
LA-UR-19-31921 (Accepted Manuscript)

Efficient Control of Atom Arrangement in Ternary Metal Chalcogenide
Nanoparticles Using Precursor Oxidation State

Eikey, Emily A
Gan, Xing Yee
Kaseman, Derrick
Murphey, Xing Yee
Crawford, Scott E
Johnston, Kathryn A
Yazdi, Sadegh
Millstone, Jill E

Provided by the author(s) and the Los Alamos National Laboratory (2020-10-23).

To be published in: Chemistry of Materials

DOI to publisher's version: 10.1021/acs.chemmater.9b05261

Permalink to record: http://permalink.lanl.gov/object/view?what=info:lanl-repo/lareport/LA-UR-19-31921

Disclaimer:
Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National
Nuclear Security Administration of U.S. Department of Energy under contract 89233218CNA000001.  By approving this article, the publisher
recognizes that the U.S. Government retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or
to allow others to do so, for U.S. Government purposes.  Los Alamos National Laboratory requests that the publisher identify this article as work
performed under the auspices of the U.S. Department of Energy.  Los Alamos National Laboratory strongly supports academic freedom and a
researcher's right to publish; as an institution, however, the Laboratory does not endorse the viewpoint of a publication or guarantee its technical
correctness. 



1 

 

Efficient Control of Atom Arrangement in Ternary Metal Chalco-
genide Nanoparticles Using Precursor Oxidation State 

Emily A. Eikey⊥, Xing Yee Gan⊥, Derrick C. Kaseman⊥, Corban G. E. Murphey⊥, Scott E. Crawford⊥, 
Kathryn A. Johnston⊥, Sadegh Yazdi§, and Jill E. Millstone*,⊥,†,║ 

⊥Department of Chemistry, University of Pittsburgh, 219 Parkman Avenue, Pittsburgh, Pennsylvania 15260, United States 
§Renewable and Sustainable Energy Institute, University of Colorado at Boulder, 4001 Discovery Drive, Boulder, Colorado 
80309, United States 
†Department of Chemical and Petroleum Engineering, University of Pittsburgh, 3700 O’Hara Street, Pittsburgh, Pennsylva-
nia 15261, United States 
║Department of Mechanical Engineering and Materials Science, University of Pittsburgh, 3700 O’Hara Street, Pittsburgh, 
Pennsylvania 15261, United States 

 

ABSTRACT: Controlling both the concentration and distribution of elements in a given material is often crucial to extracting and 
optimizing synergistic properties of the various constituents. An interesting class of such multi-element materials is metal chalco-
genide nanoparticles, which exhibit a wide range of composition-dependent optoelectronic properties including both bandgap-
mediated processes and localized surface plasmon resonance properties, each of which is useful in applications ranging from energy 
conversion to sensing. Because metal chalcogenide nanoparticles can support several different metal elements in a variety of chal-
cogen lattices, this material class has particularly benefited from the ability to control both atom concentration and atom arrange-
ment to tailor final particle properties. The primary method to access complex, multimetallic chalcogenide particles is via a post-
synthetic cation exchange strategy. One-pot syntheses have been less explored to access these complex particles, although this 
route is desirable for economy and scalability. Here, we compare the composition and morphology outcomes from cation exchange 
and one-pot preparation approaches using a Cu/Ag/Se system, which is already known to exhibit both binary and ternary metal 
chalcogenide phases. We show that at similar concentrations of the two metal cations, initial reaction conditions for the one-pot 
method yield multicomponent nanoparticles, whereas cation exchange yields homogeneous ternary metal chalcogenide structures. 
We then show that by tuning precursor oxidation state for the one-pot method, this approach can be used to access homogeneous 
ternary metal chalcogenide particles that are similar in atom arrangement to the particles obtained using cation exchange. Taken 
together, our results demonstrate reliable synthetic methods that yield a variety of controlled compositions and composition mor-
phologies in the Cu/Ag/Se system. Importantly, we demonstrate that this entire collection of architectures can all be accessed via 
a one-pot method simply by modifying metal precursor chemistry. The mechanistic insights gained and the resulting streamlined 
syntheses outlined are milestones in creating easily-scaled, highly-tailorable syntheses for rapid translation into downstream tech-
nologies. 

