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ABSTRACT 
 
Plasmonic coupling of gold nanoparticles results in a red shift of the plasmon peak in the visible 
absorption spectrum, resulting in a color change that is sensitive to the interparticle spacing. Here, 
we used multiple sequential partial cation exchange reactions to design heterostructured nanorod 
templates that define the regions onto which gold nanoparticles photodeposit. Starting with 
nanorods of copper sulfide (Cu1.8S), we synthesized ZnS–CdS, CdS–ZnS–CdS, and ZnS–CdS–
ZnS nanorods. Illumination with a blue LED light initiated photodeposition of Au nanoparticles 
selectively onto the CdS regions. Subsequent cation exchange reactions transformed the CdS 
regions to Cu1.8S and then to ZnS while also facilitating surface diffusion and migration of the 
photodeposited Au, which coalesced into single particles through a surface ripening process. This 
process produced nanorods that were fully ZnS but with Au nanoparticles anchored in distinct 
regions. The Au–ZnS–Au sample exhibited a red shift of the plasmon peak relative to Au–ZnS 
due to plasmonic coupling of the Au particles on the ZnS nanorod support. 
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The ability to precisely place one type of nanoparticle on the surface of another is a prerequisite 
for engineering photonic nanostructures that couple together multiple optically active 
components, such as multi-component chiral,1 nonlinear optical,2–5 and photocatalytic 
architectures.6–9 The controlled coupling of nanoparticles is commonly achieved using several 
strategies. Individual colloidal nanoparticles can be connected to one another through surface 
molecule interactions, including chemically selective linkers such as DNA.10–12 One type of 
nanoparticle can seed the growth of another, producing hybrid nanoparticles having directly 
coupled solid-state interfaces.13–17 Other colloidal methods can modify nanoparticle composition 
in certain regions, producing interfaced materials and heterostructures.16,18–21 Nanoparticles can 
also be deposited on planar surfaces using nanolithography and electron beam lithography to 
generate periodic arrays with controlled spacings and arrangements.4,22–24 Additionally, AFM tips 
can physically move Au nanoparticles closer together on a surface to control their relative 
spacings.5  

These and other approaches provide pathways for generating optically coupled nanoparticle 
constructs. In some cases, regioselective placement is possible, whereby the relative locations of 
two or more coupled nanoparticles can be controlled. For example, different regions of a 
nanocrystal surface having different energies can have different reactivities that influence where 
the seeded growth of a new nanoparticle will preferentially occur. The placement of metal 
nanoparticles selectively at the tips of CdS nanorods and the growth of hierarchical 
nanostructures through facet-selective deposition demonstrate this approach.25 Photodeposition 
of metals onto nanoparticles that incorporate multiple semiconductors, such as CdSe–CdS, can 
occur on one material versus the other due to differences in band gap energy.26 Despite these 
capabilities, regioselective growth of one type of nanoparticle on the surface of another remains 
challenging. 

Here, we introduce a strategy for designing heterostructured nanoparticles that facilitates the 
regioselective placement of Au nanoparticles at desired locations on the surface of ZnS nanorods. 
This method, shown schematically in Figure 1, begins with using well-established cation 
exchange chemistry to introduce intraparticle frameworks of different semiconductors (ZnS, CdS) 
into colloidal nanorods at predetermined locations, which subdivides them into chemically, 
optically, and electronically distinct regions.19,20,27,28 We begin with nanorods of roxbyite copper 
sulfide, Cu1.8S, and then exchange a fraction of the Cu+ cations with Zn2+, which results in regions 
of ZnS segregated within the Cu1.8S nanorods. Next, we exchange the remaining Cu+ cations with 
Cd2+, which retains the interfaces, replaces the remaining Cu1.8S with CdS, and forms 
heterostructured ZnS–CdS nanorods. The arrangements of the ZnS and CdS regions – ZnS 
nanorods with a single CdS tip, double CdS tips, and a CdS central band – are defined during the 
first partial cation exchange step and are tunable and predictable based on established design 
rules, described below. We then photodeposit Au nanoparticles selectively on the CdS regions 
by leveraging the differences in their band gap energies. When the material having the smaller 
band gap, CdS, is illuminated with light having a wavelength greater in energy than its band gap 
but lower in energy than the band gap of ZnS, the CdS will selectively absorb photons to excite 
and confine electrons to the conduction band. These excited electrons can then be used to reduce 
the Au at the surface, keeping it localized to the CdS region. Through a series of additional cation 
exchange reactions, we then remove the intraparticle frameworks and convert the entire rod to 
ZnS, while the Au remains anchored in the region where it was initially deposited. This multi-step 
process results in ZnS nanorods that have Au nanoparticles selectively deposited near the tips, 
near the middle, or near both tips; the latter exhibit coupled plasmonic properties that mimic those 
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produced by other methods, such as DNA linking, but in a discrete colloidal nanoparticle construct 
that was engineered without organic or biomolecular linkers. 

