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CONSPECTUS: 
 
Nanoparticles that contain multiple materials connected through interfaces, often referred to as 
heterostructured nanoparticles, are important constructs for many current and emerging 
applications. Such particles combine semiconductors, metals, insulators, catalysts, magnets, 
and other functional components that interact synergistically to enable applications in areas that 
include energy, nanomedicine, nanophotonics, photocatalysis, and active matter. To synthesize 
heterostructured nanoparticles, it is important to control all of the property-defining features of 
individual nanoparticles – size, shape, uniformity, crystal structure, composition, surface 
chemistry, dispersibility – in addition to interfaces, asymmetry, and spatial organization, which 
facilitate communication among the constituent materials and enable their synergistic functions. 
While it is challenging to control all of these nanoscale features simultaneously, nanoparticle 
cation exchange reactions offer powerful capabilities that overcome many of the synthetic 
bottlenecks. In these reactions, which are often carried out on metal chalcogenide materials 
such as roxbyite copper sulfide (Cu1.8S) that have high cation mobilities and a high density of 
vacancies, cations from solution replace cations in the nanoparticle. Replacing only a fraction of 
the cations can produce phase-segregated products having internal interfaces, i.e. 
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heterostructured nanoparticles. By carrying out multiple partial cation exchange reactions, 
multicomponent heterostructured nanoparticles can be synthesized. 
 
In this Account, we discuss the use of multiple sequential partial cation exchange reactions to 
rationally construct complex heterostructured nanoparticles, toward the goal of made-to-order 
synthesis. Sequential partial exchange of the Cu+ cations in roxbyite Cu1.8S spheres, rods, and 
plates produces a library of 47 derivatives that maintain the size, shape, and uniformity defined 
by the roxbyite templates while introducing various types of interfaces and different materials 
into the resulting heterostructured nanoparticles. Using an excess of metal salt reagents, 
reaction time controls the extent of partial cation exchange. By instead using substoichiometric 
metal salt reagents, the extent of partial cation exchange can be precisely controlled by cation 
concentration. This approach allows significant control over the number, order, and location of 
partial cation exchange reactions. Up to 7 sequential partial cation exchange reactions can be 
applied to roxbyite Cu1.8S nanorods to produce derivative heterostructured nanorods containing 
as many as 6 different materials, 8 internal interfaces, and 11 segments, i.e. ZnS–CuInS2–
CuGaS2–CoS–[CdS–(ZnS–CuInS2)]–Cu1.8S. We considered all possible injection sequences of 
five cations (Zn2+, Cd2+, Co2+, In3+, Ga3+) applied to all accessible Cu1.8S-derived nanorod 
precursors, along with simple design criteria based on preferred cation exchange locations and 
crystal structure relationships. Using these guidelines, we mapped out synthetically feasible 
pathways to 65,520 distinct heterostructured nanorods, experimentally observed 113 members 
of this heterostructured nanorod megalibrary, and then made three of these with high yield and 
in isolatable quantities. By expanding these capabilities into a broader scope of materials and 
identifying additional design guidelines, it should be possible to move beyond model systems 
and access functional targets rationally and retrosynthetically. Overall, the ability to access large 
libraries of complex heterostructured nanoparticles in a made-to-order manner is an important 
step toward bridging the gap between design and synthesis. 
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distinct heterostructures, experimentally observed 113 unique members of the 
megalibrary, and synthesized three in scalable quantities.  

 
 
1. Introduction 
 
Colloidal inorganic nanoparticles are mainstream materials with useful functions. To list just two, 
color-tunable quantum dots are used in full-color displays4 and gold nanoparticles are used in 
photothermal therapy to treat cancer.5,6 When nanoparticles with useful properties are combined 
into larger assemblies, they can function synergistically and cooperatively. For example, CdSe, 
In/Ag, Ag, and Al2O3 nanoparticles can be assembled together to function as the channel, 
source/drain, gate, and insulator, respectively, of an all-inorganic-nanoparticle transistor.7 
Nanoparticles can also be combined into other nanoparticles, for example by making discrete 
nanoparticles that contain two or more materials interfaced together.8–11 Consider a hypothetical 
heterostructured nanoparticle that contains a central light-absorbing semiconductor, a water 
reduction catalyst on one end, and a water oxidation catalyst on the other end, i.e. a catalystred–
semiconductor–catalystox triad.12,13 This combination of materials, within one nanoscale 
construct that has interfaces to facilitate charge transfer, is precisely designed to enable light-
driven overall water splitting. Similar types of heterostructured nanoparticles containing different 
materials are central to other applications, including in energy,12–14 nanomedicine,15 
nanophotonics,16,17 and active matter.18,19 
 