Introduction 

Metal chalcogenide nanomaterials have desirable proper-
ties that can be used in many applications including energy 
conversion (e.g., thermoelectrics1-3 and solar light-harvesting2-

4), catalysis,3, 5 and display technologies.2, 3, 6  The implementa-
tion of metal chalcogenide nanomaterials in such a wide range 
of applications is a result of their highly tunable optoelectronic 
features, accessible via synthetic control over composition,7-9 
morphology (e.g., particle size and shape10-16 and atom ar-
rangement within the particle17-24), and surface chemistry,25, 26 
which have been extensively reviewed.2, 3, 27-35 To further diver-
sify and enhance the properties and uses of this material class, 

compositional changes through the addition of a third element 
(often a second metal cation) have been explored. These stud-
ies have resulted in either homogeneous, single-phase nano-
particles (NPs) or multicomponent NPs (i.e., NPs that contain 
multiple, chemically distinct regions/crystallographic phases).3, 

27, 36 

Typically, homogeneous ternary metal chalcogenide NPs can 
be synthesized using two different approaches: single reaction 
vessel syntheses (i.e., “one-pot”) or post-synthetic cation ex-
change (CE) techniques.3, 27, 36 Multicomponent ternary metal 
chalcogenide NPs have been accessed primarily by CE tech-
niques,19, 27 and these methods result in remarkable control of 
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both NP stoichiometry and atom arrangement. However, this 
method requires multiple synthetic and purification steps, 
which make alternative methods attractive from both sustain-
ability and scalability perspectives. Yet, while one-pot tech-
niques may be a promising alternative, there are only a limited 
number of reports that produce multicomponent ternary 
metal chalcogenides using a one-pot approach.3, 36 A critical 
step in leveraging the potential of both synthetic routes is un-
derstanding how various synthetic steps influence final atom 
arrangements in the NP architecture, such that a diverse suite 
of final structures can both be accessed deliberately and effi-
ciently. 

Here, we use two aqueous, room temperature synthetic 
methods to synthesize copper silver selenide (Cu/Ag/Se) NP 
systems. We investigate the composition tunability of both 
synthetic methods and characterize the resulting NPs. Interest-
ingly, at and near 1:1 molar ratios of Cu:Ag, we find that the 
one-pot synthesis forms multicomponent NPs with distinct 
chemical regions, whereas CE produces NPs that favor a single, 
homogeneous phase. The formation of single-phase, homoge-
neous NPs made using CE is consistent with previously pro-
posed cooperative transformation mechanisms. For the one-
pot method, we hypothesize that the main synthetic parame-
ter that dictates the final NP morphology is the Cu precursor 
oxidation state. We test this hypothesis for the Cu/Ag/Se one-
pot synthesis by adjusting the ratio of Cu oxidation states in 
the precursor solution, which results in single-phase, homoge-
neous NPs, similar to the morphology observed in the CE 
method and in contrast to the complex morphologies observed 
in the original one-pot method.  

These insights identify and clarify key synthetic parameters 
that do and do not dictate both final NP stoichiometry and 
atom arrangement in this material class. Taken together, these 
findings emphasize the usefulness of manipulating and con-
trolling precursor chemistry in one-pot syntheses to efficiently 
access a variety of particle architectures. 

Experimental Section 

Materials and Methods. NANOpure® (Thermo Scientific, 
>18.2 MΩ ∙ cm) water (H2O) was used to prepare all aqueous 
solutions. Copper (II) sulfate pentahydrate (CuSO4·5H2O, 
≥98.0%), silver nitrate (AgNO3, 99.9999%), selenium dioxide 
(SeO2, ≥99.9% trace metals basis), L-ascorbic acid (ascorbic 
acid, ≥99.0%), polyvinylpyrrolidone (PVP, average molecular 
weight ~55 kDa), nitric acid (HNO3, 70 weight % in H2O, 
≥99.999% trace metal basis), hydrochloric acid (HCl, 37 weight 
% in H2O, 99.999% trace metal basis), and sodium borohydride 
(NaBH4, 99.99% trace metal basis) were obtained from Sigma-
Aldrich (St. Louis, MO). Deuterium oxide (D2O, 99.9%) was ob-
tained from Cambridge Isotope Laboratories, Inc. (Tewksbury, 
MA). All reagents were used as received unless otherwise indi-
cated. Prior to use, all glassware was washed with aqua regia 
(3:1 ratio of concentrated HCl to HNO3 by volume) and rinsed 
with copious amounts of H2O prior to drying. Caution: aqua 
regia is highly toxic and corrosive and should only be used with 
proper personal protective equipment and training. Aqua regia 
should be handled only inside a fume hood. 

Synthesis of Se Seeds. Se seeds were synthesized to be used 
in both the one-pot and CE techniques by modifying a previ-
ously reported literature procedure.37 Note that for all synthe-
ses, the Se seeds were not purified before further reaction. 
Briefly, 10 mL of a 54.5 μM 55 kDa PVP solution was added to 
a 20 mL scintillation vial on a Fisher Scientific microtube ther-
mal mixer at 25 °C and 450 rpm. Then, 500 μL of 0.25 M SeO2 
and 200 μL of 1.15 M ascorbic acid were added sequentially to 
the PVP solution to yield an orange solution. After 10 min, the 
solution turned red, indicating the formation of Se seeds. 