 
Figure 1. Schematic depicting the multi-step sequence of partial cation exchange reactions and 
photodeposition steps that lead to the rational synthesis of ZnS nanorods with regioselective 
placement of one or two Au nanoparticles. 

  

Starting with roxbyite Cu1.8S nanorods (Figure S1),19 three different ZnS–CdS heterostructured 
nanorod derivatives were synthesized using various sequences of partial cation exchange 
reactions, as detailed in the Supporting Information. Figure 2 includes HAADF-STEM images and 
corresponding STEM-EDS element maps of Cd and Zn for all three types of nanorods, confirming 
the intended spatial distributions of CdS and ZnS; additional STEM-EDS element maps are shown 
in Figures S2-S4. X-ray diffraction (XRD) analysis, including peak positions, peak widths, and 
relative intensities, also confirmed the presence of wurtzite ZnS and CdS in the nanorods (Figure 
S5).  

For the ZnS nanorods having a single tip of CdS, analysis of 144 particles revealed that 85% were 
ZnS–CdS single-tipped rods, with the remainder consisting primarily of CdS–ZnS–CdS double-
tipped nanorods. For the double-tipped CdS–ZnS–CdS nanorods, 62% of 476 nanorods observed 
consisted of the targeted CdS–ZnS–CdS heterostructure, with the remainder being composed of 
single-tipped ZnS–CdS nanorods. For the ZnS–CdS–ZnS nanorods, which have a central band 
of CdS, analysis of 187 particles indicated that 92% were the targeted ZnS–CdS–ZnS nanorods, 
with the remainder containing multiple stripes of CdS, i.e., ZnS–CdS–ZnS–CdS–ZnS (Figures 2 
and S6-S8 show STEM-EDS elemental maps containing all counted particles.). The synthetic 
protocols used to generate these three distinct classes of ZnS–CdS nanorods leverage both 
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existing knowledge and new modifications, both discussed in the Supporting Information, that 
help to direct exchange to precise locations. 

 
Figure 2. For each of the three ZnS/CdS heterostructured nanorod templates (single tip ZnS–
CdS, double tip CdS–ZnS–CdS, and central band ZnS–CdS–ZnS), HAADF-STEM images are 
shown in the left and overlayed STEM-EDS element maps are shown on the right. (Green = Zn 
Kα, orange = Cd Lα) 

 

