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ABSTRACT 

In this study, we investigated the synthesis of copper selenide nanoplatelets (NPLs) through a 

cation exchange reaction (CER) in 5 monolayers thick CdSe NPLs using Cu(I) and Cu(II) 

precursors. We discovered that the exposure of CdSe NPLs to Cu(I) precursor led to the 

transformation of NPLs into Cu2−xSe while maintaining their nanoplatelet morphology. The 

replacement of Cd(II) with Cu(I) prevailed over the formation of doped structures. In the case of 

Cu(II) precursor, we observed that Cu(II) was first reduced to Cu(I) before being intercalated into 

the host lattice, resulting in synthesis of Cu2−xSe, similar to CER with Cu(I) precursors but without 

preservation of the initial morphology of NPLs. Interestingly, the presence of oxygen was found 

to facilitate the cation exchange processes in CdSe NPLs, whereas a nitrogen atmosphere 

suppressed the CER. Despite the similar ionic sizes of Cu(I) and Cu(II), the substitution of Cd(II) 

with Cu(II) was found to be challenging, possibly due to the involvement of redox processes 

resulting in the significant deterioration of initial CdSe NPLs. We demonstrate that CER can 

achieve near-complete substitution of cadmium atoms with monovalent copper under room 

temperature. Understanding the processes involved in CERs is crucial for engineering more 

complex structures, such as high entropy nanoparticles involving cation exchange with different 

oxidation states and development of material synthesis using machine learning and artificial 

intelligence approaches. 
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INTRODUCTION 

Cation exchange (CE)1-4 is recognized as a promising synthesis strategy to tune the chemical 

composition of nanoparticles (NPs) which enables design of new complex structures including 

those with metastable phases 3, 5.  Cation exchange reaction (CER) allows the synthesis of doped 

and alloyed nanocrystals. Doping of copper6, gold7 and silver8 ions in the host matrix of 

semiconducting NPs results in energy dependent modulation of their localized surface plasmon 

resonances (LSPRs). In turn, manganese doping is utilized in perovskites9 to achieve mid-gap 

emission10. The host cations can be completely replaced with the incoming cations11. In this case, 

anionic framework of the host lattice remains often preserved5. However, the CER can also result 

in the reorganization of the anion framework.12 The extent of the CER as well as the resulting 

structures depend on the chemical nature of the guest cation2, their ionic radii and oxidation 

states12, temperature conditions13, and the choice of ligands and solvation environments14, 15 used 

for both host and guest cations. The direction, initiation and extent of CER in a material were 

proposed to be rationalized through a set of thermodynamic principles called the qualitative 

Pearson’s hard and soft acid and base theory (HSAB), together with solubility product constants 

(Ksp)2, 14. 

The majority of CER studies on semiconductor NPs were performed with transition metal 

cations with oxidation state (+1)2. Exposure of NPs in solution to the Cu(I) and Ag (I), cations that 

are known to quickly diffuse into the host lattice and replace cations, allows complete replacement 

of the initial cations as well as doping of the host lattice1, 16. The ionic radii17 of Cu(I) and Ag(I) 

are 77 pm and 115 pm, respectively. In the case of CdSe NPs, in which radius of Cd(II)  is ~109 

pm, these values are smaller and larger than the ionic radius of Cd(II), indicating that, perhaps, the 

size of the cation does not play a critical role in CERs. 
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 Metal cations with other oxidation states have been also investigated in CERs18, 19. In some 

cases, CERs with cations in oxidation state (II) did not affect the  morphology of the host 

nanoparticles5, 18. Thus, Zn(II) cations replace Cd(II) cations in the lattice of CdSe without altering 

of the morphology of CdSe NPs18, 20. However, in some cases, a significant deformation of the 

host NPs was observed21. For instance, exposure of CdSe nanoparticles to Hg(II) was accompanied 

by their partial deterioration21. It was also shown that in Cu2-xSe NPs, Cd(II) can be replaced with 

either Sn(II) or Sn(IV); however, the valency of tin cations was reported to affect the intermediate 

steps of the exchange process as well as the structure and composition of the final NPs22. Thus, 

Sn(II) with ionic radius of ~118 pm was able to fully replace smaller Cu (I) ions resulting in the 

distortion of the anion framework of the initial Cu2-xSe host lattice and formation of orthorhombic 

phase of SnSe22 without the formation of Cd-Sn-Se alloys during intermediate steps. In turn, 

exposure of Cu2-xSe NPs to smaller ~81 pm Sn(IV) cations  led to only partial replacement of 

Cd(II) cations and formation of alloyed Cu2-4ySnySe with preserved anion framework of the host 

lattice22. Moreover, the redox reactions between the introduced cations (Sn(II)) and the cation of 

the host lattice (Cu(I)) were proposed to play a role affecting the cation exchange processes; 

however, CER with either Sn(II) or Sn(IV) resulted in the formation of NPs where oxidation state 

of host atoms was identical to their oxidation state in the introduced precursors22. 