One-Pot Synthesis of Multicomponent Cu/Ag/Se NPs. Mul-
ticomponent Cu/Ag/Se NPs were synthesized by modifying a 
previously reported literature procedure.37 First, Se seeds 
were synthesized. Without purification of the Se seeds, 500 μL 
total volume of 0.5 M CuSO4·5H2O and 0.5 M AgNO3 at various 
molar ratios were sequentially added to the Se seeds, immedi-
ately followed by 300 μL of 1.15 M ascorbic acid (at a 1:1 Cu:Ag 
molar ratio, and an ascorbic acid:Cu molar ratio of 2.8:1 was 
used, an important distinction from the “modified” one-pot 
synthesis (vide infra)). The vials were covered with aluminum 
foil to prevent photo-degradation and left to stir for ~16 h be-
fore purification. The solution was added to a 50 mL Falcon 
tube and centrifuged in a fixed-angle rotor (5804 R, FA-45-6-
30, Eppendorf, Inc.) at a force of 16,639 rcf for 10 min. The su-
pernatant was removed, and the resulting pellet was resus-
pended in H2O or D2O using sonication. The washing procedure 
was repeated twice more. The final pellet was resuspended in 
H2O or D2O to obtain purified multicomponent Cu/Ag/Se NPs 
for characterization. 

Modified One-Pot Synthesis of Homogeneous Cu/Ag/Se 
NPs. The above one-pot procedure was used, with the follow-
ing modifications. To access a 1:1 mixture of Cu:Ag in the final 
NP sample, 250 μL of 0.5 M CuSO4·5H2O was combined with 
1.55 mL of 1.15 M ascorbic acid (these concentrations repre-
sent an ascorbic acid:Cu molar ratio of 14.3:1 instead of the 
original one-pot synthesis ratio of 2.8:1), which changed the 
solution color from blue to yellow, and which we refer to 
throughout as an “enriched Cu1+:Cu2+” solution. It should be 
noted that the number of moles of Cu precursor does not 
change between the original one-pot and the modified one-
pot methods at the same Cu:Ag molar ratios; however, the 
number of moles of ascorbic acid added does change signifi-
cantly, which provides a solution enriched in Cu1+ and which 
we used for the modified one-pot method. Immediately after 
formation of the enriched Cu1+:Cu2+ solution, this solution was 
added to the Se seed solution followed by 250 μL of 0.5 M 
AgNO3. No ascorbic acid was added following AgNO3 addition. 
The vials were covered with aluminum foil to prevent photo-
degradation and left to stir for ~16 h before purification, as de-
scribed above, to obtain purified homogeneous Cu/Ag/Se NPs 
for characterization. 

Synthesis of Copper Selenide (Cu2-xSe) NPs. Cu2-xSe NPs were 
used as a host for CE reactions. The beginning, binary Cu2-xSe 
NPs were synthesized in a similar manner to the above one-pot 
procedures. First, Se seeds were synthesized as described 
above. Separately, 500 μL of 0.5 M CuSO4·5H2O solution was 
combined with 300 μL of 1.15 M ascorbic acid (an ascorbic 
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acid:Cu molar ratio of 1.4:1), which changed the solution color 
from blue to green. Without purification of the Se seeds, the 
Cu1+/2+ mixture was immediately added to the red Se seed so-
lution. The NPs were left to stir for ~16 h before purification, 
as described above, to obtain purified Cu2-xSe NPs for charac-
terization or further reaction via CE. 

Ag Post-Synthetic CE of Cu2-xSe NPs. Ag was incorporated 
into Cu2-xSe NPs post-synthetically via CE. First, 55 kDa PVP-
capped Cu2-xSe NPs were synthesized and purified as described 
above. The Cu concentration in a Cu2-xSe NP stock solution was 
estimated using a combination of extinction spectroscopy and 
inductively coupled plasma optical emission spectroscopy (see 
Figure S1 and SI for details on Cu concentration estimate). The 
estimated Cu concentration was used to calculate the concen-
trations of AgNO3 and ascorbic acid needed to obtain the final, 
desired composition (see the SI for details on calculating the 
concentrations of AgNO3 and ascorbic acid). Briefly, 1 mL of the 
Cu2-xSe stock solution was added to a 20 mL scintillation vial on 
a Fisher Scientific microtube thermal mixer at 25 °C and 450 
rpm. Then, 150 μL of the calculated ascorbic acid concentra-
tion needed for the desired NP composition was added. After 
waiting approximately 20 s, 4.6 mL of the calculated AgNO3 
concentration needed for the desired NP composition was 
added. The vials were covered with aluminum foil to prevent 
photo-degradation and left to stir for ~18 h before purification, 
as described above, to obtain purified Cu/Ag/Se NPs for char-
acterization. 