With these three distinct samples of ZnS–CdS nanorods in hand, we next sought to grow Au 
selectively on the CdS regions. We first evaluated the growth of Au on ZnS and CdS nanorods 
separately to identify appropriate reaction conditions and to serve as a series of control 
experiments, as shown by the XRD and TEM images in Figure 3. Nanorods of CdS, which as a 
bulk material has a band gap of 2.4 eV that is slightly lower in energy than the 2.6 eV of the 470-
nm LED lights used for irradiation, were able to photoreduce Au when irradiated for 8 minutes. 
The TEM image in Figure 3b confirms that particles deposited on the CdS nanorods and the XRD 
data in Figure 3a indicates that Au is present. As expected for ZnS, where the incoming light had 
an energy smaller than the band gap, Au would not grow. Nanorods of ZnS, which as a bulk 
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material has a band gap of 3.6 eV that lies in the ultraviolet region, did not grow Au, based on the 
lack of Au by XRD and the lack of deposited particles by TEM (Figures 3a and 3c). Even when 
using a UV-emitting lamp as a light source, the ZnS nanorods did not grow Au after 8 minutes, as 
indicated by the lack Au by both XRD (Figure 3a) and TEM (Figure 3d). Increasing the irradiation 
time with the UV-emitting lamp to 1 hour resulted in photoreduction of Au on the ZnS nanorods 
(Figures 3a and 3e). It is worth noting in these control experiments that for the rods that were able 
to grow Au, the placement of the Au appeared random (Figure 3b and 3e). There was some 
preference toward Au nanoparticle growth on or near the nanorod tips, as is well known to occur 
in such systems,29–32 but Au was also frequently present at other locations around the nanorods. 
Additionally, on initial inspection, many CdS nanorods did not appear to have any Au present. 
However, at higher magnifications, these nanorods were found to contain many small Au particles 
all over the surface (Figure 3b, inset). This behavior is also commonly observed during 
photoinduced Au growth.29,32,33 

These control experiments established that nanorods of CdS would seed the growth of Au when 
illuminated with 470-nm blue LED light for 8 minutes while under identical conditions, ZnS 
nanorods would not. We then applied these growth conditions to the three types of 
heterostructured nanorods shown in Figure 2 to selectively grow Au on the CdS regions. Figure 
4a shows STEM-EDS element maps for Cd, Zn, and Au, which confirm that Au nanoparticles 
photodeposited onto the nanorods and that they sit adjacent to the CdS regions and not the ZnS 
regions. (Some Au nanoparticles appear near the CdS–ZnS interface but are connected to the 
CdS region. Others that appear to be adjacent to ZnS are actually connected to CdS regions on 
neighboring nanorods, i.e., their apparent location next to ZnS is an artifact of how the nanorods 
sit next to each other.) Individual STEM-EDS element maps are included in Figures S9-S12. 
These results provide strong evidence that the photodeposited Au is localized to the CdS regions 
and excluded from the ZnS regions. Additionally, the XRD data in Figure S13 helps to validate 
key materials characteristics of the Au/CdS/ZnS nanorods in the bulk sample; a detailed 
discussion is provided in the Supporting Information. 

At this point, we have three distinct samples of heterostructured nanorods containing ZnS and 
CdS with Au deposited selectively on the CdS regions. However, our goal is to use the ZnS/CdS 
nanorods as templates to control where the Au photodeposits, but ultimately have the nanorods 
consist of only ZnS, so that the final system has only one type of nanoparticle (Au) that absorbs 
at visible wavelengths. To achieve this goal, we sought to replace the Cd2+ with Zn2+ to transform 
the CdS to ZnS, making the entire rod consist of ZnS. However, the chemical driving force for 
cation exchange, which includes hard-soft acid-base interactions, does not allow this exchange 
to proceed directly, since Cd2+ and Zn2+ do not differ substantially in their hardness values. 
Instead, we carried out an intermediate exchange of Cd2+ with Cu+ to replace the CdS with Cu1.8S, 
followed by exchange of the Cu+ in Cu1.8S with Zn2+ to transform the Cu1.8S (that used to be CdS) 
to ZnS. This sequence, which transforms (as one example) CdS–ZnS to Cu1.8S–ZnS and then to 
ZnS–ZnS, is possible based on the existing knowledge that Cd2+ in CdS will exchange with Cu+ 
but Zn2+ in ZnS will not.37 Figure 4a shows STEM-EDS element maps that confirm the 
replacement of Cd2+ with Cu+ to form Cu1.8S without disrupting the spatial localization of the 
photodeposited Au nanoparticles; individual STEM-EDS element maps are provided in Figures 
S14-S16. The Au particles were previously on the CdS regions, and after Cu+ exchange, they 
remain in the same regions, which now consist of Cu1.8S. Finally, the Cu+ cations in the Cu1.8S 
regions were fully replaced with Zn2+ to transform them to ZnS, as confirmed by STEM-EDS data 
in Figure 4a, resulting in nanorods that are fully ZnS; individual STEM-EDS element maps are 
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provided in Figures S17-S19. The XRD data in Figure S13 further validate the success of these 
cation exchange reactions throughout the bulk sample.  

