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ABSTRACT 
 
Intergrowth compounds contain alternating layers of chemically distinct subunits that yield 

composition-tunable, synergistic properties. Synthesizing nanoparticles of intergrowth structures 

requires atomic-level intermixing of the subunits rather than segregation into the stable constituent 

phases. Here, we introduce an anionic subunit insertion reaction for nanoparticles that installs 

metal chalcogenide layers between metal oxide sheets. Anionic [CuS]– subunits from solution 

replace interlayer chloride anions from LaOCl to form LaOCuS topochemically with retention of 

crystal structure and morphology. Sodium acetylacetonate helps extract Cl– concomitant with the 

insertion of S2– and Cu+ and is generalized to other oxychalcogenides. This topochemical reaction 

produces nanoparticles of ordered mixed-anion intergrowth compounds and expands 

nanoparticle ion exchange chemistry to anionic subunits. 
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Colloidal nanoparticles are typically synthesized through direct solution-based methods where 
appropriate reagents are chemically and/or thermally triggered to react, which induces particle 
nucleation and growth.1,2 However, for complex compositions and structures, including mixed-
cation and mixed-anion intergrowth compounds that combine two or more distinct structural 
motifs, competition occurs between forming nanoparticles of simpler constituent compounds 
versus combining them into a single phase.3,4 The family of intergrowth compounds LnOCuCh 
(Ln = lanthanide, Ch = chalcogen) provides an instructive example.4-11 LaOCuS, for example, has 
alternating [LaO]+ and [CuS]– layers. Forming LaOCuS requires atomic-level intermixing of these 
oxide and sulfide layers rather than forming separate La2O3 and copper(I) sulfide phases, which 
are both synthetically accessible.12,13 As a result, LaOCuS and related compounds are not readily 
synthesized as nanoparticles using direct colloidal methods, although nanoparticulate powders 
can be made solvothermally under pressure and bulk powders through solid-state reactions.10,14 
More generally, intergrowth structures are difficult to synthesize colloidally, despite their growing 
interest across a wide range of applications.3 
 
Topochemical methods locally modify composition and structure while maintaining the overall 
structural framework, making them ideally suited to intergrowths like LaOCuS, if precursors with 
related layered crystal structures and appropriate chemical reactivities can be found.15,16 
Topochemical reactions driven by acid-base and electrostatic interactions are common for bulk 
solids and include intercalation, deintercalation, and ion exchange.17-19 Topochemical insertion of 
structural subunits to make intergrowths is also possible in bulk solids. For example, layered 
perovskite oxides with interlayer alkali metal cations undergo metathesis reactions with halide 
salts to form perovskite/halide intergrowths, such as the reaction of RbLaNb2O7 with CuCl2 to 
produce (CuCl)LaNb2O7.20 Topochemical manipulations of nanoparticles have primarily focused 
on cation and anion exchange, which use complex formation and differences in solvation energies 
and solubilities to drive cations or anions out of the solid, facilitating their replacement with other 
cations or anions from solution.21-24 Expanding such capabilities to the insertion of structural 
subunits within a nanoparticle is important for increasing the compositional and structural 
complexity of synthetically accessible nanoparticles. 
 
Here, we introduce a topochemical anionic subunit insertion reaction for nanoparticles that 
produces intergrowth compounds of metal oxides and sulfides. LnOX (X = halogen) oxyhalides, 
which can be synthesized as nanoparticles, are structurally related to the LnOCuCh 
oxychalcogenides; both contain layers of [LaO]+ that are separated by Cl– or [CuCh]–, respectively 
(Figure 1a).6,25-28 We show that layers of [CuS]– can replace the interlayer Cl– anions in LaOCl to 
form LaOCuS, facilitated by sodium acetylacetonate in solution that helps extract chlorine.  
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Figure 1. (a) Topochemical construction of LaOCuS 
from LaOCl. (b) Experimental and reference12,13 
XRD patterns for LaOCl and LaOCuS nanoparticles. 
 