Inductively Coupled Plasma Optical Emission Spectroscopy 
(ICP-OES). ICP-OES analyses were performed using an argon 
flow with an Optima spectrometer (PerkinElmer, Inc., Depart-
ment of Chemistry, University of Pittsburgh, PA). The NP sam-
ples were prepared from a concentrated aliquot of purified 
NPs or from purified, lyophilized (LabConco Freezone 6 Lyoph-
ilizer, Materials Characterization Laboratory, Department of 
Chemistry, University of Pittsburgh, PA) NP samples. The NP 
samples were digested in ~100 μL of concentrated HNO3. The 
samples were allowed to digest overnight on a thermal mixer 
at 25 °C and 1,000 rpm. A 5% v/v HNO3 matrix was prepared by 
diluting HNO3 with H2O. The unknown Cu, Ag, and Se concen-
trations were determined by comparison to a 7-point standard 
curve with a range of 0.10-10 ppm Cu, Ag, and Se (0.10, 0.50, 
1.0, 2.5, 5.0, 7.5, and 10 ppm of each metal prepared by vol-
ume) from Cu, Ag, and Se standards for ICP (Fluka, TraceCERT 
1,000 ± 2 mg/L Cu, Ag, or Se in HNO3) diluted in the 5% HNO3 
matrix. All standards and samples were measured 6 times and 
averaged. A 7 min flush time with 5% HNO3 matrix was used 
between all runs, and a blank was analyzed before each un-
known sample to confirm removal of all residual metals from 
the instrument. 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). 
ICP-MS analyses were performed using an argon flow with a 
NexION spectrometer (PerkinElmer, Inc., Department of Geol-
ogy and Environmental Science, University of Pittsburgh, PA). 
The NP samples were prepared from a concentrated aliquot of 
purified NPs or from purified, lyophilized NP samples. The NP 
samples were digested in ~100 μL of concentrated HNO3. The 
samples were allowed to digest overnight on a thermal mixer 

at 25 °C and 1,000 rpm. A 5% v/v HNO3 matrix was prepared by 
diluting HNO3 with H2O. The unknown Cu and Ag concentra-
tions were determined by comparison to a 5-point standard 
curve with a range from 1-30 ppb (1, 5, 10, 20, and 30 ppb of 
each metal prepared by volume) from Cu and Ag standards for 
ICP diluted in the 5% HNO3 matrix. All standards were meas-
ured 5 times and averaged, and all samples were measured 3 
times and averaged. A 5 min flush time with 5% HNO3 matrix 
was used between all runs, and a blank was analyzed before 
each unknown sample to confirm removal of all residual met-
als from the instrument. 

Powder X-Ray Diffraction (PXRD). PXRD experiments were 
performed on a Bruker X8 Prospector Ultra (X-Ray Crystallog-
raphy Laboratory, Department of Chemistry, University of 
Pittsburgh, PA) at 45 kV, 0.65 mA equipped with a IμS mirco-
focus Cu Kα X-ray source (λ = 1.54178 Å) with a scan speed of 
0.5 s/step and a step size of 0.02°. The powdered samples were 
packed in 0.50 mm capillary tubes and flame sealed prior to 
analysis. All patterns were baseline corrected with respect to 
the pattern of the amorphous glass capillary. Database pat-
terns for cubic Cu2-xSe, orthorhombic copper silver selenide 
(CuAgSe), orthorhombic silver selenide (Ag2Se), hexagonal 
copper selenide (1:1 Cu:Se ratio, CuSe), and monoclinic CuSe 
crystallographic phases are PDF cards #00-046-1129 where a = 
5.6940 Å, PDF #00-010-0451, PDF #00-024-1041, PDF #00-034-
0171, and PDF #00-049-1456, respectively. 

Transmission Electron Microscopy (TEM) and Scanning 
Transmission Electron Microscopy Energy Dispersive X-Ray 
Spectroscopy (STEM-EDS). Samples were prepared by drop 
casting an aliquot of purified NPs onto a carbon-backed 200 
mesh Cu or Ni TEM grid or onto an ultrathin carbon-backed Au 
TEM grid (Ted Pella, Inc.), dried under ambient conditions, and 
stored under vacuum prior to analysis. A Thermo Fisher Titan 
Themis Cs Corrected Microscope (Nanoscale Fabrication and 
Characterization Facility, Petersen Institute of Nanoscience 
and Engineering, University of Pittsburgh, PA or Renewable 
and Sustainable Energy Institute, University of Colorado at 
Boulder, CO (at 200 or 300 kV, respectively)), a JEOL JEM 2100F 
Microscope at 200 kV (Nanoscale Fabrication and Characteri-
zation Facility, Petersen Institute of Nanoscience and Engineer-
ing, University of Pittsburgh, PA), or a Hitachi H-9500 Micro-
scope at 300 kV (Nanoscale Fabrication and Characterization 
Facility, Petersen Institute of Nanoscience and Engineering, 
University of Pittsburgh, PA) was used for all imaging, the col-
lection of STEM-EDS elemental maps, and the generation of 
linescans. Images were analyzed using Digital Micrograph 
v2.10.1282.0 (Gatan, Inc.) and/or ImageJ v 1.47d (National In-
stitutes of Health, USA) software. EDS elemental maps were 
collected using a FEI CompuStage high-visibility, low-back-
ground double tilt holder or a beryllium double tilt holder (JEOL 
#31640), and Velox or Oxford Inca software was used for drift 
correction during acquisition and processing data. The EDS was 
acquired using 4k channels from 0 to 20 keV with 5 eV disper-
sion using the Cu Kα, Ag Lα, and Se Kα lines. EDS elemental 
maps were post-filtered using Velox or Oxford Inca software 
using the Gaussian blur or smoothing level functions (3x3), re-
spectively. Linescans were generated using Velox or Oxford 
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Inca software using the Cu Kα, Ag Lα, Se Kα, and Eu Lα lines, 
and Eu was used as a baseline. 

