in Figure  2 b–e, 
respectively. All the hetero-nanostructures 
have uniform dumbbell-like Au cores, and 
the average length of dumbbell-like Au NRs 
is 62 ± 5 nm. The average diameters at the 
two ends and at the middle of the NRs are 
21 ± 2 nm and 17 ± 2 nm, respectively. Both 
the length and diameter are increased com-
pared with the initial Au NRs, which means 
the reshaping of Au NRs is due to the over-
growth of Au instead of the chemical etching. 
The metal sulfi de shells have an average thick-
ness of 6 ± 2 nm and it could be adjusted by 
controlling the amount of metal ions and the 
reaction time. It is easy to fi nd that different 
metal sulfi de had different morphology on the 
surface of Au NRs. For Au–CdS and Au–ZnS 
NRs, the nanoshells have a loose structure 
and they entirely encase the Au NRs. But for 
Au–Cu  x  S and Au–Bi 2 S 3  NRs, the shells exhibit 
a dense structure and smooth surface, while 

the Cu  x  S layers mainly concentrate on the middle of the Au NRs. 
The energy dispersive X-ray spectroscopy (EDS) (Figure  2 f and 
Figure S4, Supporting Information) and X-ray Diffraction (XRD) 
(Figure S5, Supporting Information) characterizations were per-
formed to validate metallic sulfi de shells. As for the EDS spectra 
of Au–CdS and Au–Bi 2 S 3  NRs in Figure  2 f, the patterns of Au, 
Bi, S and Au, Cd, S are clearly observed, accompanying with the 
other peaks generated by the copper grid.  

  Figure    3   displays the morphology, detailed crystallographic 
structures, composites, and crystalline structure of the dumb-
bell-like Au–Bi 2 S 3 –CdS hetero-nanostructure. Figure  3 a shows 
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 Figure 2.    TEM images of initial Au NRs a), dumbbell-like Au–CdS b), Au–Bi 2 S 3  c), Au–ZnS 
d), and Au–Cu  x  S e) core–shell NRs. f) EDS spectra of dumbbell-like Au–Bi 2 S 3  and Au–CdS 
core–shell NRs on copper grid.

 Figure 3.    TEM image a), HRTEM image b), EDS spectrum c), and XRD pattern d) of dumb-
bell-like Au–Bi 2 S 3 –CdS core–shell nanostructure. The  d -spacing value of 0.19 nm in b) could 
be indexed to several planes of Bi 2 S 3  (including (002), (440), (431), (501), (151), (350), and 
(530)). The standard patterns of cubic-phase Au (PDF#65–8601), orthorhombic-phase Bi 2 S 3  
(PDF#17–0320), and hexagonal-phase CdS (PDF#65–3414) are displayed in d).
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that the Au cores still keep uniform dumbbell-like shape and 
the thickness of shells increases to 15 ± 2 nm after coating 
CdS onto the Au–Bi 2 S 3  NRs. Meanwhile, starting from the 
dense and smooth surface of Bi 2 S 3 , the shells change to loose, 
rough, and spinous. A high resolution TEM (HRTEM) image 
in Figure  3 b presents the obvious double-shell structure. The 
lattice plane spacing of 0.24 nm in the core region agrees well 
with the (111) lattice planes of the fcc gold crystal. [ 48 ]  The lattice 
plane distance of 0.34 nm in the outer shell can be ascribed to 
the (002) planes of CdS. [ 65 ]  EDS analysis in Figure  3 c verifi es 
the composition of Au, Bi, Cd, and S in the hetero-nanostruc-
tures. The XRD pattern is shown in Figure  3 d, the phases of 
Au, Bi 2 S 3 , and CdS are all observed.   

