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ABSTRACT: Achieving phase selectivity during nanoparticle synthesis is important because crystal structure and composition in-
fluence reactivity, growth, and properties. Cation exchange provides a pathway for targeting desired phases by modifying composition 
while maintaining crystal structure. However, our understanding of how to selectively target different phases in the same system is 
limited. Here, we demonstrate morphology-dependent phase selectivity for wurtzite (wz) CoS, which is hcp, vs pentlandite Co9S8, 
which is ccp, during Co2+ exchange of roxbyite Cu1.8S plates, spheres, and rods. The plates form wz-CoS, the spheres form both wz-
CoS and Co9S8, and the rods form Co9S8. The plates, spheres, and rods have nearly identical widths but increase in length in the 
direction that the close-packed planes stack, which influences the ability of the anions to shift from hcp to ccp during cation exchange. 
This morphology-dependent behavior, which correlates with the number of stacked close-packed planes, relies on an anion sublattice 
rearrangement that is concomitant with cation exchange, thereby providing a unique pathway by which crystal structure can be con-
trolled and phase selectivity can be achieved during nanocrystal cation exchange.

Cation exchange is a powerful post-synthetic modification 
strategy that changes the composition of a nanoparticle while 
maintaining its morphology and, in many cases, crystal struc-
ture.1−4 Common examples involve exchanging the Cu+ cations 
in roxbyite Cu1.8S with Zn2+ or Cd2+.5−8 In these and related sys-
tems, the distorted hexagonally close packed (hcp) sulfur sub-
lattice of roxbyite is retained to produce wurtzite-type phases, 
but these are generally not the thermodynamically preferred 
structures.7, 9−10 Cation exchange therefore provides a reaction 
framework for targeting the formation of phases that are not 
readily accessible through direct synthetic methods. 
Understanding when and why crystal structure is and is not 

retained during nanoparticle cation exchange is fundamental to 
being able to target a desired phase and for designing nanostruc-
tures with precise control over their key features. Crystal struc-
ture is generally retained when the incoming and outgoing cat-
ions are comparable in size.6−7,11−12 Volume changes are mini-
mized and the crystallographic site preferences, based on cat-
ion:anion radius ratios and coordination environments, are 
maintained. Crystal structure is usually not retained when there 
is a significant size mismatch between the outgoing and incom-
ing cations, where a large volume change helps facilitate anion 
sublattice rearrangement.1,13−15 Chemically-triggered anion sub-
lattice changes can also occur, such as when trioctylphosphine 
(TOP) extracts sulfur to change the composition and phase, but 
these are generally decoupled from the cation exchange 
step.5,12,16−18 
Cobalt sulfide provides an instructive system for interrogat-

ing phase selectivity during cation exchange. Starting with rox-
byite Cu1.8S plates, exchanging the Cu+ cations with Co2+ pro-
duces wurtzite CoS (wz-CoS).10 This is significant, because wz-
CoS is not a thermodynamically stable Co–S phase. The 

thermodynamically stable Co–S phase that is closest to 1:1 
Co:S is Co9S8 (pentlandite), which differs from wz-CoS in both 
anion and cation sublattice structure (Figure 1).19 The sulfur an-
ions in wz-CoS are hcp, while in Co9S8 they are ccp. The cobalt 
cations in wz-CoS are tetrahedrally coordinated, while those in 
Co9S8 are both tetrahedral and octahedral, with sufficiently 
close Co–Co contacts in the tetrahedral sites to facilitate metal-
lic bonding.20 Here, we demonstrate that the formation of wz-
CoS vs Co9S8 during cation exchange is morphology-depend-
ent. We rationalize this behavior by considering how the vari-
ous morphologies influence the anion sublattice rearrangement 
from hcp to ccp that is required for phase selectivity. 

         

Figure 1. Crystal structures and stacking sequences of wurtzite 
CoS (hcp) and Co9S8 (ccp). 



 

       

Figure 2. TEM and HRTEM images of roxbyite Cu1.8S plates, spheres, and rods, along with crystal structure depictions highlighting the 
corresponding stacking directions of the distorted hcp close packed planes. 

        
Figure 3. Top: XRD patterns for Co-S nanocrystals formed through Co2+ exchange of Cu1.8S plates, spheres, and rods. Reference patterns 
for wz-CoS10 and Co9S8 (PDF 04-006-5681) are shown for comparison. Bottom: Corresponding HRTEM images for each product observed 
for each morphology. 