We synthesized LaOCl nanoparticles by thermally decomposing LaCl3∙7H2O in oleylamine.25  
Powder XRD confirms their formation (Figure 1b). The increased relative intensities of the {00l} 
reflections indicates preferred orientation, suggesting a plate-like morphology.25-28 The highlighted 
regions of the EDS spectrum in Figure 2a indicate the presence of lanthanum and chlorine. The 
HAADF-STEM image in Figure 2b shows that the LaOCl nanoparticles are polydisperse with 
average dimensions ranging from approx. 5–30 nm (Figure S1) and suggest a plate-like 
morphology, based on how some particles overlap; this observation is consistent with the 
preferred orientation indicated by XRD. Corresponding STEM-EDS element maps show 
colocalization of the La (57%) and Cl (43%) signals (Figure 2b, S2) and a composition (normalized 
to La) of LaO1.12Cl0.76 (Table S2). (Oxygen quantification, which is unreliable due to overlapping 
low-energy signals and large ambient background, was estimated based on charge balance.) The 
single-particle STEM-EDS element map in Figure 2b shows that the La signal extends to the 
surface but the Cl signal does not, suggesting a La-rich shell on LaOCl. XPS revealed that the 
surface contained (in addition to carbon) La (5%), O (15%), and Cl (5%) (Figure S3), indicating 
that it is rich in surface oxides.31,32 Given their small particle sizes, XPS cannot unambiguously 
determine if chloride or oxide is on the surface versus buried within the particle. However, based 
on the combined data, we estimate that on average, a particle of “LaOCl” really contains only 
~50% LaOCl, with the other ~50% corresponding to a shell of surface oxides and adsorbed 
chloride. This analysis is important for targeting the stoichiometry of the topochemical 
transformation that follows, as we assume that LaOCl is the only topochemically reactive 
component. 
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Figure 2. (a)  EDS spectra highlighting the constant 
La, decreasing Cl, and increasing S signals upon 
transforming LaOCl to LaOCuS. Al and Si are 
adventitious and Ni is from the TEM grid. HAADF-
STEM images and STEM-EDS element maps of (b) 
LaOCl nanoparticles (collection and single particle), 
(c) LaOCuS nanoparticles, (d) a single LaOCuS 
particle (including an enlarged surface region), and 
(e) partially-formed LaOCuS (after 15 minutes), 
showing a LaOCl-rich core. 
 
To transform LaOCl to LaOCuS, an oleylamine solution containing Cu(acac)2, sulfur powder, and 
Na(acac) was injected at 240 ºC into a suspension of LaOCl nanoparticles in oleylamine and held 
for 1 hour (Figure S4, S5). This reaction reduced Cu2+ to Cu1+ and sulfur to S2– via oleylamine, as 
is well established for the synthesis of copper(I) sulfide nanoparticles.33,34 The molar ratio of 
Cu(acac)2 was chosen based on the analysis that only ~50% of the template particles consisted 
of LaOCl. Na(acac) and sulfur were chosen to be stoichiometric with the Cl in LaOCl. XRD data 
(Figure 1b) confirms the formation of LaOCuS and indicates preferred orientation along {00l}, 
which is crystallographically analogous to the preferred orientation in LaOCl and therefore 
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suggests retention of the plate-like morphology; the presence of (hkl) reflections rules out 
exfoliation. The HAADF-STEM image in Figure 2c shows that the morphologies and size 
distributions (~5-30 nm) of the LaOCuS particles are similar to those of LaOCl, consistent with a 
topochemical reaction. The corresponding STEM-EDS element maps confirm the homogeneous 
co-localization of La (44%), Cu (27%), and S (26%), as well as only a small amount (~3%) of 
residual Cl (Figure S6) at near-background levels, indicating removal of Cl (Table S3). The single-
particle STEM-EDS element map in Figure 2d shows that the surface oxide that was present on 
LaOCl remains in LaOCuS; copper and sulfur signals are significantly lower than the lanthanum 
signal near the surface. EDS quantification indicates a composition of LaOCu0.62S0.59, which is 
close to the Cu:La ratio used in the reaction (Table S3) and corresponds roughly to 
(LaOx)0.4@(LaOCuS)0.6 core-shell particles. XPS data also indicates an oxide-rich surface 
containing La (14%), O (38%), Cu (4%), S (6%) (Figure S7) with oxidation states of La3+, Cu1+, 
O2–, and S2–, consistent with literature XPS data for LaOCuS;35-37 Cl is at background levels. When 
the reaction is stopped early, the amount of residual Cl is greater than at the full 60-minute 
reaction time (Figure 2e, S8, S9; Table S4, S5). The STEM-EDS element maps in Figure 2e for 
a product isolated at 15 minutes suggest that LaOCuS surrounds a LaOCl-rich core, which is 
consistent with a diffusion pathway that proceeds inward from the particle surface.  
 