X-Ray Photoelectron Spectroscopy (XPS). Samples were 
prepared by drop casting an aliquot of purified NPs onto p-
doped (boron) silicon wafers (University Wafer, Boston, MA) 
that had been cleaned for ultrahigh vacuum analysis. XPS spec-
tra were obtained using an ESCALAB 250XI XPS with a mono-
chromated, micro-focused Al Kα X-ray source (Materials Char-
acterization Laboratory, Department of Chemistry, University 
of Pittsburgh, PA) at a spot size of 600 μm. Survey and high-
resolution spectra were collected with a pass energy of 150 
and 50 eV and a step size of 1.0 and 0.1 eV, respectively. All 
spectra were charge referenced to adventitious carbon (284.8 
eV) and fitted using Thermo Scientific Advantage software. 

Ultraviolet-Visible-Near Infrared (UV-vis-NIR) Spectros-
copy. Spectra were collected using a Cary 5000 UV-vis-NIR 
spectrometer (Agilent, Inc., Santa Clara, CA). Aliquots of puri-
fied Cu2-xSe NPs were suspended in 1 mL of D2O. The spectra 
were recorded from 1800 to 300 nm at a scanning rate of 1000 
nm/min with a source changeover occurring at 800 nm. Spec-
tra were baseline corrected with respect to D2O. 

Results and Discussion 

To investigate ternary metal chalcogenide NP morphology 
outcomes generated using one-pot and CE methods, we chose 
to study Cu/Ag/Se systems. This composition can support a ho-
mogeneous ternary metal chalcogenide phase (CuAgSe), as 
well as stable phases of both binary systems (Cu2-xSe and 
Ag2Se), such that both homogeneous, single-phase NPs and 
multicomponent NPs can be explored. Used as the host for CE, 
Cu2-xSe NPs are particularly attractive because they can be 
made readily in aqueous media. Further, Ag is a convenient 
metal to study because it is stable in a single oxidation state, 
which mitigates a subset of mechanistically complicating redox 
reactions, and CE with Ag has been well-studied in other metal 
chalcogenide systems.27, 38, 39   

The one-pot synthesis we test is based on a modified, previ-
ously published Cu2-xSe NP synthesis37 that was further modi-
fied to incorporate Ag. Briefly, Se seeds were nucleated by re-
acting SeO2 with ascorbic acid in the presence of PVP. The re-
sulting Se seeds have an average diameter of 51.4 ± 4.6 nm by 
TEM and are amorphous by PXRD analysis (Figure S2). Then, 
CuSO4·5H2O and AgNO3 were added to the Se seeds followed 
by ascorbic acid. The resulting, purified NPs have an average 
diameter of 57.2 ± 5.6 nm (Figure S3A). The CE method we test 
involved Ag CE of Cu2-xSe NPs. First, Cu2-xSe NPs were synthe-
sized via the same one-pot method discussed above (without 
Ag addition) and purified. The resulting Cu2-xSe NPs have an av-
erage diameter of 52.2 ± 7.8 nm and exhibit a cubic crystallo-
graphic phase (Figure S4). Then, CE was achieved by adding 
ascorbic acid and AgNO3 to the purified Cu2-xSe NPs. The result-
ing, purified NPs have an average diameter of 53.5 nm ± 6.1 
nm (Figure S3B), similar to the average diameter of the host 
Cu2-xSe NPs.  