In these and other examples, functional nanomaterials are integrated through solid-solid 
interfaces that facilitate electronic communication, magnetic coupling, and/or electron transfer. 
Most are asymmetric, which enables electron-hole separation and directional charge transfer, 
and precise spatial organization is required to realize the targeted function. For example, if the 
components of the construct mentioned above were re-arranged to catalystox–catalystred–
semiconductor, overall water splitting could not be achieved because there would be no 
interface by which electrons could transfer from the semiconductor to the oxidation catalyst. For 
heterostructured nanoparticles, it is therefore important to control the property-defining features 
that matter for individual nanoparticles – size, shape, uniformity, crystal structure, composition, 
surface chemistry, dispersibility – as well as the features that enable synergistic interactions 
– interfaces, asymmetry, and spatial organization.9 Synthetic control over all of these features 
simultaneously is imperative, but this is a formidable challenge with many bottlenecks. 
 
Synthesizing nanoparticles in solution requires soluble reagents dissolved in an appropriate 
solvent and a chemical or thermal trigger for nucleation, such as decomposition, ligand 
dissociation, or reduction.20–23 Subsequent growth is mediated by surface stabilizers, which 
modulate overall and/or facet-selective growth to influence size, uniformity, morphology, crystal 
structure, and composition.24–26 Many reaction parameters influence these characteristics of the 
product nanoparticles, including (but not limited to) temperature, ramp rate, dwell time, stir rate, 
atmosphere, heat source, reagent purities, and order and rate of addition of reagents. Given this 
wide parameter space, these key features can be challenging to control simultaneously even for 
single-component nanoparticles. Nanoparticles having multiple materials interfaced together 
asymmetrically with precise spatial organization become even more challenging to synthesize. 
 
Several synthetic approaches are being developed to achieve these goals. These include 
solution-based growth of one particle on another,8–11,27,28 substrate-bound growth through 
chemical or physical vapor deposition,29 electrodeposition in templates,30 and chemical 
deposition in surface-confined nanoreactors.31,32 These methods are additive, i.e. they involve 
the growth of one material off of another (called a “seed” particle), building a heterostructured 
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nanoparticle outward from a seed or surface. Alternatively, chemical transformation reactions 
can modify the seed particle itself, building interfaces, asymmetry, and multiple materials 
internally within the seed particle.33–37 
 

 
 
Figure 1. Diversity of products accessible using partial cation exchange of a template 
nanoparticle.  
 
Nanoparticle cation exchange has emerged as a powerful postsynthetic transformation strategy 
that is capable of achieving many of the aforementioned goals.37–40 These reactions replace 
cations in a nanoparticle with cations from solution and are driven thermodynamically through 
solvation energies, hard-soft acid-base interactions, lattice energies, and solubility 
constants.37,41–43 Short diffusion distances afforded by the nanoscale dimensions and cation 
vacancies in the template nanocrystals that facilitate diffusion help the reactions to occur 
rapidly.37,44–46 Cation exchange reactions are often topotactic with size, shape, and crystal 
structure features maintained even after multiple sequential exchange reactions.47,48 By 
arresting these reactions prior to completion, a variety of products can be obtained, including 
doped, alloyed, and phase-segregated particles that include patchy, core@shell, and 
heterostructured architectures (Figure 1).37,49 In this Account, we discuss the development and 
application of multiple sequential partial cation exchange reactions to produce complex 
heterostructured nanoparticles and their derivatives.1–3 Our focus is on the synthetic design 
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principles that underpin these reactions, as well as the scope of current capabilities. Finally, we 
describe the integration of sequential partial cation exchange with seeded growth and chemical 
etching to further expand design capabilities for achieving made-to-order complex 
nanoparticles. 
 