Cation exchange process in II-VI semiconductor host lattice enables the synthesis of copper 

chalcogenide based NPs6 that are of interest due to their semiconducting surface plasmonic23 

properties in the NIR region. Selective doping with transition metal cations such as copper and 

manganese in host lattice is utilized for introducing dopant ion related emission, in addition to 

excitonic property tuning of the host lattice through defect formation10.   This optical property 

modulation of LSPR energy position and bandwidth simultaneously resulting in the enhanced 
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light-matter interactions and tunable optical properties offer a variety of potential applications; 

including in optoelectronics24, photocatalysis25, and sensing energy storage26 and 

thermoelectrics27. In addition, such nanomaterials have remarkable ionic properties tunable 

through vacancies28, 29, composition30, etc. Copper selenide has many phases and structural forms 

ranging from stoichiometric31 α-Cu2Se, Cu3Se2, CuSe, and CuSe2, to non-stoichiometric, Cu2−xSe6, 

32, 33. Cu2Se is considered to be promising thermoelectric material27 with a peak zT > 2 due to its 

very low κ < 1 Wm−1K−1. Moreover, the cationic vacancy-containing Cu2-xSe29 with fcc β-phase 

revealed superionic conducting properties6, better electrochemical cycling stability34 and a larger 

window of 1-2.5 V against Li over its CuSe and CuSe2 counterparts.  

The copper selenides with Cu(II) are also revealing a number of interesting properties. For 

instance, CuSe thin films were found to be p-type semitransparent highly conducting 

semiconductors35 that enabled their applications in thin film solar cells, photodetectors, superionic 

materials and optical filters, while CuSe2 was reported to superconductor at low temperatures with 

a transition temperature TC ∼ 2.4 K36. CuSe2 also revealed a weak ferromagnetic behavior below 

31 K implying the possible coexistence of ferromagnetism and superconductivity in this 

compound37.  

To date, the CER studies focus on utilization of Cu(I) precursors (e.g., tetrakis(acetonitrile) 

copper hexafluorophosphate6, 38 and CuI39) that enable the synthesis of Cu2−xSe or doped CdSe 

NPs in which Cu has oxidation (I). Different aspects of cation exchange in wurtzite and zinc blende 

CdSe clusters33, quantum dots and quantum rods1 were extensively studied for doping and full 

cation replacement. Previously, it was reported that CdSe NPLs have substantially different surface 

chemistry as compared to CdSe quantum dots such as more labile ligands are located in the vicinity 

of facet and affect the surface termination40. All these factors can have a substantial effect on the 
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mechanism of the CERs in CdSe NPLs and the morphology, composition, and structure of the final 

product. In the case of NPLs CERs are limited mainly to their use for doping purpose meaning that 

only small concentration of the guest cations (e.g., copper or mercury) ends up in the host lattice41-

43. Moreover, CER were not previously reported for synthesis of copper selenides with Cu(II) 

oxidation state. 

Here we explored the synthesis of copper selenide nanoplatelets (NPLs) using Cu(I) and 

Cu(II) precursors via CER in CdSe NPLs- and unveiled the processes involved in CER with 

variation in copper valences, oxygen availabilities, and counterion species. We used 5 monolayers 

(ML) thick NPLs since this morphology enables better visualization of structural, morphological, 

and compositional changes. Exposure of CdSe NPLs to Cu(I) precursor transform NPLs to Cu2−xSe 

preserving NPL morphology. However, in the case of Cu(II) precursors, we show that prior to 

intercalation into the host lattice, Cu(II) is getting reduced to Cu(I) and this process is accompanied 

by a substantial deterioration of the morphology of NPLs. Surprisingly, the presence of oxygen 

was found to promote the reduction of Cu(II) and facilitate the cation exchange processes in CdSe 

NPLs. Under nitrogen atmosphere, the CER is suppressed. We demonstrate that redox processes 

are playing a substantial role in CER in CdSe NPLs with Cu(II) and even with Cu(II) precursors, 

the material formed as a result of cation exchange processes is likely to be Cu2−xSe characteristic 

to CER with Cu(I) precursors.  

RESULTS AND DISCUSSIONS 

In our study we focused on understanding how the valency of copper precursor affects the 

cation exchange process and if it possible to synthetize copper selenides NPLs with structures 

characteristic of copper with oxidation state of (I) and (II). We used tetrakis (acetonitrile) 

hexafluorophosphate  and Cu(NO3)2 as Cu(I) and Cu(II) precursors, respectively, since these 
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precursors have higher solubility in acetonitrile/methanol solutions used for introduction of the 

precursors to toluene solutions of CdSe NPLs and they are common copper precursors used in 

previous studies. Since these common precursors of Cu(I) and Cu(II) precursors do no have the 

same counter anions, we conducted control experiments that took into account the effect of 

precursor anions that will be discussed in detail in the sections below. We have also conducted the 

control experiments with Cu(I) and Cu(II)  with the same counter ions such as CuCl and CuCl2 

that revealed solubility in mixtures of acetonitrile and alcohols at concentrations comparable to 

concentrations used in experiments with tetrakis (acetonitrile) hexafluorophosphate  and 

Cu(NO3)2. 

In all experiments we used 5 ML CdSe NPLs (Figure 1a) that were synthetized according to 

the procedure reported in literature44. We used 5ML thick NPLs as a model system since such 

NPLs are substantially less prone to lattice distortions due to bending, twisting, etc. as compared 

to 3 ML and 4 MLs NPLs45 allowing to minimize the effects of lattice distortions on CER. 