Tunability of Atom Concentrations. With both techniques 
yielding similar particle sizes, the tunability of atom concentra-
tions of both methods was investigated. ICP techniques were 

used to determine the atom percentages of Cu and Ag within 
the final NP samples. Percentages reported are out of the total 
moles of Cu and Ag as determined by ICP (either ICP-MS, when 
only measuring metal cation concentrations, or ICP-OES, when 
also measuring Se). ICP-OES results indicate that the Se con-
centration accounts for about 35% of the NP sample regardless 
of metal stoichiometry or synthetic method (Table S1), and 
since the % Se is consistent across all samples, we do not in-
clude it in the rest of the data shown and discussed here (i.e., 
the % Cu and % Ag will equal 100 %). For the one-pot method, 
Ag contents were tested from 0% to 100%. The ratios of Ag and 
Cu in the final NP architectures determined by ICP are compa-
rable to the amount of Ag and Cu synthetically added (Figure 
1A). We note that at Ag concentrations higher than 80%, par-
ticle coalescence was observed, so the maximum concentra-
tion of Ag studied here did not exceed 80% (Figure S5). 

In order to access a range of Ag contents for CE, the amount 
of Cu in the Cu2-xSe NP sample was first empirically estimated 
using a combination of extinction spectroscopy and ICP, and 
the resulting concentrations were used to determine the 
amounts of ascorbic acid and Ag to be added (see the SI for 
empirically-based Cu estimation and Ag and ascorbic acid cal-
culations). Keeping the Cu2-xSe NP concentration constant in 
each aliquot, as the amount of Ag added increases, a corre-
sponding increase in the amount of Ag incorporated into the 
final NP sample is observed (Figure 1B). Thus, the amount of 
Cu and Ag in the final NP samples can be controlled systemat-
ically using both the one-pot and CE techniques. 
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Figure 1. ICP-measured metal content analysis for Cu/Ag/Se NPs 
synthesized via the (A) one-pot and (B) CE techniques. The atomic 
percentages shown are reported from the total amounts of Cu and 
Ag only. The scale bars represent the standard deviation of at least 
3 independent syntheses. (A) The black dotted line represents a 
theoretical 1:1 incorporation of Ag to synthetically added Ag. (B) 
For CE, the x-axis represents the ratio of the moles of Ag added 
during the CE process to the estimated number of moles of Cu in 
the NPs using optical techniques (see the SI for details). 

Synthetic Method Changes Dominant Crystallographic 
Phases. ICP analyses indicate that both synthetic techniques 
yield broad composition tunability. The crystallographic 
phases of the resulting ternary materials were first investi-
gated by PXRD. For the one-pot technique, the pattern for the 
NPs with 20% Ag content as determined by ICP shows charac-
teristic reflections near 27° and 34°, corresponding to the pres-
ence of cubic Cu2-xSe and orthorhombic CuAgSe phases, re-
spectively, and no Ag2Se phase is observed (Figure 2A). As a 
function of increasing Ag content, PXRD features correspond-
ing to Ag2Se appear, while Cu2-xSe features diminish, as ex-
pected. Importantly, multiple crystallographic phases can be 
observed in all one-pot NP samples, and at 53% Ag content, all 

three crystallographic phases (Cu2-xSe, CuAgSe, and Ag2Se) are 
present within this single NP sample. 

Similar to the low Ag content sample made using the one-
pot method, NPs made using CE (23% Ag content) show both 
Cu2-xSe and CuAgSe phases (Figure 2B). However, at 57% Ag 
content, NPs made using CE exhibit a dominant CuAgSe phase 
and a low-intensity Ag2Se phase. This observation is markedly 
different from the one-pot sample at a similar Ag concentra-
tion (53% Ag content), where PXRD indicated the presence of 
all three phases: Cu2-xSe, CuAgSe, and Ag2Se. As expected, for 
the NP sample with 74% Ag content made using CE, CuAgSe 
and Ag2Se phases are present, with an increase in the intensity 
of the Ag2Se phase as compared to the 57% CE sample, con-
sistent with the increase in % Ag indicated by ICP. Comparing 
the CE pattern at 74% Ag content to the one-pot technique 
pattern at 77% Ag content, the intensities of the CuAgSe and 
Ag2Se phases relative to each other suggest that more CuAgSe 
is formed using the CE technique than the one-pot method. 
These results suggest that the homogeneous CuAgSe phase is 
favored for CE, unlike the one-pot method where a mixture of 
phases preferentially forms. 

 

Figure 2. PXRD patterns for Cu/Ag/Se NPs synthesized via the (A) 
one-pot and (B) CE techniques with Ag contents determined by ICP 
listed. Database patterns for Cu2-xSe (red, PDF #00-046-1129), 
CuAgSe (purple, PDF #00-010-0451), and Ag2Se (blue, PDF #00-
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024-1041) are plotted at the bottom, and dotted lines act as 
guides for the eye for each database pattern. 

Spatial Distribution of Crystallographic Phases Differs by 
Synthetic Method. The PXRD analysis above results in an un-
derstanding of the crystallographic phases present for each NP 
ensemble. However, it is important to also define the distribu-
tions of the observed crystallographic phases at the single-par-
ticle level. Below we discuss STEM-EDS analysis of each particle 
sample discussed above, and compare these per-particle re-
sults to the results obtained from PXRD (STEM-EDS maps in Fig-
ure 3, particle linescans in Figure S6, quantitative analysis re-
garding the populations of single-phase and multicomponent 
NPs from STEM-EDS maps is summarized in Figure 4). 