2. Partial Cation Exchange Reactions 
 
Roxbyite copper sulfide, Cu1.8S, contains highly mobile Cu+ cations and a high concentration of 
vacancies,50 making it particularly useful for nanoparticle cation exchange and a versatile 
template for these reactions.1–3,51 Exchanging the Cu+ cations in roxbyite spheres, rods, and 
platelets with Zn2+ and Cd2+, where the extent of cation exchange is controlled by reaction time, 
provides interesting insights into the scope of partial cation exchange behavior (Figure 2).1 
Partial cation exchange of roxbyite spheres with Zn2+ produced ZnS–Cu1.8S–ZnS sandwich 
spheres, as had been reported previously.52 In contrast, Cd2+ exchange of the same roxbyite 
spheres produced Janus spheres, with one hemisphere containing CdS and the other 
containing Cu1.8S.1 When roxbyite nanorods were used instead of spherical particles, Zn2+ 
exchange introduced multiple ZnS bands, forming either ZnS–Cu1.8S–ZnS dual-capped 
nanorods or ZnS–Cu1.8S–ZnS–Cu1.8S–ZnS striped nanorods.1 When roxbyite nanoplates were 
used, Zn2+ exchange produced marbled ZnS filaments in Cu1.8S while Cd2+ exchange produced 
large patches of CdS in Cu1.8S.1 Collectively, cation exchange of Zn2+ and Cd2+ on “first 
generation” (G-1) roxbyite spheres, rods, and plates introduced a diverse range of intraparticle 
frameworks into “second-generation” (G-2) ZnS/Cu1.8S and CdS/Cu1.8S derivatives while 
maintaining the size, shape, and uniformity of the G-1 templates.1  
 

 
 
Figure 2. First-generation (G-1) roxbyite Cu1.8S spheres, rods, and plates transform to G-2 
derivatives upon partial cation exchange with Zn2+ or Cd2+. In the G-2 ZnS/Cu1.8S and 
CdS/Cu1.8S particles, the interfaces generally depend on crystallographic relationships and the 
extent of exchange is controlled by reaction time. One of each G-2 system is used as an 
example to transform to a derivative G-3 system; both drawings and STEM-EDS element maps 
are shown. Red = Cu1.8S, green = ZnS, blue = CdS. Scale bars are 20 nm. The STEM-EDS 
maps were adapted with permission from ref. 1, copyright 2018 American Association for the 
Advancement of Science. 
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In all of the G-2 samples, the regions of residual roxbyite are amenable to further cation 
exchange (Figure 2).1 For the G-2 samples where Zn2+ was used during first exchange, Cd2+ 
was used for a subsequent exchange. Similarly, where Cd2+ was used during the first exchange, 
Zn2+ was used for a subsequent exchange. This process produced six distinct G-3 CdS/ZnS 
isomers that maintained the shape and size of the G-1 particles and the intraparticle frameworks 
of the G-2 particles, but with different sulfide materials. It is also possible to exchange the Cu+ in 
roxbyite with other cations, including Co2+, Mn2+, and Ni2+, which expands the accessible G-3 
heterostructured nanoparticles to include CoS, MnS, and Ni9S8 segments, respectively. All 
together, the roxbyite spheres, rods, and plates were transformed through partial cation 
exchange into a library of 47 distinct derivative heterostructured nanoparticles, many with 
previously unachievable complexity.1 
 
3. Crystallographic Regioselectivity 
 
Returning to the G-1–to–G-2 transformation in Figure 2, it is useful to understand more about 
how the Zn2+ and Cd2+ exchange reactions with roxbyite are different. Recall that, for the 
roxbyite spheres, exchanging the Cu+ cations with Zn2+ produced ZnS–Cu1.8S–ZnS sandwich 
spheres, while analogous exchange with Cd2+ instead produced CdS–Cu1.8S Janus spheres. In 
Figure 2, the drawings for the sandwich and Janus spheres show that the extent of exchange, 
for these cation exchange reactions carried out using an excess of metal cation reagents, 
depends on the reaction time. Reaction time therefore controls the extent of partial cation 
exchange. The drawings in Figure 2 also imply different apparent orientations for the ZnS/Cu1.8S 
vs CdS/Cu1.8S particles. The ZnS–Cu1.8S–ZnS sandwich spheres are oriented such that their 
interfaces are horizontal relative to the page, while for the CdS–Cu1.8S Janus spheres, the 
interfaces are oriented vertically. These differences in orientation are not random or 
coincidental. They correlate with crystallographic differences that result in control over the 
direction of cation exchange.2 
 
Understanding how the direction of cation exchange correlates with crystal structure requires 
thinking more about the cation exchange process and taking a closer look at the crystal 
structures of roxbyite and wurtzite, which is the structure adopted by all of our cation exchange 
products. Figure 3 shows a small roxbyite nanoparticle as a single crystal, aligned in a direction 
where the sulfur anions form vertical planes with the copper cations between them. When a 
fraction of the Cu+ cations in roxbyite is replaced with Cd2+, there is now Cd2+ within the crystal. 
CdS and Cu1.8S are immiscible, so they want to remain as separate phases. However, they are 
co-located within the same crystal, so to achieve phase separation, one or more interfaces must 
form between them. Interfaces are inherently high in energy, so the number of interfaces will be 
minimized. Additionally, interfacial energy will be minimized by aligning the crystal planes having 
the closest-matching interatomic spacings. 
 