As evidenced from TEM data (Figure 1a) obtained along the (001) basal crystallographic 

facets46, individual NPLs are rectangular in shape with median measurements of ~22 nm and 8 nm 

along the long and short sides, respectively. Powder XRD pattern obtained for freshly synthetized 

5 ML CdSe NPLs (purple pattern in Figure 1d) indicates that they have mainly cubic zinc blende 

(ZB) symmetry. 

A. CER with Cu(I) precursor in 5 ML CdSe NPLs under anaerobic conditions:  

In the case of CER with II-VI quantum dots, nanocrystals, nanorods and nanowires- most of 

the studies are conducted using the Cu(I) precursor. Since Cu(I) precursors such as tetrakis 

(copper) acetonitrile hexafluorophosphate is acutely air sensitive, all the experiments were 

conducted inside a N2-filled glovebox. We added different concentrations of Cu(I) precursor 
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dissolved in methanol/acetonitrile solution to toluene solution of 5 ML CdSe NPLs and monitored 

the compositional and structural transformation using DFTEM, STEM-EDS, XRD and XPS 

techniques. HR-DFTEM (High-Resolution Dark-Field Transmission Electron Microscopy) data 

indicate that NPL size distributions in the ensemble remains unchanged throughout the reaction as 

presented in Figures 1b, 1c at 154 nM and 330 nM of added Cu(I), respectively. The ensemble 

size distribution obtained from TEM images is shown in Figure S1. The optical extinction 

coefficient for these 5 ML NPLs with lateral size measured from DFTEM studies was estimated 

as ε= 7.67x107 cm-1M-1 using NPL specific calculations reported in literature47. The optical 

absorbance changes observed during the colloidal reaction over ~3 h from the onset of CER are 

depicted in Figure 1e. The kinetics of the reaction is observed to be relatively slow compared with 

CdSe NPs38 and nanoclusters33 and complete transformation of CdSe NPLs occurred in ~3h at 

higher concentration of Cu(I) precursor (~330 nM) with preservation of the NPL morphology 

throughout.  

Previously, the Cu(I) CERs in CdSe quantum dots were reported to occur via cooperative 

mechanism that was established first via optical spectroscopy48 and later confirmed by in situ X-

ray absorption studies49. According to this mechanism, the initial stages of the CER proceed 

through light doping of the Cu(I) in the CdSe lattice, making it prone to abrupt transition of the 

quantum dot into copper selenide phase upon reaching a certain point in the CER. We monitored 

the evolution of the composition of 5ML CdSe NPLs exposed to different concentrations of Cu(I) 

precursors by performing the EDS analysis (Figure 1f, Figure S2). We observed that upon 

increasing the Cu(I) concentration beyond the critical point, the significant increase of copper 

concentration in the host CdSe NPLs (Figure 1f). However, our copper concentration “jump” was 

not as abrupt as it was previously reported for CdSe NCs49, 50. Therefore, our data are supportive 
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of cooperative mechanism, however, we cannot fully exclude possibility of alloying at later stages 

of CER previously reported for cation exchange in Cu2-xSe with Sn(IV) cations22. 

We observed that the XRD peaks of the cation exchange product represented with the pink 

pattern in Figure 1d matches with peak position of previously reported Cu1.8Se (Cu1.8Se-JCPDF 

06-0680). The HAADF and EDS mapping results indicate that cation exchange takes place 

uniformly in all CdSe NPLs (Figures 1g-1j) until full conversion is obtained. The absence of 

cadmium in the EDS maps (Figure 1g-1i) confirmed the full conversion into Cu2-xSe at the single 

particle level. The advanced stages of the CER with Cu(I) are quantitatively demonstrated in 

Figure S3 with HREDS maps.  
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Figure 1. (a-c) The DFTEM images with scalebars of 5 nm each of (a) as-synthetized 5 ML 

CdSe NPLs and NPLs after their exposure to 154 nM and 330 nM methanol/acetonitrile solution 

of Cu(I) precursor tetrakis(acetonitrile) copper(I) hexafluorophosphate for 3h (b and c, 

respectively) demonstrating the preservation of NPLs morphology during cation exchange 

processes. The XRD patterns with the (hkl) indices indicated (d) of as synthetized 5 ML CdSe 

NPLs (shown in blue) and final Cu2-xSe NPLs (shown in pink) formed as a result of addition of 

330 nM solution of methanol/acetonitrile solution of Cu(I). Solid lines shown in pink and blue 

correspond to cubic Cu1.8Se-JCPDF 06-0680 and cubic ZB CdSe, respectively. (e) The optical 

absorbance spectra of 5 ML CdSe NPLs acquired after their exposure to different concentrations 

of Cu(I) precursor for 3 h. (f) Dependance of the concentration (along with error bars) of 

copper(I) in CdSe NPLs after their exposure to Cu(I) for 3 h determined by EDS analysis on 

concentration of the Cu(I) precursor. (g-j) EDS maps measured on 5 ML CdSe NPLs exposed 

to 330 nM solution of Cu(I) precursors for 3h depicting distribution of Cu and Cd (g), Cd (h), 

Se(I) and superposition of Cu and Se (j). 