 

Figure 3. (a) XRD and (b-e) TEM data that confirms the presence or absence of Au 
photodeposition in control samples. The four control samples are nanorods of (b) CdS that have 
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been irradiated with blue LED light for 8 minutes, (c) ZnS that have been irradiated with blue LED 
light for 8 minutes, (d) ZnS irradiated with a UV-emitting lamp for 8 minutes, and (e) ZnS irradiated 
with a UV-emitting lamp for 1 hour. In (a), simulated reference patterns of fcc-Au,34 wurtzite ZnS,35 
and wurtzite CdS36 are shown for comparison. The inset in (b) highlights the smaller dark spots 
(“speckling”) on the CdS nanorods, which are from the photodeposition of small Au particles 
across the surface of the nanorods. 

 

The data in Figure 4b provide additional insights into how the photodeposition of Au occurs 
selectively on the CdS regions and how the subsequent exchanges with Cu+ and Zn2+ impact it. 
As discussed earlier, control experiments showed that Au photodeposition on CdS produced large 
amounts of small Au nanoparticles speckled across the entire CdS surface (Figure 3b). Similar 
behavior is observed during Au photodeposition on ZnS–CdS, as brighter spots corresponding to 
smaller Au particles can be seen speckled all over the CdS regions in the HAADF-STEM images 
in Figure 4b (top). However, after the Cu+ exchange that transforms the CdS–ZnS nanorods to 
Cu1.8S–ZnS, the Au appears to have coalesced into a single domain on each nanorod, as noted 
by the lack of brighter contrast regions in the corresponding HAADF STEM images (Figure 4b 
(bottom). The single Au domain remains after Zn2+ exchange. This behavior is consistent with an 
Ostwald ripening process, whereby the larger Au particle grows at the expense of the smaller 
ones, which coalesce through diffusion across the surface.30 

As mentioned previously, this speckling of Au on CdS is not uncommon for nanoparticle systems 
where Au is grown on CdS.29,32 Truly single tipped Au–CdS nanorods, having a minimal number 
of speckled Au–CdS particles as a side product, have been previously synthesized. In one 
example, two experimental strategies were critical to achieving single tipped Au–CdS.33 First, 
methanol was used as a hole scavenger to reduce the likelihood of electrons becoming trapped 
at surface defects, which would increase the probability of nucleating multiple Au nanoparticles. 
Second, a high power (>100 mW/cm2) laser was used as the light source, and this was likely to 
increase the total number of excited electrons so that the Au can be more readily reduced onto 
the surface of the larger and growing Au nanoparticle. As an alternative, we additionally 
considered the possibility that higher laser powers could also heat the nanorods, which would 
enhance the diffusion of Au along the surface of the nanorod and help to facilitate Ostwald 
ripening. However, in previous studies of Au growth on CdS nanorods through both thermally and 
light driven processes, the thermally driven processes generally favor speckling of small Au 
particles on the CdS nanorod surface, even when combined with illumination of the particles using 
blue light. Regardless, it is not unreasonable to expect large amounts of small Au particles 
speckling the surface of our nanorods during photodeposition using low-power LED illumination.  