  2.2.     Extinction Properties and Local Field Enhancement 

 The variation of extinction spectra dependent on the reshaping 
of Au NRs and coating of Bi 2 S 3  and CdS are shown in  Figure    4   
and the other sulfi des are shown Figure S6, Supporting Infor-
mation. All the samples were tested at equal amount under 
similar condition. The initial Au NRs exhibit two extinction 
bands at 514 and 780 nm, corresponding to the T-SPR and 
L-SPR, respectively. After the Bi 2 S 3  layers were coated, the 
L-SPR wavelength red-shifted to 810 nm with the slight T-SPR 
red-shifting to 519 nm because of the increase of refractive 
index of the surrounding medium caused by Bi 2 S 3 . [ 48 ]  The 
intensity ratio of L-SPR to T-SPR ( R  =  I  L-SPR / I  T-SPR ) changed 
little (from 3.4 to 2.5). As for the dumbbell-like Au–Bi 2 S 3  
NRs, the T-SPR is red-shifted to 546 nm and the L-SPR is red-
shifted to 860 nm. Both of the intensities of T-SPR and L-SPR 
were increased and the  R  was decreased to 1.2. That implies 
the SPRs for the dumbbell-like Au–Bi 2 S 3  core–shell NRs are 
greatly enhanced, especially for the T-SPR band, which is about 
3 times than that of the initial Au NRs. The increase of T-SPR 
and L-SPR is mainly related to the reshaping and size enlarging 
of dumbbell-like Au NRs. The greatly enhanced SPRs and fi eld 
distributions are displayed by the fi nite-difference time-domain 
(FDTD) simulations in Figure  4 b,c. Compared with the normal 
Au–Bi 2 S 3  NRs (the TEM images of normal Au–sulfi de NRs are 
shown in Figure S7, Supporting Information), the local fi elds 
of L-SPR and T-SPR for the dumbbell-like Au–Bi 2 S 3  NRs are 
all enhanced, especially for the outermost surface outside the 
sulfi de shell, which may contribute more for the extinction 
intensity. It is interesting that the dumbbell-like Au–Bi 2 S 3  NRs 
provide more hot spots of fi eld enhancement, due to the com-
plex shape with many sharp edges. Moreover, the multi-polar 
plasmon modes could be excited and overlap with the T-SPR 
mode, enhancing the extinction band in visible region. After 
coating CdS shell onto the dumbbell-like Au–Bi 2 S 3  core–shell 
NRs, the L-SPR and T-SPR wavelengths are red-shifted to 1000 
and 550 nm, respectively, which are caused by the larger dielec-
tric constant of CdS shells as compared to Bi 2 S 3  shells alone. At 
the same time, the intensities of L-SPR and T-SPR are further 
increased with  R  = 1.12. The dumbbell-like Au–sulfi de core–
shell NRs possess the advantages of the strongly enhanced 
T-SPRs in visible as well as the tunable L-SPRs, which indicates 
the materials as an ideal candidate for the high-performance 
optoelectronic devices.   

  2.3.     Photocatalytic Activity Measurement and Mechanism 
Discussion 

 We compared the photocatalytic activity of pure Bi 2 S 3  nanopar-
ticles, normal and dumbbell-like Au–Bi 2 S 3  NRs through evalu-
ating the photodegradation of RhB. The RhB concentrations 
were monitored by measuring the absorption intensity of the 
characteristic peak at 552 nm and all the measurement were 
conducted under the similar conditions. As shown in  Figure    5  a, 
30% and 38.8% of the dyes were reduced by pure Bi 2 S 3  and 
normal Au–Bi 2 S 3  with the irradiation for 60 min. However, 
for the dumbbell-like Au–Bi 2 S 3 , about 62% of the dyes were 
reduced under the same conditions, which almost has about 
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 Figure 4.    a) Experimental extinction spectra of dumbbell-like Au–Bi 2 S 3 –
CdS, dumbbell-like Au–Bi 2 S 3 , normal Au–Bi 2 S 3 , and initial Au NRs. Local 
fi eld distribution calculated by FDTD for dumbbell-like and normal Au–
Bi 2 S 3  at their L-SPR b) and T-SPR c) peaks.
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1 times enhancement as compared to pure Bi 2 S 3  and about 
60% to normal Au–Bi 2 S 3 .  

 Bi 2 S 3  is a narrow bandgap (≈1.3 eV) semiconductor with 
high absorption coeffi cient. Here, although the Bi 2 S 3  nanopar-
ticles have the larger surface-to-volume ratio, thus the larger 
active surface, two Au–Bi 2 S 3  hybrids show higher photocatalytic 
activity. The plasmon–extion interaction plays an important 
role. Previous literatures [ 66–69 ]  discussed many possible mecha-
nisms to elucidate the enhancement of photocatalytic activity for 
core–shell metal–semiconductor hetero-structures, including 
(i) the large local fi eld and plasmon scattering induced absorp-
tion enhancements for semiconductor, and simultaneously, the 
recombination suppression for near surface photo-excited elec-
tron–hole pairs due to the short diffusion length; (ii) interfa-
cial charge transfer from semiconductor to metal for effective 
charge separation; (iii) light harvesting by metal and interfacial 
charge transfer process, like hot electron injection from metal 
to semiconductor; (iv) light harvesting by metal and interfa-
cial resonant energy transfer for electron–hole pair excitation 
in semiconductor. In our research, the photocatalytic activity 
of dumbbell-like Au–Bi 2 S 3  is much better than that of normal 
Au–Bi 2 S 3 . However, the active surface for dye photodegrada-
tion is relatively small for the dumbbell-like shape because the 
diameter and length are increased and the surface-to-volume 
ratio is decreased. The pathways of (i), (iii), and (iv) play a pos-
sible role, owing to that the dumbbell-like Au–Bi 2 S 3  NRs have 
the stronger visible T-SPR extinction and also the stronger local 
electric fi eld as compared to the normal Au–Bi 2 S 3  NRs. 