 

B. CER of 5 ML CdSe NPLs with Cu(II) precursor: 

CER reactions were performed next with a methanol/acetonitrile mixture of Cu(II) solution in 

nitrate form under anaerobic condition, to mimic the atmospheric reaction parameters of the Cu(I) 

case closely. We performed UV/Vis spectra (Figure 2a) of CdSe NPLs to progress the various 

stages of the reaction. While no changes in NPLs’ morphology was detected by DFTEM upon their 

exposure to lower concentrations of Cu(II) (Figure 2b), their long-term exposure (~3h) to high 

concentration of Cu(II) precursor (Figure 2c) resulted in some etching of the NPLs that is 

particular apparent at the edges of NPLs. This can point out some redox processes involving Cu(II) 

and/or possibly traces of oxygen  potentially present in N2. XRD data (Figure 2d) obtained on 5 

MLs CdSe NPLs exposed to Cu(II) cations under nitrogen flow indicated insignificant quantities 

of copper selenides formation was observed even in the experiments of high concentrations (330 

nM) of Cu(II). HAADF (Figure 2e) and EDS maps (Figures 2f & 2g) show the presence of 

significant quantities of unreacted CdSe in these NPLs even at 330 nM addition of the Cu(II) 

reactant over a course of 3 h reaction time. The 2θ peak at 31.2 o present in the XRD spectrum 

shown in Figure 2d can correspond to small amount of product formed as a result of cation 
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exchange caused by the exposure of the unpurified reaction mixture to ambient conditions prior to 

solvent/solvent purification step that is discussed below. Next, we performed the same experiments 

under ambient conditions to shed light on the possible role of oxygen. 

 

Figure 2. (a) Optical absorbance spectra corresponding to the solutions of 5ML CdSe NPLs after 

their exposure to different concentrations of methanol/acetonitrile solution of Cu(II) precursor in 

the form of Cu(NO3)2 for 3h under N2 environment. (b, c) DFTEM images of the 5 ML CdSe 

NPLs after their exposure to 154 nM and 330 nM solutions of methanol/acetonitrile solution 

Cu(NO3)2 under N2 flow for 3 h (b and c, respectively). (d) XRD data on the samples shown in 

(c) (with the (hkl) indices indicated). (e-g) HAADF image (e) and EDS maps corresponding to 

Se, Cd and Cu obtained for the sample shown in (c). Solid lines shown in pink and blue 

correspond to cubic Cu1.8Se-JCPDF 06-0680 and cubic ZB CdSe, respectively 

 

Next, we conducted these experiments under ambient conditions (note, both CdSe NPLs in 

Figure 3a and Cu(II) are relatively stable under ambient conditions). Surprisingly, XRD patterns 

(Figure 3b) indicated that the crystalline structure of the formed product is consistent with fcc 

cubic Cu2-xSe suggesting that the Cu(II) was reduced. The shift of peaks at higher 2θs is 

characteristic to compressive strain caused by small size51.The smaller concentrations of Cu(II) 

led to the appearance of low intensity broad peaks those positions match the peak position of Cu2-
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xSe. Exposure of CdSe NPLs to various concentrations of Cu(II) results in shift of the positions of 

the peaks characteristic to ZB structure of CdSe and appearance of rather broad peaks characteristic 

to cubic Cu2-xSe with accompanying doping-related shifts of the diffraction peaks as typically 

expected from Vegard’s law38 during CER. A few peaks matching the Cu(NO3)2 phase provided in 

Figure S3 are observed. Considering the substantial etching of the initial 5 ML NPLs upon their 

exposure to Cu(II) revealed in TEM studies, the broader XRD peaks of the CER product are 

expected. No indication of the formation of phases characteristic to copper chalcogenides with 

Cu(II) oxidation state was observed.  

We found that the introducing of Cu(NO3)2 dissolved in methanol/acetonitrile solution mixture 

to CdSe NPLs in toluene at room temperature was immediately accompanied by substantial 

changes in optical absorbance spectra (Figure 3c), as well as morphological changes revealed by 

HRTEM studies. The incomplete CE in CdSe NPLs can be attributed to the reduced number of 

active surface area originating from stacking of NPLs in toluene as it is evidenced from SAXS 

measurements of NPLs (Figure 3d). The peaks at 0.126, 0.156, 0.2558, 0.314, 0.471 Å-1 and higher 

order q values correspond to the lamellar ordering with 5.4 nm periodicity formed by these NPLs 

in toluene. More specifically, the intense peak at a scattering vector q*=0.126  Å-1 arises from the 

face-face stacking of the platelets with a period d=2 π/q*=5.4 nm within the CdSe threads52. The 

NPL thickness is 1.5 nm, the faces of neighboring NPLs are 4.5 nm apart. The additional 

separation distance of 1.5 nm is reported to be possibly due to partially interdigitated oleic acid 

molecules bound to the faces of the NPLs52. The second intense peak at 0.156 Å-1 originates from 

the NPLs occasionally assembling in face-edge orientation. All NPLs in toluene solution take part 

in the self-assembly process and none are present as monomers in solution. Hence, this self-
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assembly53 of CdSe NPLs in the solution54 into long-thread-like strands could be a factor which 

limits the exposure of the NPLs to the copper cations. 