The pseudohexagonal unit cell of roxbyite Cu1.8S (Figure 3) has lattice constants (which 
correlate with sulfur-sulfur spacings) of a = 3.87 Å and c = 6.71 Å.53 CdS, which has an 
analogous hexagonal unit cell and closely related sulfur sublattice structure (Figure 3), has 
lattice constants of a = 4.13 Å and c = 6.72 Å.54 CdS and Cu1.8S minimize interfacial energy by 
aligning along their c-axis directions, as shown in Figure 3.1 Zn2+ is smaller than Cd2+, and the 
lattice constants for ZnS (a = 3.81 Å and c = 6.23 Å) are smaller than for CdS.54 ZnS and Cu1.8S 
therefore minimize interfacial energy by aligning along their a-axis directions (aZnS = 3.81 Å, 
aCu1.8S(hex) = 3.87 Å).1 This means that in a single-crystal nanoparticle, the CdS and ZnS 
segments formed through partial cation exchange will form interfaces with Cu1.8S that are 
perpendicular to one another, as shown in Figure 3. 
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Figure 3. (Left) Crystal structure ([001] projection) of a roxbyite Cu1.8S cluster. The axis label 
corresponds to the a and c directions relative to the pseudohexagonal subcell within roxbyite 
Cu1.8S. (Right) The same cluster with CdS and ZnS replacing parts of the Cu1.8S in the 
crystallographic orientations that are observed experimentally. The CdS/Cu1.8S and ZnS/Cu1.8S 
interfaces that form have the best lattice matching. A pseudohexagonal roxbyite cell is shown, 
along with comparable cells for wurtzite CdS and ZnS and the corresponding dimensions in 
each direction. 
 
 
This crystallographic dependence to the direction of partial cation exchange has interesting 
implications for designing greater complexity into heterostructured nanoparticles. If we begin 
with the ZnS–Cu1.8S–ZnS sandwich particles and perform a subsequent partial Cd2+ exchange 
on the residual Cu1.8S, CdS will interface with Cu1.8S in a direction perpendicular to the 
ZnS/Cu1.8S interface.2 This cation exchange sequence forms ZnS–(Cu1.8S–CdS)–ZnS, which is 
a unique heterostructured particle having ZnS on the top and bottom with a central band that is 
half Cu1.8S and half CdS (Figure 4). If we instead begin with CdS–Cu1.8S Janus particles and 
perform a subsequent partial Zn2+ exchange on the residual Cu1.8S, the Cu1.8S hemisphere 
transforms to a ZnS–Cu1.8S–ZnS half-sandwich.1,2 This product, CdS–(ZnS–Cu1.8S–ZnS) 
(Figure 4), and ZnS–(Cu1.8S–CdS)–ZnS are heterostructured nanoparticle isomers, as they 
contain the same materials but in different configurations. 
 
Crystallographic regioselectivity, where crystal structure relationships define the regions where 
cation exchange occurs selectively, can also be applied to other morphologies of copper 
sulfide.2 Starting with the striped ZnS–Cu1.8S–ZnS–Cu1.8S–ZnS nanorods in Figure 2, 
subsequent partial cation exchange with Cd2+ inserts CdS perpendicular to the ZnS/Cu1.8S 
interfaces, forming ZnS–(CdS–Cu1.8S)–ZnS–(CdS–Cu1.8S)–ZnS (Figure 4). Starting instead with 
the CdS–Cu1.8S single-tip nanorods in Figure 2, subsequent partial cation exchange with Zn2+ 
inserts ZnS in the same direction it appeared in the striped nanorods, forming CdS–ZnS–
Cu1.8S–ZnS (Figure 4). In this system, the initial Cd2+ exchange deviates from the interface 
expected based on crystallographic relationships. Here, the increased reactivity of the nanorod 
tips wins out, and CdS prefers to form at the tips, with a horizontal interface, rather than along 
the sides, with a vertical interface.2 This competition between various locations for cation 
exchange to occur provides flexibility in design and pathways to more complex products. 
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Figure 4. Synthetic pathways for producing complex heterostructured nanoparticle isomers of 
Cu1.8S (red), CdS (blue), and ZnS (green). Drawings represent the pathways, axes indicate the 
crystallographic directions, and STEM-EDS element maps are shown for each product. Scale 
bars are 5 nm. The STEM-EDS maps were adapted with permission from ref. 2, copyright 2018 
American Chemical Society. 
 