The UV-visible absorption spectra of LaOCl and LaOCuS nanoparticles are shown in Figure 3a. 
The corresponding Tauc plot for LaOCuS (Figure 3b) indicates a direct band gap of 3.19 eV, 
which matches well with the literature value of 3.14 eV for bulk LaOCuS.38,39 The absorption 
feature at 308 nm is present and unchanged in both LaOCl and LaOCuS, and therefore is 
attributed to the persistent lanthanum oxide shell, based on the XPS data in Figure S7.40 Colloidal 
suspensions of the LaOCl and LaOCuS nanoparticles appear colorless (Figure S10), as expected 
based on their literature band gaps.6,10,11,41 In contrast, the product made using half-stoichiometric 
Cu(acac)2 (as a control) is yellow, which corresponds to unreacted sulfur and is consistent with 
Cu(acac)2 as the limiting reagent (Figure S10). The product made using double-stoichiometric 
Cu(acac)2 (as a control) is brown with a broad NIR plasmon band (Figure 3c) that is consistent 
with copper(I) sulfide nanoparticles,42,43 which form competitively with LaOCuS when too much 
Cu(acac)2 is present. The enlarged plot in Figure 3d confirms identical behavior for all samples in 
the UV-Vis region where LaOCuS absorbs. The corresponding XRD pattern for the control sample 
made using double-stoichiometric Cu(acac)2 includes both LaOCuS and Cu1.8S (Figure S11) 
while STEM-EDS maps show LaOCuS@LaOCl particles (Figure 3e, S12) and separate regions 
of copper sulfide (Figure 3f). These self-consistent observations by UV-Vis, XRD, and STEM-
EDS indicate a competition between the topochemical reaction that transforms LaOCl to LaOCuS 
and a different reaction that forms copper sulfide, which can be mitigated by controlling 
stoichiometry.  
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Figure 3. (a)  UV- 
Vis absorbance spectra for LaOCl and LaOCuS. (b) 
Tauc plot for LaOCuS. (c,d) UV-Visible absorbance 
spectra for reactions that transform LaOCl (yellow) 
to LaOCuS (blue) using half (green) and twice (red) 
the normal amount of Cu(acac)2. HAADF-STEM 
image and corresponding STEM-EDS element 
maps for (e) LaOCuS@LaOCl and (f) Cu1.8S 
particles, both observed in the double-stoichiometry 
Cu(acac)2 reaction. 
 