 

Figure 3. (a) The DFTEM image of as-synthetized 5 ML CdSe NPLs. (b) The XRD patterns 

with the (hkl) indices indicated when measured for as-synthetized 5 ML CdSe NPLs and after 

their exposure to different concentrations of methanol/acetonitrile solution of Cu(II) precursor 

in the form of Cu(NO3)2 under ambient conditions. Solid lines shown in pink, and blue 

correspond to cubic Cu1.8Se-JCPDF 06-0680 and cubic ZB CdSe, respectively. The stars denote 

the peaks corresponding to Cu(NO3)2 used as a precursor. Note, that samples obtained with 11 

nM and 88 nM concentrations were not purified before XRD analysis to eliminate the possible 

effects associated with the purification. (c) Optical absorbance spectra corresponding to the 

solutions of 5ML CdSe NPLs after their exposure to different concentrations of 

methanol/acetonitrile solution of Cu(II) for 30 min under ambient environment. (d) SAXS data 

on CdSe NPLs in toluene revealing the stacking of 5 ML CdSe NPLs in solution. DFTEM data 

on 5 ML CdSe NPLs exposed for 30 min to different concentrations of methanol/acetonitrile of 

Cu(II): (e, f ) 88 nM, (g) 110 nM and (h) 198 nM. (I) HAADF image and EDS maps for Cd, Cu 

and Se revealing the elemental distribution in 5 ML CdSe NPLs exposed to 154 nM Cu(II) for 

30 min. 
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We have tested different concentrations of Cu(II) precursor (Figures 3e) and observed that 

even a short time (10 min) exposure of 5 ML CdSe NPLs to even small concentrations of Cu(II) 

precursor led to etching-related changes in NPLs (Figure 3e) that progressively intensifies  when 

higher concentrations  of Cu(II) precursor were used (Figure 3f-h). HAADF data (Figure 3i) 

revealed the appearance of the segregated brighter areas that potentially can indicate the 

segregation of elements with high atomic numbers (z) (in this case cadmium). Also, EDS maps for 

Cd, Cu and Se elements (Figure 3-i, j, k, l) indicate that exposure of CdSe NPLs to Cu(II) 

precursors leads to higher Cd concentration in certain areas of CdSe NPLs (Figure 3j) that 

coincides with  areas of higher concentration of Se. The Cd to Se ratio is 0.83 in tip area in Figure 

3j while as compared to 0.72 characteristic to the entirety of the NPL, with these EDS 

measurements and relative error estimates tabulated in Table S1. These results are indicative of 

NPLs’ etching. Note, that as-synthetized 5 ML CdSe NPLs reveal 1.2 Cd to Se ratio55. The lower 

ratio of Cd to Se in CdSe NPLs exposed to Cu(II) precursor is suggestive of Cd atoms leaving the 

NPLs. 

Since the Cu(I) and Cu(II) precursors have different anions, we next conducted control 

experiments aimed on elucidation of the role of the precursor anions ions of substituting cation on 

the probability and kinetics of the cation exchange events in CdSe NPLs. In this set of experiments, 

we added equivalent nM concentration of ammonium hexafluorophosphate to a 

methanol/acetonitrile solution of Cu(NO3)2 and used this mixture in CER  with 5ML CdSe NPLs 

under ambient conditions.  In the presence of ammonium hexafluorophosphate, we also observed 

that Cu(II) causes the substantial morphological changes in CdSe NPLs (Figure 4a);  however, 

the monitoring of the absorbance spectra of 5ML CdSe NPs (Figure 4b) revealed their 

substantially slower evolution as compared to the experiments with Cu(NO3)2 precursor indicating 
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slower kinetics of the cation exchange in the presence of hexafluorophosphate ions. For instance, 

exitonic features characteristic to 5 ML NPLs are still preserved in the samples after 3 h of their 

exposure to Cu(II) while in the absence of ammonium hexafluorophosphate all such features were 

reasonably lost after 1 h. TEM data (Figure 4a) indicated the co-existence of totally disintegrated 

NPLs and those that managed to maintain the nanoplate morphology. The EDS maps (Figure 4c, 

d) show that smaller NPs contain higher concentrations of copper (Figure 4c). These data suggest 

that some NPLs are either more active than others in redox reactions or this can be a result of 

stacking of CdSe NPLs in the colloidal solution (Figure 3d). PL emission time maps with color 

bars shown in Figures 4e & f visualize the delayed reaction kinetics in the presence of the 

ammonium hexafluorophosphate anion.  

 

Figure 4. (a) The DFTEM image of 5 ML CdSe NPLs exposed to Cu(II) precursor in the form 

of Cu(NO3)2 under ambient conditions for 3 h in presence of ammonium hexafluorophosphate. 

(b) Optical absorbance spectra corresponding to the solutions of 5ML CdSe NPLs after their 

exposure to different concentrations of methanol/acetonitrile solution of Cu(II) for 3 h min under 

ambient environment in presence of ammonium hexafluorophosphate. (c, d) EDS maps for Cd, 
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Cu and Se revealing the elemental distribution in the sample shown in (a). (e, f) The evolution 

of the PL emission of the 5 ML CdSe NPLs exposed to Cu(II) under ambient conditions in the 

absence and in the presence of ammonium hexafluorophosphate anion.  