 As shown in Figure  5 c, the dumbbell-like Au–Bi 2 S 3 –CdS 
core–shell NRs show the highest photocatalytic activity among 
the tested samples, the degradation of RhB is 64.2% at the fi rst 

10 min and 88.6% at 60 min. However, it 
is 19% and 62% for the dumbbell-like Au–
Bi 2 S 3 , 25% and 71% for the dumbbell-like 
Au–CdS, and 30% and 77% for P25. It is easy 
to confi rm that the photocatalytic activity of 
Au–Bi 2 S 3 –CdS is 2.5 times (1.2 times) that 
of Au–CdS, about 3 times (1.4 times) that of 
Au–Bi 2 S 3 , and 2.1 times (1.1 times) that of 
P25 at the fi rst 10 min (60 min). 

 The inner charge transferring processes 
in photodegradation are further discussed 
and shown in Figure  5 d to understand the 
mechanism of this enhanced photocatalytic 
activity. It is known that the bandgaps of 
CdS and Bi 2 S 3  are 2.4 and 1.32 eV, respec-
tively. Since electrons and holes gain energy 
by moving down and up, respectively, [ 70 ]  the 
photo-excited electrons can transfer from 
the conduction band (CB) of CdS to the CB 
of Bi 2 S 3 . The electron transfer is occurred in 
the timescale of ≈10 fs. [ 65 ]  Due to the rela-
tive slow migration rates for holes (10 times 
slower than that of electron) in valence 
band (VB), the photo-generated electrons 
and holes are spatially separated rapidly, 
reducing the recombination probability sig-
nifi cantly and increasing electron lifetimes, 
which lead to greatly improved photocata-

lytic activity of dumbbell-like Au–Bi 2 S 3 –CdS. The investigation 
of ultrafast dynamic process could further reveal the picture 
of electron transfer and underlying mechanism. In addition, 
due to the double nanoshells of CdS and Bi 2 S 3  as well as the 
intense T-SPR, visible light could be harvested more effec-
tively (Figure S8, Supporting Information). Furthermore, the 
loose, rough, and spinous CdS layers shown in Figure  3 a and 
Figure S9, Supporting Information, could provide a bigger 
superfi cial area which is very useful for the adsorbing and deg-
radation of dye molecules.   

  3.     Conclusion 

 An approach for synthesizing uniform dumbbell-like gold–
sulfi de core–shell nanostructures is reported in our present 
work. The transformation from Au NRs to dumbbell-like Au 
NRs and coating of metal sulfi de shells (including Bi 2 S 3 , CdS, 
Cu  x  S, and ZnS) were achieved in a one-pot reaction. The dumb-
bell-like gold NRs exhibited highly transverse plasmon reso-
nance, strong visible light absorption, and large local electric 
fi eld. Due to these excellent characters, the dumbbell-like Au–
Bi 2 S 3  core–shell NRs have shown better visible light photocata-
lytic activity as compared to pure Bi 2 S 3  and normal Au–Bi 2 S 3  
core–shell NRs. Furthermore, the dumbbell-like Au–Bi 2 S 3 –CdS 
nanostructures with better visible light photocatalytic activity 
were also investigated. The optimum band confi guration leads 
to fast electron–hole separation rate and long electron lifetimes 
and then produces an evident promotion to photocatalysis. We 
believe this synthesis approach, the dumbbell-like hetero-nano-
structures as well as the underlying mechanism demonstrated 
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 Figure 5.    a) Photodegradation of RhB versus time for pure Bi 2 S 3 , normal and dumbbell-like 
Au–Bi 2 S 3 . b) Possible mechanism of photodegradation process of dumbbell-like Au–Bi 2 S 3.  
c) Photodegradation of P25, dumbbell-like Au–Bi 2 S 3 , Au–CdS, and Au–Bi 2 S 3 –CdS hetero-nano-
structures. d) Schematic illustration of the charge separation at the interface of dumbbell-like 
Au–Bi 2 S 3 –CdS hetero-nanostructure.
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here will be useful in the photocatalytic, photoelectrochemical, 
and photovoltaic applications.  