 
We began by synthesizing roxbyite Cu1.8S nanoparticles as 

plates, spheres, and rods.6,10,21 TEM and HRTEM images for 
each morphology are shown in Figure 2; XRD data are shown 
in Figure S1 of the Supporting Information. Structural repre-
sentations of the anion sublattices are also shown in Figure 2. 
In the plane of the close-packed layers, each morphology has 
approximately the same diameters: plates = 18±2 nm, spheres 
= 18±1 nm, and rods = 19±1 nm. Despite having similar ~18-

nm diameters, each morphology differs in length along the di-
rection corresponding to the stacking of the close-packed lay-
ers – plates = 6±1 nm, spheres = 18±1 nm, and rods = 54±2 
nm – making it the most important dimension when consider-
ing rearrangements between hcp and ccp. 
We performed Co2+ exchange, as described in detail in the 

Supporting Information, on the Cu1.8S plates, spheres, and 
rods at temperatures ranging from 70 ºC (the minimum 



 

temperature at which complete exchange was observed) to 
140 ºC (above which, TOP-induced etching occurs more read-
ily). We first consider the results of cation exchange at 70 ºC 
(Figure 3). For the plates, Co2+ exchange produced wz-CoS, 
retaining crystal structure as expected.10 For the spheres, wz-
CoS was the majority product, but Co9S8 was also present. For 
the rods, Co9S8 was the exclusive product, with no evidence 
of wz-CoS. The data in Figure 3 reveal a morphology depend-
ence to the cobalt sulfide phase that is formed upon cation ex-
change of roxbyite Cu1.8S. 
Figure 3 also shows HRTEM images of the Co–S products 

at 70 ºC. For the plates, lattice spacings of 3.2 and 2.2 Å are 
consistent with the (100) and (102) planes of wz-CoS. For the 
spheres, HRTEM images captured particles of wz-CoS and 
Co9S8, which were both observed by XRD. The observed lat-
tice spacing of 5.7 Å for the Co9S8 spheres and rods corre-
sponds to the (111) plane of Co9S8. 
XRD data for the cation exchange reactions carried out at 

different temperatures are shown in Figures 4a and S2-S4. For 
the plates, Co9S8 begins to form when cation exchange is car-
ried out at temperatures above 70 ºC, although wz-CoS re-
mains the majority phase. The mixture of wz-CoS and Co9S8 
that was present in the spheres at 70 ºC is also observed at 
higher reaction temperatures, although Co9S8 becomes the 
majority phase as temperature increases. The rods, which 
formed exclusively Co9S8 at 70 ºC, also form exclusively 
Co9S8 at higher temperatures. Higher temperature therefore 
favors Co9S8, although the temperature dependence of phase 
evolution is different for each morphology. 
In a separate set of experiments, Co-S plates, spheres, and 

rods were first made by cation exchange at 70 ºC and then 
afterwards heated in solution with the reaction mixture to 140 
ºC. Here, we wanted to see if the phases that formed at 70 ºC 
changed to Co9S8, the thermodynamically favored phase, 
upon annealing. The XRD data in Figure 4b show that anneal-
ing did not change the phases or the phase fractions. The 
phase(s) formed by cation exchange at 70 ºC were “locked in” 
and could not be modified, suggesting that the temperature 
evolution of phase selectivity originated during the cation ex-
change process rather than as a result of equilibration with the 
reaction environment at each temperature. 
We can now rationalize the data described above in the con-

text of the cation exchange reactions that led to the formation 
of wz-CoS vs Co9S8, as well as the underlying reasons that 
morphology-dependent phase selectivity was observed. First, 
wz-CoS and Co9S8 both form concomitant with cation ex-
change. When wz-CoS forms first through cation exchange, it 
cannot subsequently be transformed into the thermodynami-
cally-favorable Co9S8 phase upon annealing in solution under 
conditions identical to those that produce Co9S8 upon cation 
exchange. Second, wz-CoS and Co9S8 both form through cat-
ion exchange. Wz-CoS has not been reported as colloidal na-
noparticles made through any method other than cation ex-
change, and the direct synthesis of colloidal Co9S8 nanoparti-
cles is known to require higher temperatures to form.22−24 Fur-
thermore, morphological retention is a hallmark of cation ex-
change3−4, and the ability to access all three shapes would be 
highly unlikely through identical direct-synthesis methods. 
To understand and rationalize the phase selectivity that is 

observed, we must consider how the cation exchange process 
differs for different morphologies and temperatures. Wz-CoS 
forms exclusively (for the plates) or predominantly (for the 

spheres) at lower temperatures, while Co9S8 begins to form at 
higher temperatures. This makes sense, because Co9S8 is the 
thermodynamically preferred ~1:1 phase of cobalt sulfide.19 
Also, as temperature increases, the solution environment, 
which contains TOP and oleylamine, becomes more reducing 
and helps to facilitate formation of the slightly reduced cobalt 
oxidation state in Co9S8 relative to wz-CoS.25−26 
    

 

Figure 4. XRD patterns for (A) the products of Co2+ exchange of 
Cu1.8S plates, spheres, and rods at 140 ºC, along with reference 
patterns for wz-CoS10 for Co9S8 (PDF 04-006-5681) and (B) ex-
change at 70 °C followed by annealing at 140 °C. 