Rather than requiring a high-power laser to grow single domains of Au onto a nanorod, the data 
in Figure 4b suggest that the Cu+ back exchange reaction enables migration of the Au. We 
speculate that during the exchange step involving the replacement of Cd2+ with Cu+, the rapid 
movement associated with the cations diffusing in and out of the nanorod allows for easy migration 
of the Au across the surface. The result of this process is to form a single larger particle that would 
be energetically more stable than many smaller domains. Cation exchange necessarily requires 
the surface to be dynamic, given that it is the entry and exit point for incoming and outgoing 
cations, respectively, and the ligands are concomitantly dynamic. Further support for this process 
comes from analysis of the CdS–ZnS–CdS heterostructured nanorod onto which Au was 
photodeposited. Immediately following Au photodeposition, only a few of the CdS–ZnS–CdS 
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nanorods appeared to have two distinct Au domains. However, in the final product, which 
consisted of Au on only ZnS, a majority of the nanorods have two Au particles on them. 
Additionally, for nanorods having larger CdS regions onto which Au is photodeposited as speckled 
particles, the average size of the coalesced Au after replacing the Cd2+ with Cu+ is larger (Figure 
S20). This observation indicates that more Au photodeposits when the CdS surface area is higher, 
which leads to larger Au particles after surface migration and coalescence. 

 

Figure 4. (a) STEM-EDS element maps characterizing each cation exchange step for each of the 
three types of ZnS/CdS heterostructured nanorod templates after Au photodeposition. These 
steps include (from left to right) the exchange of Cd2+ with Cu+ to transform the CdS regions to 
Cu1.8S and the exchange of Cu+ with Zn2+ to exchange the Cu1.8S regions to ZnS, ultimately 
forming nanorods that only contain ZnS and Au. (Green = Zn Kα, orange = Cd Lα, yellow = Au 
Lα, purple = Cu Kα.) The corresponding bar charts on the right track the percentage yields (based 
on counting statistics, as described in the text) of the starting heterostructured nanorod templates 
to the final Au/ZnS products. (b) HAADF-STEM images (two magnifications) showcasing the initial 
Au growth step on the single tipped CdS–ZnS nanorod (top), which corresponds to small Au 
nanoparticles speckled across the CdS surface of the CdS–ZnS nanorods, along with the same 
system after Cu+ exchange to form Au–Cu1.8S–ZnS, where the speckled Au has coalesced with 
the larger particles. All scale bars shown are 20 nm. 

 

Categorizing and counting particles allowed us to correlate the location of the Au domains to the 
location of the CdS in the initial CdS/ZnS heterostructures, helping to validate retention of 
regioselectivity defined during photodeposition. For the single-tipped CdS–ZnS rods where 85% 
of the CdS was localized to the end of the rod, 72% (n=235) of the final ZnS/Au rods had the Au 
located within the top third of the nanorod (Figure 4a). The double-tipped sample, for which 62% 
of the nanorods were the targeted CdS–ZnS–CdS heterostructure, had 49% (n=176) of the 
product ZnS/Au nanoparticles containing two Au domains. Finally, in the nanorod sample for 
which 92% had a central band of CdS (ZnS–CdS–ZnS), 90% (n=187) of the product ZnS/Au rods 
had Au localized to the central third of the nanorod. Additional discussion of the product yields is 
provided in the Supporting Information, along with images of all of the particles counted in 
determining the Au domain placement (Figures S21-S23).  
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The ability to direct both the number and location of photodeposited Au nanoparticles, which have 
a visible-wavelength surface plasmon resonance, on ZnS nanorods, which are optically 
transparent at visible wavelengths, allows us to interrogate controlled plasmonic Au nanoparticle 
coupling on a solid-state support. It is known that the localized surface plasmon resonance 
(LSPR) in Au nanoparticles shifts to different wavelengths depending on the spacing between 
them. For Au particle spacings greater than 200 nm, the LSPR exhibits a blue shift that increases 
as particle spacing decreases.22–24 At much shorter Au particle spacings of 8-24 nm, which are 
generated by linking together Au nanoparticles with DNA strands, there is a red shift in the Au 
LSPR that increases with decreasing Au interparticle distance.10–12  

 
Figure 5. Visible absorption spectra showing the plasmon peak for the ZnS(Au) nanorods (red) 
and the Au–ZnS–Au nanorods (blue), which exhibit a red shift due to coupling of the two Au 
particles anchored to the ZnS nanorods. The corresponding visible absorption spectrum for ZnS 
nanorods without Au (green) are shown for comparison. The overlaid photographs show vials of 
colloidal suspensions of each sample, along with corresponding illustrations of the majority 
product in each vial. 