 
The concept of crystallographic regioselectivity during partial cation exchange reactions can be 
applied to even more complex heterostructured nanoparticles. We began by designing and 
synthesizing a CdS–Cu1.8S Janus nanorod through partial Cd2+ cation exchange of Cu1.8S 
nanorods, with the CdS and Cu1.8S segments having approximately equal lengths. Next, we 
performed a partial Zn2+ exchange to install ZnS stripes similar to those in Figure 2, forming 
CdS–ZnS–Cu1.8S–ZnS. We then carried out a subsequent partial cation exchange with Cd2+, 
anticipating that CdS would replace half of the Cu1.8S, with an interface along the length of the 
nanorods (instead of perpendicular, as occurs for the ZnS/Cu1.8S interface). Indeed, the product 
that formed was CdS–ZnS–(CdS–Cu1.8S)–ZnS (Figure 4).2 
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4. Heterostructured Nanorod Megalibrary 
 
The made-to-order synthesis of CdS–ZnS–(CdS–Cu1.8S)–ZnS heterostructured nanorods in 
Figure 4 confirms that we can apply multiple sequential partial cation exchange reactions to 
rationally design complex features into heterostructured nanorods in a predictable way based on 
an understanding of the reactions and the crystallographic relationships. However, this is just 
one example. How broadly is this approach applicable? How many sequential reactions can be 
applied? How precisely can the feature sizes be controlled? How complex can the 
heterostructured nanorods get? To answer these questions, we began by tackling an important 
technical issue. The partial cation exchange reactions are carried out using a significant excess 
of the exchanging cation.1,2 Reaction time and/or temperature are therefore the synthetic levers 
available for controlling the extent of cation exchange, which are challenging to implement 
precisely. An alternative approach is to instead limit the extent of exchange based on 
stoichiometry. Here, only enough cations are introduced into solution to exchange with a desired 
fraction of the Cu+ cations in the Cu1.8S, and then the reaction would be allowed to go to 
completion.3 
 
To demonstrate this alternative approach, which uses stoichiometrically-limited metal salt 
reagents, we performed five sequential partial cation exchange reactions on roxbyite nanorods.3 
Cu1.8S nanorods were injected into a mixture of oleylamine, benzyl ether, and octadecene, then 
precise volumes of metal salt stock solutions were sequentially injected to replace ~1/6 of the 
Cu+ cations in each step. Injecting Zn2+ transformed the G-1 Cu1.8S nanorods to G-2 ZnS–
Cu1.8S, followed by a In3+ injection to form G-3 ZnS–CuInS2–Cu1.8S, followed by a Ga3+ injection 
to form G-4 ZnS–CuInS2–CuGaS2–Cu1.8S, followed by a Co2+ injection to form G-5 ZnS–
CuInS2–CuGaS2–CoS–Cu1.8S, followed by a Cd2+ injection to form G-6 ZnS–CuInS2–CuGaS2–
CoS–(CdS–Cu1.8S) (Figure 5). The G-6 heterostructured nanorods contain six distinct metal 
sulfides and six distinct types of interfaces, all within uniform colloidal rods that are 
approximately 20 ´ 55 nm. Because these nanorods are made colloidally, we can isolate tens of 
milligrams of product, which can be characterized by bulk methods. Powder X-ray diffraction 
(XRD) data for this sample corroborates the microscopy data, confirming that all six materials 
are present. XRD peak widths yield grain sizes that correlate well with the average segment 
lengths determined by transmission electron microscopy (TEM), and preferred orientation 
features for each material further connect the XRD data to the nanorod morphology and its 
constituent segments.3 
 
From these studies, two important design guidelines emerge.3 First, the order in which the metal 
salt exchange solutions are injected defines the sequence of materials in the heterostructured 
nanorods. Each new metal sulfide material that is installed in the nanorod locates at the 
interface between the remaining Cu1.8S and the material installed in the previous exchange 
step. This interface is observed to be poorly crystalline and defect-rich (Figure 5), and therefore 
may facilitate enhanced diffusion and preferential exchange in this region. Second, the 
orientations of the interfaces are defined by their lattice matching, which is a proxy for interfacial 
strain. This guideline builds on what was described above and in Figure 3, here expanding it to 
different materials and interface angles.  
 