 
Next, we must consider how the distorted hcp sulfur sublat-

tice of Cu1.8S rearranges to the distorted ccp sulfur sublattice 
of Co9S8. (Note that roxbyite can transform in situ to other 
related Cu2-xS phases that have nearly identical compositions 
and structures and, most importantly, hcp anion sublattices;27 
see Supporting Information for details.) To rearrange from 
hcp to ccp, the stacking sequence of the close-packed sulfur 
layers must shift from ABAB to ABCABC. This shift requires 
significant lateral movement, when one considers the correla-
tions among all the close-packed planes in the structure (Fig-
ure 5). Higher temperatures will help with this process, as the 



 

increased thermal energy will facilitate greater motion and al-
low the planes to shift more readily. The shifting of close-
packed planes during cation exchange has been observed 
when replacing the Cu+ cations of roxbyite Cu1.8S nanorods 
with Zn2+ to form ZnS.28 Here, anion shifting results in the 
formation of hcp/ccp stacking faults, producing ZnS nanorods 
containing intermingled regions of wurtzite and zincblende. 
Stacking fault density, which involves greater anion sublattice 
shifting, increased with increasing temperature due to in-
creased thermal motion. The same anion shifting that allows 
a high density of stacking faults to form during cation ex-
change in ZnS, particularly at higher temperatures, can facili-
tate the stacking sequence shift that is needed to transform hcp 
Cu1.8S to ccp Co9S8. 
 

 

Figure 5. Schematic showing the transition from hcp to ccp, 
highlighting the various directions that each close-packed plane 
must shift to accommodate. 

 
We now turn to the morphology dependence of this process. 

In ZnS, wz-ZnS (hcp) is the favored polymorph at small sizes 
due to surface energetics,29−30 as well as the ability of the close 
packed planes to shift to accommodate at diameters below ~22 
nm.31−32 At larger sizes, zincblende ZnS (ccp) becomes fa-
vored.29 Considering the three morphologies studied here, a 
key difference is the dimension in the crystallographic direc-
tion that the close-packed planes stack – not the aspect ratio, 
but the number of stacked close-packed planes. The plates 
contain only ~16 close-packed planes and the entire particle 
size falls within the expected stability window for hcp, con-
sistent with the formation of wz-CoS. For the spheres, which 
approach the expected hcp stability limit and consist of ~47 
close-packed planes, we observe mostly (although not exclu-
sively) wurtzite CoS at lower temperatures. For the rods, 
which are much longer in the stacking direction (~140 close-
packed planes), ccp is expected to be favored, by analogy to 
ZnS. Accordingly, the rods would be most susceptible to an-
ion rearrangement. For ZnS, this manifests as hcp/ccp stack-
ing fault formation, since no other compounds could form 
based on the Zn–S phase diagram, whereas for CoS, it mani-
fests as a shift from wz-CoS (hcp) to Co9S8 (ccp). If wz-CoS 
forms first, the sulfur sublattice structure is “locked in” and 
the close-packed planes cannot shift because interstitial Co2+ 
holds them together; they can only shift concomitant with cat-
ion exchange, while cation migration is in progress and the 
structure is being locally disrupted. Additional considerations, 
including the energies of different facets, could also play a 
role in stabilizing a particular phase.33 

To help validate the rationale provided above while also 
considering a system other than Co-S, we show in Figure S6 
the ZnS products formed from Zn2+ exchange of roxbyite 
plates, spheres, and rods. There is no evidence for hcp/ccp 
stacking faults in the wz-ZnS plates, while a small number of 
stacking faults are present in the ZnS spheres. In the ZnS rods, 
the density of stacking faults is high. Because the same ther-
mal motion that results in anion sublattice shifting to form 
stacking faults in ZnS is required to rearrange from hcp to ccp, 
these observations for the ZnS system qualitatively agree with 
the phase selectivity observed for the Co–S system. 
We have shown that phase selectivity during cation ex-

change of roxbyite Cu1.8S to form wz-CoS (hcp) vs Co9S8 
(ccp) is dependent on nanoparticle morphology. The morphol-
ogy-dependent phase selectivity, which correlates with the 
number of stacked close-packed planes, is driven by the abil-
ity of the close-packed planes to shift laterally during cation 
exchange, in analogy to hcp/ccp stacking fault formation that 
is observed in ZnS. This provides a unique pathway for 
achieving phase control and adds to the growing toolbox of 
capabilities for rationally designing complex nanostructures 
using cation exchange reactions. Using these guidelines, it 
should be possible to design morphologically identical nano-
particles of compositionally and structurally different com-
pounds in the same phase diagram, as well as regions of het-
erostructured nanoparticles having different compositions and 
crystal structures. 
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