Regardless of the synthetic method, the Se maps show that 
Se is present in all areas of the NPs (Figure S7), consistent with 
the metal chalcogenide crystallographic phases observed via 
PXRD and the atom concentrations determined by ICP-OES. 
These results are also consistent with the infiltration of cations 
in the Se seeds and in the Cu2-xSe NPs for the one-pot and CE 
techniques, respectively. 

For the one-pot technique at 20% Ag content, PXRD indi-
cates the presence of Cu2-xSe and CuAgSe crystallographic 
phases. STEM-EDS maps show that both of these phases can 
be found within a single NP, and further investigation of these 
multicomponent NPs reveals that the size and orientation of 
these regions appear to be random (Figure 3A, linescans in Fig-
ure S6A). Additionally, investigation of over 100 NPs using sev-
eral STEM-EDS maps near this Ag content reveals that multi-
component NPs make up 86% of the population, and while a 
Cu2-xSe phase exists, no single-phase Cu2-xSe NPs are observed, 
suggesting that both Cu and Ag incorporate into every Se seed 
at some compositional fraction (Figure 4, 19% Ag content). 

At 53% Ag content for the one-pot technique, PXRD indi-
cates that three crystallographic phases are present: Cu2-xSe, 
CuAgSe, and Ag2Se. STEM-EDS maps indicate that multiple 
phases can be found within a single NP, and these multicom-
ponent NPs have domains that, again, appear random in size, 
orientation, and composition (Figure 3B, linescans in Figure 
S6B). Investigation of the NP population indicates that multi-
component NPs make up over half of the total NP population 
and that nearly all (i.e., >99%) of the single-phase NPs are ei-
ther CuAgSe or Ag2Se NPs (Figure 4, 53% Ag content). 

At 77% Ag content for the one-pot technique, PXRD indi-
cates that Ag2Se is the dominant phase, with some amount of 
a CuAgSe phase still observed. STEM-EDS supports this data, 
where both Ag2Se and CuAgSe domains can be observed within 
a single NP, as well as NPs exhibiting only a single phase of ei-
ther CuAgSe or Ag2Se (Figure 3C, linescans in Figure S6C). Mul-
ticomponent NPs make up approximately a quarter of the NP 
population (Figure 4, 78% Ag content). Thus, NPs synthesized 
using the one-pot technique contain multiple crystallographic 
phases per particle, and while the number of multicomponent 
NPs decreases as the Ag content increases, the multicompo-
nent NPs make up a large population when compared to the 
NPs synthesized via CE (vide infra). 

For the CE method at 23% Ag content, the PXRD results indi-
cated the presence of Cu2-xSe and CuAgSe crystallographic 
phases, similar to what was observed for the one-pot tech-
nique. Investigation of the distribution of phases on a single-
NP basis indicates that multicomponent NPs also form in the 
CE method (Figure 3D, linescans in Figure S6D). However, 
these multicomponent NPs do not make up the majority of the 
NP population as observed for the one-pot technique, and ra-
ther, single-phase NPs make up the majority (66%) of the pop-
ulation (Figure 4, 22% Ag content). Of this 66%, half of the sin-
gle-phase NPs are Cu2-xSe NPs and half are CuAgSe NPs. This 
observation is markedly distinct from the one-pot samples at 
low Ag content, where Cu and Ag elements were found in 
every NP. In the low Ag content CE samples, Cu and Ag ele-
ments are not found in every NP, and thus, the presence of 
pure Cu2-xSe NPs supports the PXRD data and is anticipated for 
the CE method, as Cu2-xSe NPs act as hosts for CE, and at this 
metal ratio, Cu remains in the majority population (77% Cu and 
23% Ag). These results help suggest the major mechanism of 
CE, which is discussed in the next section. 

At 57% Ag content for the CE method, the dominant crystal-
lographic phase observed by PXRD is CuAgSe, and this is re-
flected in individual NPs, where we observe single-phase 
CuAgSe NPs (Figure 3E, linescans Figure S6E). In addition, we 
observe single-phase Ag2Se NPs, which supports the PXRD as-
signments, where low intensity Ag2Se reflections are observed. 
The observation of both NP types is expected, since although 
the NP stoichiometry is near a 1:1 molar ratio of Cu:Ag, there 
is more Ag than Cu in this NP sample. Sampling of the NP pop-
ulation indicates that 78% of NPs are single-phase CuAgSe NPs, 
8% are single-phase Ag2Se NPs, and 14% of the entire NP pop-
ulation forms multicomponent NPs (Figure 4, 49% Ag content). 
These results are unlike the one-pot technique near this Ag 
content, where 54% of the NP population consisted of multi-
component NPs. 