With these guidelines and capabilities in hand, we sought to answer the other questions posed 
above about expanding the scope and complexity of partial cation exchange reactions. Going 
back to Figure 5, the G-6 system began with single-tip ZnS–Cu1.8S nanorods. By changing the 
reaction conditions during the partial cation exchange reaction that formed ZnS–Cu1.8S, two 
other variants could be generated: central-band Cu1.8S–ZnS–Cu1.8S and double-tip ZnS–
Cu1.8S–ZnS.3 We could also identify intermediate reaction conditions that produced a sample 
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containing all three G-2 ZnS/Cu1.8S nanorods, as well as several other ZnS/Cu1.8S 
heterostructured nanorods. Normally the formation of a mixed-population sample is viewed 
negatively, but here, it was done purposely because it provided a platform to scan a larger 
number of systems using a minimal number of samples and reactions. Starting with the mixed-
population sample containing G-2 ZnS–Cu1.8S, Cu1.8S–ZnS–Cu1.8S, and ZnS–Cu1.8S–ZnS, one 
subsequent reaction with a different cation produced a sample containing all possible G-3 
products derived from these three precursors and the exchanged cation. This mixed-population 
G-3 product then became the precursor for a subsequent cation exchange reaction to identify all 
G-4 derivatives, and so on through G-8. 
 

 
 
Figure 5. (A) Setup and general procedure for transforming G-1 Cu1.8S nanorods into G-6 ZnS–
CuInS2–CuGaS2–CoS–(CdS–Cu1.8S) heterostructured nanorods using several sequential partial 
cation exchange reactions. (B) STEM-EDS element maps for each nanorod. Scale bars are 10 
nm. (C) HRTEM image with overlaid EDS map highlighting the interfacial region between ZnS 
and Cu1.8S, which shows poor crystallinity and a higher density of defects. Adapted with 
permission from ref. 3, copyright 2020 American Association for the Advancement of Science. 
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Figure 6. Flow chart showing how three distinct types of G-2 ZnS/Cu1.8S nanorods can 
transform into 16,380 distinct G-3 through G-8 nanorods by applying all possible sequences of 
partial cation exchange reactions with Zn2+, In3+, Ga3+, Co2+, and/or Cd2+; each nanorod can 
transform into four derivatives using each of the four cations not used in the previous exchange 
step. Drawing are shown for all possible G-3 and G-4 products, along with STEM-EDS element 
maps for selected nanorods. One example each, along with the pathway used to synthesize it, 
is shown for G-5, G-6, G-7, and G-8. All nanorods are approx. 20 ´ 55 nm, and the key shows 
the materials corresponding to each color. Reproduced with permission from ref. 3, copyright 
2020 American Association for the Advancement of Science. 
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We considered series of sequential partial exchange reactions of the mixed-population 
ZnS/Cu1.8S nanorod sample and five cations: Zn2+, Cd2+, Co2+, In3+, and Ga3+ (Figure 6).3 To 
explore the possible G-3 derivatives, we focused on the four cations not used in the previous 
step, i.e. Cd2+, Co2+, In3+, and Ga3+ for the ZnS/Cu1.8S nanorods. We then carried out four 
reactions. The first reaction involved partial exchange of the mixed-population ZnS/Cu1.8S 
sample with In3+. We observed that G-2 ZnS–Cu1.8S formed G-3 ZnS–CuInS2–Cu1.8S, G-2 
Cu1.8S–ZnS–Cu1.8S formed G-3 Cu1.8S–CuInS2–ZnS–CuInS2–Cu1.8S, and G-2 ZnS–Cu1.8S–ZnS 
formed G-3 ZnS–CuInS2–Cu1.8S–CuInS2–ZnS. Consistent with the guidelines, the product of 
In3+ exchange, CuInS2, inserted between the residual Cu1.8S and the previous exchange 
product, ZnS, and formed a CuInS2–Cu1.8S interface that minimized lattice mismatch. For the 
single-tip ZnS–Cu1.8S nanorod, this behavior mirrored that shown in Figure 5, where the new 
material “stepped down” the nanorod. For the central-band Cu1.8S–ZnS–Cu1.8S nanorod, there 
were two ZnS/Cu1.8S interfaces. CuInS2 inserted into both interfaces, and therefore “stepped 
outward” in both directions of the nanorod. For the double-tip ZnS–Cu1.8S–ZnS nanorod, there 
also were two ZnS/Cu1.8S interfaces, and again CuInS2 inserted into both. Here, based on their 
locations, the CuInS2 “stepped inward” in both directions of the nanorod. 
 