  4.     Experiment Section 
  Chemicals : Chloroauric acid (HAuCl 4 ·4H 2 O, 99.99%),silver nitrate 

(AgNO 3 , 99.8%), glycine acid (99.5%), L-ascorbic acid (99.7%), 
cadmium acetate (99.5%), zinc acetate (99.5%), cupric acetate (99.5%), 
bismuth acetate (99.5%), thioacetamide (99%), sodium hydride (NaOH, 
96%),hydrochloric acid (36%–38%), and sodium borohydride (NaBH 4 , 
96%) were purchased from Sinopharm Chemical Reagent Co. Ltd. 
(Shanghai, China). Hexadecyltrimethylammonium bromide (CTAB, 
99.0%) was purchased from Amresco, Inc. (America). All chemicals were 
used as received and without further purifi cation. All aqueous solutions 
were freshly prepared by using double distilled water. 

  Synthesis of Dumbbell-Like Gold–Metal Sulfi de Core–Shell Nanorods : 
The CTAB-stabilized Au NRs were prepared by a seed-mediated growth 
method. [ 71 ]  To synthesize dumbbell-like gold–metal sulfi de NRs, 1 mL 
0.1  M  L-ascorbic acid and hexamethylenetetramine were added into 
5 mL uncentrifuged Au NRs solution and 40 µL 0.1  M  thioacetamide 
was added subsequently. The mixture solution turned to deep purple 
color quickly. Then 10 µL of 0.1  M  metal acetate (cupric acetate, zinc 
acetate, bismuth acetate, or cadmium acetate) was added. The mixture 
solution was kept at 80 ºC for 8 h in vacuum oven. The fi nal product was 
centrifuged, washed, and dispersed in water for further use. 

  Coating Dumbbell-Like Au–Bi  2  S  3  Core–Shell NRs with CdS Layer : In a 
typical procedure, 1 mL 0.2  M  glycine solution was added in dumbbell-
like Au–Bi 2 S 3  aqueous solution and 50 µL 0.2  M  NaOH aqueous solution 
was injected into the mixture solution to manipulating the pH value at 
7.5. Then, 120 µL 10 × 10 −3   M  thioacetamide and 100 µL 10 × 10 −3   M  
cadmium acetate were added in the reaction solution, the mixture was 
kept at 95 ºC under stirring for 4 h. The fi nal products were centrifuged, 
washed, and dispersed in water for further use. 

  Synthesis of Normal Au–Bi  2  S  3 , pure Bi  2  S  3 ,  and CdS for Photocatalysis : 
The normal Au–Bi 2 S 3  was synthesized in the similar way with dumbbell-
like Au–sulfi de core shell NRs except the CTAB stabilized-Au NRs should 
be centrifuged. Pure Bi 2 S 3  and CdS also were synthesized in the absence 
of Au NRs. All the concentration and volume of the chemicals are the 
same as we mentioned before. 

  Photocatalytic Activity Measurement : The photocatalytic performances 
were measured by the photodegradation of RhB under a 300 W xenon 
lamp irradiation at room temperature. The 10 mg of photocatalysts were 
added in 30 mL 10 −5   M  aqueous solution of RhB. The mixture solution 
was kept continuously stirring during the irradiation and samples were 
taken every 10 min for further test. After removing the photocatalyst from 
the mixture solution by centrifugation, the concentration of the RhB was 
calculated by measuring the extinction density of RhB at 552 nm. 

  FDTD Simulations : The simulations were carried out by using FDTD 
method with the software FDTD Solutions 8.6. The refractive indices 
of Bi 2 S 3  and water are 2.4 and 1.33, respectively, and that of gold is 
taken from ref.  [ 72 ] . Perfectly matched shape and layers were used in our 
simulations. The Au NRs are a cylinder with round ends. The radius of 
the cylinder is 7 nm and radii of the ends are 5 nm and the total length 
of the gold rod is 50 nm. The dumbbell-like Au NRs are a cylinder with 
parabola cone ends. The radius of the cylinder is 7 nm, radii of the cone 
bottoms are 4.5 nm, height of the cones are 16 nm, and the total length 
of the NRs is 72 nm. All the Bi 2 S 3  shell thickness is 6 nm. 

  Sample Characterization : The TEM and HRTEM images were obtained 
with a JEOL 2010 HT and a JEOL 2010 FET transmission electron 
microscope operated at 200 kV. EDS analysis was performed on an 
EDS incorporated in the HRTEM. Scanning electron microscopy (SEM) 
observations were performed with a FEG SEM Sirion 200 operated at an 
accelerating voltage of 25.0 kV. X-ray diffraction spectra (XRD) patterns 
were obtained on a Bruker D8 advance X-ray diffractometer with Cu–K α  
irradiation ( λ  = 0.15418 nm). The absorption spectra were tested by UV–
vis-NIR spectrophotometry (Cary 5000,Varian).  
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