 

The direction, initiation and continuation of CER in a material system with predetermined host 

and guest cations are predicted to be determined though the ligation and solvation environment 

through a set of thermodynamic principles, Pearson’s hard and soft acid and base theory (HSAB), 

together with solubility product constants (Ksp)
2, 14. HSAB theory predicts that hard acids prefer to 

interact with hard bases while soft acids have a greater affinity for soft base56. The relative hardness 

(or softness) of species is determined by its electronic structure, polarizability, and charge 

density56, 57 and can be estimated from absolute hardness parameter (η)58. CdSe contains hard 

Lewis acid such as Cd(II) cations with η = 10.29  that can bind more strongly to hard bases, such 

as NO3 ̄ that has hardness value of 5.23 or PF6̄ ̄  that has hardness of 6.311 than do softer cations 

such as Cu(I) and Cu(II) with 6.28 and 8.27 hardness’s, respectively59. In terms of HSAB theory, 

NO3 ̄  and PF6̄ anions are strong Lewis bases with η60, 61 of ~5.23 and 6.311. Therefore, according 

to HSAB theory we should not expect slower kinetics of cation exchange in the presence of PF6 ̄ 

anions shown in Figure 4. However, we used NH4PF6 as a precursor for PF6̄ anions and, in 

principle, NH4
+ cations could form weak complexes with copper precursors or surface cadmium 

that can limit the available concentration of Cu(II). However, the co-existence of preserved CdSe 

NPLs with smaller fragments formed as a result of cation exchange reaction with Cu(II) revealed 

by TEM (Figure 4a) as well as preserved exitonic features (Figures 4b&f) suggest that, most 

likely, addition of NH4PF6 to the solution of 5 ML CdSe NPLs promoted the assembly of NPLs 

that, in turn, limited the exposure of the NPLs’ surface to the reactive species. Previously, the 

formation of periodic structures in organic solvents was induced by introducing of ionic species62. 
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We did not observe the direct CER with Cu(II). It is worth noting that previously Cu(II) was 

used as a precursor, however, in presence of a strong reducing agent like trioctylphosphosphine22, 

42, assuming the complete reduction of Cu(II) into Cu(I). However, the presence of unreduced 

Cu(II) can significantly affect the CER and morphology of NPs. Therefore, understanding of the 

effect of cation valences on the morphological and compositional transformation is important. In 

principle, HSAB theory arguments can potentially explain why Cu(II) does not replace cadmium 

atoms while Cu(I) does since the hardness of Cu(II) is higher than that of Cu(I) (8.27 vs 6.28, 

respectively). Therefore, it is reasonable to expect that Cu(II) atoms can interact efficiently with 

NO3 ̄  that has hardness of 5.23 that in turn can limit the availability of Cu(II) precursor for CE. 

We also investigated CER using Cu(I) and Cu(II) precursors with the same counter ions such 

as CuCl and CuCl2 dissolved in methanol/acetonitrile mixture.  The results from the CER 

experiments are displayed in the supplementary file in Figures S5, S6 and S7. For the CuCl CER 

in Figure S5, little deterioration is observed in the nanoplatelets with the end product being 

Cu1.8Se. This result agrees with our observations on Cu(I) CER with hexafluorophosphate 

precursori(Figure 1). For the reaction with Cu(II), shown in Figure S6, we observe partial 

conversion to Cu1.8Se, with significant deterioration in the NPL morphology, similar to what was 

found for Cu(NO3)2 in Figure 3.  The CER when performed under N2 atmosphere, proceeds to 

completion in the case of Cu(I), while the reaction is arrested for Cu(II) precursor (Figure S7). It 

is worth noting that since Cl- ion has a very similar base hardness of 5.67 as the NO3 ̄ that has the 

hardness of 5.23,  similar trends in CER processes are expected for these two copper precursors 

within HSAB theory.  

It is worth noting that we observed that even when we used Cu(II), cation exchange processes 

in 5 ML CdSe NPLs resulted in the formation of Cu1.8Se NPLs that is similar to the product formed 
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via CER with Cu(I) precursor. However, in the case of Cu(II) precursor, CER is accompanied by 

a significant deterioration of CdSe NPLs. Analysis of the X-ray photoelectron spectroscopy data 

demonstrated that copper, cadmium and selenium have similar oxidation state since the peak 

positions of XPS spectra of samples exposed to the cations either Cu(I) or Cu(II) have similar 

binding energies (Figure 5 a, b, c). The spectrum contains the line-shape information of the 

deconvoluted peaks and overlaps the raw data in each of the panels shown.  However, as compared 

to initial 5 ML NPLs, the peak positions of selenium and cadmium are shifted toward higher 

binding energies that can be associated with oxidation.  The XPS spectra do not reveal the presence 

of a representative shake-up peak at ~942-944 eV characteristic to Cu(II) species63. Lack of such 

features and, essentially, the same binding energy shifts suggest similar oxidation states of copper 

ions in the products obtained via CER with Cu(I) and Cu(II) precursors. These binding energy 

shifts agree with those previously reported for Cu(I)-containing NPs63. The selenium 3d spectra of 

5 ML CdSe NPLs as well as of both products (Figure 5) do not reveal 3d5/2 and 3d3/2 doublet peaks 

separated by 0.9 eV spin-orbit coupling with characteristic 3:2 ratio in intensity63. This can be 

indicative of the presence of some oxidized selenium species. The spin-orbit coupling for Se 3d is 

0.86 eV and the area ratio of two peaks 3d3/2 to 3d5/2 was constrained to 2/3. In face the formation 

of Se(0) has been previously noticed for selenides kept under ambient conditions64. Further, peak 

shifts, peak broadening and tailing to higher binding energies may suggest existence of small 

amounts of even more oxidized selenium species64. For Cu 2p, the spin-orbit coupling is 19.80 eV 

and the area ratio of two peaks  2p3/2 to 2p1/2 is constrained to 1/2. The spectra were deconvoluted 

using 2 doublet peaks suggesting a very minor amount of Cu(II). A summary of the XPS results 

showing the full width at the half maximum and peak positions of the characteristic peaks is 

provided in the supplementary file Table S2. 
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Figure 5. XPS spectra of Se 3d (a-c)  and Cu 2p obtained on the as-synthetized 5 ML CdSe 

NPLs and after their exposure to 154 nM methanol/acetonitrile solutions of Cu(I) and Cu(II) 

precursors in the form  tetrakis(acetonitrile) copper(I) hexafluorophosphate and Cu(NO3)2, 

respectively.   