Each G-2 ZnS/Cu1.8S nanorod produced a derivative G-3 ZnS/CuInS2/Cu1.8S nanorod upon 
partial In3+ exchange. Similar results were obtained for the exchanges with Ga3+, Co2+, and Cd2+ 
(Figure 6).3 Together, the three G-2 ZnS/Cu1.8S nanorods could be transformed to 12 distinct G-
3 nanorods through exchange with four distinct cations. Applying this same reaction strategy to 
the 12 G-3 nanorods – i.e. carrying out partial exchange reactions on each G-3 nanorod with the 
four cations not used in the previous exchange – produced 48 G-4 nanorods. These 48 G-4 
nanorods transform to 192 G-5 nanorods, 768 G-6 nanorods, 3072 G-7 nanorods, and 12,288 
G-8 nanorods. Synthetically feasible pathways therefore exist for transforming the three G-2 
ZnS/Cu1.8S nanorods into 12,288 distinct G-8 derivatives.3 Simple, rational chemistry yields 
isolatable quantities of uniform colloidal heterostructured nanorods having unprecedented 
complexity. 
 
Each branch of the reaction scheme in Figure 6, i.e. each set of reaction pathways that emerges 
from a single G-2 nanorod, represents synthetically feasible routes to 5,460 derivative G-3 
through G-8 nanorods. For the three available types of G-2 ZnS/Cu1.8S nanorods, 5,460 ´ 3 = 
12,288 derivatives are potentially accessible, which is the scope of systems represented in 
Figure 6. However, it is possible to make other G-2 nanorods by starting the sequence with 
cations other than Zn2+. As of now, we can make a total of 12 distinct G-2 nanorods in high 
yield: three ZnS/Cu1.8S, three CuGaS2/Cu1.8S, and two each of CuInS2/Cu1.8S, CoS/Cu1.8S, and 
CdS/Cu1.8S (Figure 7).3 In principle, each of these 12 G-2 nanorods could be the starting point 
for a “branch,” leading to a total of 5,460 ´ 12 = 65,520 distinct heterostructured nanorods 
containing various combinations of Cu1.8S, ZnS, CdS, CoS, CuInS2, and/or CuGaS2 (Figure 7). 
While more than 100 members of this heterostructured nanorod megalibrary have been 
experimentally observed in mixed-population samples,3 in principle it should be possible to 
make any of them in high yield and in isolatable quantities. To demonstrate feasibility, three 
samples were synthesized in ~10-40 mg batches: G-4 ZnS–CuInS2–CoS–Cu1.8S, G-6 ZnS–
CuInS2–CuGaS2–CoS–(CdS–Cu1.8S), and G-7 ZnS–CuInS2– ZnS–CuInS2– ZnS–CuInS2.  
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Figure 7. STEM-EDS element maps for each of the synthetically accessible G-2 nanorods. 
Each nanorod can transform to 5,460 distinct G-3 through G-8 products, as outlined in Figure 6. 
All together, synthetically feasible pathways exist to transform Cu1.8S nanorods into a 
megalibrary of 65,520 distinct heterostructured nanorods. The STEM-EDS maps were adapted 
with permission from ref. 3, copyright 2020 American Association for the Advancement of 
Science. 
 
 
Further morphological complexity can be introduced by selectively dissolving any residual 
Cu1.8S by reacting it with trioctylphosphine (TOP) under oxidizing conditions.1,55,56 Chemical 
etching of Cu1.8S using TOP is a multistep process that requires reduction of surface S– to S2–, 
formation of a phosphine–sulfur bond, and subsequent oxidation and dissolution of Cu2+.55 This 
process is selective for Cu1.8S in the presence of other metal sulfides. For example, spherical 
CdS–(ZnS–Cu1.8S–ZnS) nanoparticles can be transformed to CdS–(ZnS– –ZnS) (Figure 8), 
where “ ” corresponds to the void space created after the Cu1.8S was dissolved.1 Additionally, 
the Cu1.8S segments of ZnS–Cu1.8S–ZnS–Cu1.8S–ZnS striped nanorods can be partially etched 
to narrow the widths of each Cu1.8S segment (Figure 8).1 Exchanging the remaining Cu+ with 
Zn2+ converts the entire nanorod to ZnS while preserving the intricate sculpted morphology 
(Figure 8).1 
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Figure 8. Drawings and STEM-EDS element maps highlighting synthetic pathways to etched 
and sculpted heterostructured nanoparticles by combining partial sequential cation exchange 
and selective chemical etching of Cu1.8S. Scale bars are 5 nm. Red = Cu1.8S, blue = CdS, green 
= ZnS. The STEM-EDS maps were adapted with permission from ref. 1, copyright 2018 
American Association for the Advancement of Science. 
 