The data above provided evidence for a topochemical reaction by showing that the average size 
distribution and morphology of the precursor, as well as the lanthanum oxide shell (which is 
intrinsic to LaOCl and not part of the reaction), persist unchanged in the product. We further 
probed how chemical reactivity contributes to facilitating and driving the reaction. When CuCl and 
CuCl2 were used instead of Cu(acac)2, the reaction did not proceed, instead forming Cu1.8S and 
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unreacted LaOCl (Figure S13). The reaction also does not proceed if the copper and sulfur 
reagents are excluded (Figure S14, Table S6). When Na(acac) was removed from the reaction of 
LaOCl with Cu(acac)2 and sulfur powder, the only product was Cu1.8S and unreacted LaOCl 
(Figure S13). Likewise, the reaction did not proceed when replacing Na(acac) with other sodium 
or acetylacetonate salts (Figure S15). This observation is crucial and unexpected, as it identifies 
Na(acac) as a key reagent necessary to transform LaOCl into LaOCuS, despite the absence of 
Na in the product. We propose that Na(acac) provides the driving force for removing Cl– from 
LaOCl by coordinating the outgoing Cl–, given the 1:1 Na+:Cl– stoichiometry and charge balance 
considerations along with knowledge that metal acetylacetonates can sometimes coordinate 
chloride.44 The Cl– is concurrently replaced by S2– concomitant with insertion of Cu+, which fills 
the tetrahedral holes to balance charge. Consistent with this hypothesis, analysis of STEM-EDS 
maps indicates decreasing chlorine signal in the nanoparticles as reaction time increases (Figures 
S8,S9; Tables S4,S5). Lack of reactivity when copper chloride salts are used is also consistent, 
as excess chloride would competitively bind Na(acac) and remove the driving force for Cl– 
extraction from LaOCl. Sodium and chloride are not observed by STEM-EDS in the isolated 
products, NaCl is not observed by XRD, and Na and Cl are absent by XPS (Figure S7, S16).  
 
This topochemical transformation is generalizable beyond LaOCuS. Reacting LaOCl with 
Cu(acac)2, dibenzyl diselenide, and Na(acac) at 310 ºC for 1 hour forms the selenide analogue, 
LaOCuSe, as shown by XRD (Figure 4a). STEM-EDS element maps confirm the homogeneous 
co-localization of La (45%), Cu (28%), and Se (27%) and absence of Cl (Figure 4b, S17). EDS 
quantification indicates a composition of LaOCu0.67Se0.60 (Table S7), which includes LaOCuSe 
with a shell rich in lanthanum and oxygen. We also synthesized PrOCl and similarly transformed 
it to PrOCuS, as confirmed by XRD (Figure 4c, S18). STEM-EDS maps of PrOCl show 
colocalization of Pr (58%) and Cl (42%) (Figure S19) that correspond to a composition of 
PrO1.14Cl0.73 (Table S8), suggesting a shell rich in praseodymium and oxygen that is analogous to 
the lanthanum oxide shell on LaOCl. After the reaction is complete, STEM-EDS element maps of 
PrOCuS confirm the homogeneous co-localization of Pr (45%), Cu (27%), and S (24%) as well 
as only a small amount (~4%) of residual Cl (Figure 4d, S20). The composition of PrOCu0.62S0.54 
(Table S9), i.e., (PrOx)0.3@(PrOCuS)0.7, is analogous to that observed for LaOCuS.   
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Figure 4. (a)  Experimental and reference30 XRD 
patterns and (b) HAADF-STEM image and STEM-
EDS element maps for LaOCuSe nanoparticles. (c) 
Experimental and reference45 XRD patterns and (d) 
HAADF-STEM image and STEM-EDS element 
maps for PrOCuS nanoparticles. 
 
 
We topochemically transformed nanoparticles of LnOCl to LnOCuCh through an anion subunit 
insertion reaction that exchanges interlayer Cl– with [CuS]– and is facilitated by Na(acac) helping 
to drive chloride removal. This reaction expands nanoparticle ion exchange chemistry to include 
more compositionally and structurally complex systems containing interleaved anion/cation 
subunits while sidestepping competing reactions that result in phase segregation. Given the 
availability of nanoparticles that adopt similar structures to LnOCl, including BiOX, and a large 
number of stable and metastable LnOCuCh and BiOCuCh compounds,11,46 this reaction has the 
potential to produce nanoparticles of previously inaccessible photocatalysts, superconductors, 
semiconductors, thermoelectrics, and other useful materials.  
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