 

CONCLUSIONS 

In this study, we investigated the synthesis of copper selenide nanoplatelets (NPLs) using Cu(I) 

and Cu(II) precursors via cation exchange reaction (CER) in CdSe NPLs. Our aim was to 

understand the processes involved in cation exchange in CdSe and to observe the changes in 

structural, morphological, and compositional features using 5 monolayers thick NPLs. We found 

that exposing CdSe NPLs to Cu(I) precursor transforms the NPLs to Cu2−xSe while preserving 

their nanoplate morphology. Complete replacement of Cd(II) with Cu(I) dominated over the 

formation of doped structures. When using Cu(II) precursors, we observed that Cu(II) is reduced 

to Cu(I) prior to intercalation into the host lattice, which is accompanied by a substantial 

deterioration of the NPLs' morphology. Interestingly, we discovered that the presence of oxygen 

promotes the reduction of Cu(II) and facilitates the cation exchange processes in CdSe NPLs. 

Conversely, under a nitrogen atmosphere, the CER is suppressed. Our results suggest that redox 
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processes play a significant role in CER in CdSe NPLs with Cu(II) precursors, and even with 

Cu(II) precursors, the material formed as a result of cation exchange processes is likely to be 

Cu2−xSe, which is characteristic of CER with Cu(I) precursors. Despite the similarity of the ionic 

sizes of Cu(I) and Cu(II), the substitution of Cd(II) with Cu(II) was found to be challenging 

possibly owing to contribution of the redox processes. Our study advanced the understanding of 

CER in 5 ML CdSe NPLs with copper precursors with different oxidation states. As compared to 

earlier studies with copper doping limited to 3.6% or less42 achieved at elevated temperatures, we 

demonstrate that CER was able to proceed to near complete substitution of cadmium atoms with 

monovalent copper at ambient temperature and pressure conditions and under inert atmosphere. 

Understanding of the processes involved in cation exchange reactions is critical to engineering of 

more complex structures, such as high entropy nanoparticles which involves the cation exchange 

processes among cations with different oxidation states65. Moreover, careful consideration of all 

process involved into CER is critical for accelerated development of material synthesis using 

machine learning and artificial intelligence approaches66. 

METHODS 

Chemical reagents. Cadmium nitrate tetrahydrate (99.997%), sodium myristate (≥99%), 

cadmium(II)  acetate (Cd(OAc)2; 99.995%), cadmium acetate dihydrate (Cd(OAc)2.2H2O), 

selenium powder (Se, ≥99.5%), octadecene (ODE; 90%), oleic acid (OlAc, 90%), copper (II) 

nitrate hydrate, tetrakis (acetonitrile) copper(I) hexafluorophosphate, ammonium 

hexafluorophosphate, toluene (98%), anhydrous acetonitrile (99.8%), and methanol were 

purchased from Sigma Aldrich. All chemicals were used without further purification. 

Preparation of Cadmium Myristate. Cadmium nitrate tetrahydrate (1.23 g) was dissolved in 40 

mL of methanol and 3.13 g of sodium myristate was dissolved in 250 mL of methanol under strong 

stirring; these solutions were then combined and stirred approximately one hour. The whitish 

product was centrifuged, and the white precipitate part was dissolved in methanol. The resulting 

precipitate of cadmium myristate was filtered and washed several times with methanol for removal 

of excess precursors and was dried for 24 h under vacuum.  
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Synthesis of CdSe 5 monolayer (ML) nanoplatelets (NPLs) emitting at 550 nm. The synthesis 

was performed according to literature44. 340 mg of cadmium myristate and 28 mL of ODE are 

loaded into a 50 mL three-neck flask. The solution is stirred and degassed at room temperature for 

half an hour and at 95 °C for an hour under vacuum, respectively. After the heating mantle is set 

to 250 °C, the vacuum is broken at 100 °C and the flask is filled with argon gas. When the 

temperature of the solution reaches 250 °C, a pre-prepared solution of 24 mg Se dispersed in 2 mL 

of ODE is swiftly injected into the hot solution. When the color of solution becomes orange, 240 

mg of cadmium acetate dehydrate is rapidly introduced. Then, the solution is kept at 250 °C for 10 

minutes and 1 mL of OA is injected before cooling down to room temperature using water bath. 

After size-selective precipitation, the 5 ML NPLs are dissolved and stored in toluene.  