  

All the methods referenced above for coupling together plasmonic Au nanoparticles require 
depositing particles at controlled spacings on surfaces or post-synthetically connecting them in 
ways that control their spacings. A drawback of these methods is their inability to control precisely 
how many particles are linked or whether they are also linked to another particle. Here, we anchor 
plasmonic Au particles regioselectively on colloidal ZnS nanorod supports to address these 
challenges. Two of the heterostructured nanorod precursors, CdS–ZnS and ZnS–CdS–ZnS, 
produce one Au particle per ZnS rod, i.e., Au–ZnS, after back-exchange of Cd2+ with Cu+ and 
then Zn2+, while CdS–ZnS–CdS produces two Au particles per ZnS rod, which can be depicted 
(after full conversion to ZnS) as Au–ZnS–Au. Given consideration of the locations of the Au 
particles relative to each other on the two-particle ZnS rods, as well as their range of locations, 
the average spacings between the ZnS-anchored Au nanoparticles are 22 ± 9 nm, which fall within 
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the range of coupled nanoparticles that should exhibit a red shift relative to ZnS nanorods 
containing only one Au nanoparticle. 

Experimental UV-visible absorption spectra, shown in Figure 5, validate these predictions about 
the LSPR based on the relative positions of the Au nanoparticles and also confirm that the 
particles are coupled throughout the bulk of the sample and therefore represent the majority 
product of the multi-step synthesis. For the measurements involving ZnS nanorods that contain a 
single Au particle, we chose to use the ZnS–Au nanorods with the Au located on the central third 
of the ZnS rod due to their higher yield.  For these Au–ZnS nanorods, the maximum absorbance 
for the LSPR is around 530 nm. This value for the maximum absorbance is consistent with what 
we would expect to observe, as the ~12 nm Au particles alone would exhibit a maximum 
absorbance near 520 nm that would red shift by ~10 nm, to approximately 530 nm, when coupled 
with ZnS.38 For the ZnS nanorods that contain two Au particles separated by an average distance 
of 22 ± 9 nm, the maximum absorbance exhibited a further red shift to 542 nm, which is consistent 
with the red shift observed for DNA-linked Au nanoparticles having a comparable interparticle 
distance of 24 nm and a red shift of 15 nm.10 We further validated that the observed red shift 
arises from the proximity of Au nanoparticles and not from other factors that influence LSPR peak 
positions. First, we determined that the average Au particle diameters and standard deviations in 
both samples were identical at 10 ± 5 nm (n = 135 for Au–ZnS and n = 87 for Au–ZnS–Au). 
Second, Scherrer analysis of the XRD data for the Au–ZnS and Au–ZnS–Au samples indicated 
Au grain sizes of 12.5 nm and 12.7 nm, respectively, which are comparable to the particle sizes 
observed by TEM. It is worth noting that the UV-vis spectrum for the Au–ZnS–Au sample exhibits 
a slight shoulder around 530 nm, which is consistent with the particle counting data for this sample 
indicating that approximately half of the particles had two Au domains while the other half had 
only one; contributions from both subpopulations are therefore expected and observed.  

In conclusion, we demonstrated the retrosynthetic design and regioselective placement of Au 
nanoparticles at precise locations on ZnS nanorods through a multi-step reaction sequence that 
combines partial cation exchange and photodeposition. The placement of the Au nanoparticles 
on the ZnS nanorods influences their plasmonic properties through controlled average coupling 
distances. The precision of the cation exchange process is still evolving as we continue to learn 
more about how these reactions occur and can be controlled. Therefore, while we cannot yet 
control the precise coupling distance between the photodeposited Au nanoparticles due to 
limitations in cation exchange capabilities, preliminary results suggest that such control should be 
possible in the future (Figure S24). Additionally, while this model system was demonstrated using 
a small palette of materials, a much broader scope of materials is amenable to both cation 
exchange and photoreduction, making this strategy applicable to other functionally synergistic 
systems such as photocatalysts, non-linear optical materials, and biosensors.  
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