 
5. Applying Design Guidelines to Complex Targets  
 
We now return to the example used to motivate this work – a water splitting construct containing 
a central light-absorbing semiconductor with different catalysts on opposite ends. As a simplified 
model system (since chemistry is not yet available to deposit the most desired materials for this 
application), we consider a spherical CdS nanoparticle having one metal that is a known 
reduction catalyst (i.e. Pt) deposited on one side and another metal that is a known oxidation 
catalyst (i.e. Au) deposited on the other.57 While some seeded growth methods are capable of 
forming hybrid nanoparticles,8–11 the Au–CdS–Pt system is out of reach based on current 
knowledge and capabilities. Control experiments confirm that Pt and Au both deposit as small 
particles all over the CdS surface.1 Sequential seeded growth reactions also result in Pt and Au 
decorating the entire surface, without significant spatial separation.1 Approaching this 
retrosynthetically,1 we can consider starting with spherical particles of Cu1.8S and using partial 
exchange with Cd2+ to form CdS–Cu1.8S (Figure 9). This reaction is used to break the symmetry 
of the sphere to produce a Janus particle. We can exploit the different surface chemistry of CdS 
vs Cu1.8S to selectively deposit Pt on Cu1.8S to form CdS–Cu1.8S–Pt (Figure 9). We can then 
complete the exchange of the remaining Cu+ with Cd2+ to completely convert the CdS–Cu1.8S 
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particle to CdS, resulting in a spherical CdS particle with Pt on one side. Subsequent seeded 
growth of Au targets the bare CdS surface, forming Au–CdS–Pt (Figure 9). This demonstrates, 
for a model system, how partial cation exchange can be used to program asymmetry and 
interfaces while other methods, such as seeded growth, can be used in tandem to target 
otherwise inaccessible constructs that are mimics of high-value functional targets.  
 

 
 
Figure 9. Drawings and STEM-EDS element maps highlighting synthetic pathways to 
asymmetric metal–semiconductor–metal heterostructured nanoparticles, (Au)x–CdS–(Pt)x, by 
combining partial sequential cation exchange and regioselective seeded growth. Unless 
otherwise noted, scale bars are 5 nm. Red = Cu1.8S, blue = CdS, green = ZnS, yellow = Au. The 
STEM-EDS maps were adapted with permission from ref. 1, copyright 2018 American 
Association for the Advancement of Science. 
 
 
The system described above is just one example of how the design guidelines that are 
emerging for sequential partial cation exchange reactions, and more generally for postsynthetic 
nanoparticle modification, are beginning to enable the made-to-order synthesis of targeted 
heterostructured nanoparticles with increasing levels of complexity. 
 
6. Conclusions and Outlook 
 
We are approaching a point where computational methods are able to predict an 
incomprehensibly large number of complex new nanostructured materials with potentially 
outstanding properties. We are also learning more and more about the properties of materials, 
by themselves and interfaced together, that will increase our ability to design new functional 
nanostructures. Because of these advances in prediction capabilities, synthesis is quickly 
becoming the bottleneck, and experimental realization lags behind design. Nanosynthetic 
chemistry remains far more limited in scope than molecular chemistry, where a more 
sophisticated reaction toolbox and greater mechanistic understanding of reactions is available. 
How does a nanosynthetic chemist keep pace with the frequency and scope of predictions so 
that complex nanostructured materials can be made in the laboratory efficiently, in large 
quantities, with high purities and yields, and in the shortest time possible? Postsynthetic 
modification strategies such as sequential partial cation exchange begin to make this possible, 
even if only for a limited number of model systems at this stage. They allow the synthesis of 
complex nanostructures to be approached retrosynthetically, in a made-to-order manner. 
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While sequential partial cation exchange reactions now provide access to a megalibrary of 
complex heterostructured metal sulfide nanoparticles, these are largely model systems used to 
demonstrate concepts and possibilities, not products targeted for their properties. Applying 
these design guidelines to functional heterostructures will begin to advance the application 
areas that motivated this work. We have limited ourselves to just 8 metal sulfide materials – 
Cu1.8S, ZnS, CdS, CoS, MnS, Ni9S8, CuInS2, and CuGaS2 – and have shown that specific 
segmentation patterns, controlled segment sizes, and scalability are possible. Various 
combinations of these materials in heterostructured nanoparticles could achieve long-lived 
charge separation, emission or absorption of specific wavelengths of light, and photocatalytic 
activity. Other cations in metal sulfide nanoparticles,37 and other classes of nanoparticles, 
including selenides,40,47 tellurides,58 phosphides,59 and halides,60,61 are amenable to ion 
exchange, providing potential avenues to expanding the scope of materials and properties. Most 
cation exchange capabilities exist for sulfides, however, so expanding to other materials will 
require expanding the scope of cation exchange reactions. Finally, not all of the 
heterostructured nanoparticles observed experimentally can be rationalized based on 
established design guidelines. Additional factors must be identified and considered to fully 
realize made-to-order synthesis. 
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