Reactions with Cu(II) under aerobic conditions. To a 340 nM concentration solution of NPLs 

dispersed in toluene, a methanol: acetonitrile solution of Cu(II) precursor in the form of Cu(NO3)2 

was added in aliquots of 5 nM under continuous stirring until the final concentration of 330 nm 

addition was reached within 1 h of start. The reaction was observed using optical absorption and 

photoluminescence spectroscopy measurements. For the results shown in anaerobic case these 

steps were performed inside the N2-filled glove box, with the time steps adjusted so the full 

reaction takes place within 3 h. For reactions with chloride precursors, equivalent molar of copper 

(II) chloride was dissolved under ambient conditions in a methanol: acetonitrile solution, and 

equivalent nM aliquots of this precursor was used in CER to 340 nM concentration solution of 

NPLs dispersed in toluene. 

Reactions with Cu(I) under anaerobic conditions. All exchange reactions were carried out in an 

oxygen-free, moisture-free, N2-filled glove box. A solution of Cu(I) precursor in the form of 

tetrakis(acetonitrile) copper(I) hexafluorophosphate ([(CH3CN)4Cu]PF6) in 10% v/v of methanol 

in acetonitrile was then added dropwise to the 340 nM NPL solution added in aliquots of 5 nM 

under continuous stirring until the final concentration of 330 nm addition was reached within 3 h 

of start. Exchange was monitored by ultraviolet-visible absorption spectroscopy 

photoluminescence spectroscopy. For reactions with chloride precursors, equivalent molar of 

copper (I) chloride was dissolved under ambient conditions in a methanol: acetonitrile solution, 

and equivalent nM aliquots of this precursor was used in CER to 340 nM concentration solution 

of NPLs dispersed in toluene. 

Optical absorption and photoluminescence spectroscopy. Ultraviolet-visible absorption 

spectroscopy measurements were performed using a PerkinElmer Perkin-Elmer Lambda 950. PL 

emission spectra from solutions were recorded by using Fluorolog iHR 320 Horiba Jobin Yvon 

spectrofluorometer equipped with a PMT detector. 

Transmission electron microscopy imaging and Energy Dispersive Spectroscopy. Elemental 

analysis was carried out on the CdSe, the intermediate of Cu(II) and Cu(I) reaction products, and 

the final compositions by STEM/EDS. STEM/EDS was performed on a Talos F200X(S)TEM 

instrument operating at 200 kV. Samples were prepared by drop-casting NPLs from solution onto 

https://doi.org/10.26434/chemrxiv-2023-rgdbm-v2 ORCID: https://orcid.org/0000-0003-3257-7317 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-rgdbm-v2
https://orcid.org/0000-0003-3257-7317
https://creativecommons.org/licenses/by-nc-nd/4.0/


 21 

ultrathin carbon 300-mesh Au/400-mesh Ni grids from Ted Pella followed by repeated washing of 

the grid with methanol, acetone and lastly IPA followed by drying under vacuum overnight. A 

zero-background double-tilt holder was used for STEM/EDS measurements. Data were collected 

for 40-90 min and the holder was left in the vacuum chamber overnight prior to the experiments 

to minimize the drift.  The atomic %s of Cu, Cd and Se, obtained were converted to atomic ratios 

by normalizing the Se content to 1. HRTEM and HAADF-STEM images were also acquired this 

instrument with similar sample preparation. Size analysis was performed by measuring particle 

size along the long axis on HAADF-STEM images using the software, ImageJ.  

X-ray diffraction. PXRD patterns were collected on a Bruker D2 Phaser powder X-ray 

diffractometer operated at full power with Cu Ka radiation wavelength (1.54 Å). Data were 

collected in reflection mode in the 2θ range of 15–650 using a step size of 0.040 with scans running 

for 2 h. Samples were prepared by drop-casting NPL from solution into a thick film on a zero-

background offcut Si substrate. 

X-ray photoelectron spectroscopy. Samples were prepared by drop-casting NPL from solution 

into films on a zero-background offcut Si substrate. XPS analysis was performed on a Kratos Axis 

Nova spectrometer using monochromatic Al Kα source (1486.6 eV). Cd 3d, Se 3d, O 1s, Cu 2p, 

high-resolution spectra were collected using an analysis area of 0.3 x 0.7 mm2 and 20 eV pass 

energy with the step size of 100 meV. Charge neutralization was performed using a co-axial, low 

energy (≈ 0.1 eV) electron flood source to avoid shifts in the recovered binding energy. Peak 

deconvolutions were done with Casa software, version 2.3.24PR1.0. Data were calibrated to 

adventitious C1s peak set at 284.8 eV. Background intensities are accounted for by applying 

Shirley background. Line shapes defined by LA(1.53, 243) are numerically integrated Voigt 

functions. To reproduce data spectrum, these were deconvoluted using 3 doublet peaks indicative 

of surface oxidation of selenide to selenium or higher.   

Small Angle X-ray Scattering. SAXS measurements were performed at Beamline 12-ID-B at the 

Advanced Photon Source. The X-ray beam (14 keV) was exposed to colloidal samples in capillary 

tubes and data was collected from 0.03 to 0.8 Å-1. The scattering data were collected with a Pilatus 

2M detector located about 2 m away from the samples.  

ASSOCIATED CONTENT 

Supporting Information (file type PDF) contains Figures S1-S7: NPL size distribution after Cu(I) 

CER, EDS maps at different reaction stages with both Cu(I) and Cu(II), XRD patterns from Cu(II) 

CER, absorbance, XRD and TEM data from Cu(I, II) chloride reactions. Tables S1 and S2: 

Summary of EDS and XPS results at different reaction stages with both Cu(I) and Cu(II) CER on 

5 ML NPLs. 
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