At 74% Ag content for the CE method, PXRD data indicates 
the presence of a mixture of CuAgSe and Ag2Se phases. Con-
sistent with this observation, we observe single-phase CuAgSe 
NPs and single-phase Ag2Se NPs (Figure 3F, linescans in Figure 
S6F). Further, these single-phase NPs make up over 92% of the 
NP population (Figure 4, 74% Ag content). While we observe 
CuAgSe and Ag2Se crystallographic phases by PXRD for both 
the one-pot and CE techniques, multicomponent NPs make up 
26% of the total NP population for the one-pot technique, 
whereas they make up less than 8% of the total NP population 
for the NPs made via CE. 

In all, the STEM-EDS maps, linescans, and NP population 
analysis give insight into the spatial distribution of crystallo-
graphic phases observed by PXRD. The one-pot technique con-
sistently formed significantly more multicomponent NPs than 
the CE technique at each composition investigated. Further, 
comparison of these results close to a 1:1 Cu:Ag ratio indicates 
that the one-pot synthesis favors the formation of multicom-
ponent NPs whereas the CE method favors the formation of 
single-phase, homogeneous CuAgSe NPs under these synthetic 
conditions. Next, we use this information to gain insight into 
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the mechanisms or dominating synthetic parameters that con-
trol the final NP morphologies observed. 

 

 

Figure 3. Representative STEM-EDS maps for Cu/Ag/Se NPs synthesized via the one-pot technique at (A) 20%, (B) 53%, and (C) 77% Ag 
contents and CE technique at (D) 23%, (E) 57%, and (F) 74% Ag contents, each determined by ICP. Linescans of individual particles can be 
found in Figures S6. Cu Kα signal is represented in red, Ag Lα signal is represented in blue, and Se Kα signal is not shown here for clarity 
(see Figure S7). A collection of STEM-EDS maps for these samples can be found in Figure S8. (N.B. STEM-EDS map for (F) sample with 74% 
Ag content accessed via CE was collected on a different electron microscope using different software (see Experimental Section for details), 
thus any differences in contrast should not be taken as quantitative.) 

 

Figure 4. Percentages of total NPs (>100 NPs) that are single-phase 
NPs (either Cu2-xSe, CuAgSe, or Ag2Se in red, purple, and blue, re-
spectively) or multicomponent NPs (gray) by STEM-EDS for 
Cu/Ag/Se NPs synthesized via the (A) one-pot (OP), (B) CE, or (C) 
modified one-pot (mOP, vide infra) techniques at various Ag con-
tents determined by ICP. Over 100 NPs from multiple STEM-EDS 
maps at each Ag content for each synthetic approach were ana-
lyzed. Reported Ag contents are the average of two independent 
synthetic trials, and the standard deviations for the averaged Ag 
contents are as follows: 19 ± 2%, 53 ± 0%, 78 ± 1%, 22 ± 2%, 49 ± 
11%, 74 ± 0%. Particles from STEM-EDS maps for both trials were 
analyzed, and these analyses were combined to generate the re-
sulting histogram of morphology distributions. See Figure S8 for a 
gallery of associated STEM-EDS maps. 

CE Method Follows a Cooperative Mechanism. For the CE 
method, the individual NP analyses indicate that the formation 
of single-phase, homogeneous CuAgSe NPs is favored, which is 
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highlighted at 1:1: Cu:Ag molar ratio. At low Ag contents, we 
observe the formation of single-phase Cu2-xSe NPs, single-
phase CuAgSe NPs, and multicomponent NPs. Importantly, this 
particle composition heterogeneity suggests that Ag CE of Cu2-

xSe NPs follows a cooperative-type transformation,40, 41  where 
initial Ag diffusion into one NP causes more Ag to infiltrate that 
same particle until either there is no more Ag to incorporate or 
the particle is transformed to CuAgSe completely. If a cooper-
ative-type transformation were not the major mechanism, we 
would expect Ag to incorporate into every NP. 

The multicomponent NPs observed have a Janus-type mor-
phology rather than a core-shell morphology, which leads us 
to consider that CE proceeds along a particular NP direction in 
the cubic Cu2-xSe NP host. However, previous work suggests 
that this anisotropic phase formation may not be due to a NP 
crystallographic axis but instead may be due to the cooperativ-
ity of CE, where the high diffusivity42 and low coordination 
numbers43 of Cu and Ag within the NP allows Ag to probe the 
NP before settling in the most energetically-favorable location. 
These “favorable” sites are likely randomly-nucleated Ag-rich 
areas in the lattice, which then stabilize additional Ag at those 
preferred sites, resulting in the anisotropic crystal phase distri-
bution within the NPs. This type of mechanism is consistent 
with the NP morphology distributions that we observed across 
the compositions investigated (Figure 4).  

Relative Populations of Cu1+ and Cu2+ Control One-Pot NP 
Morphology. With a mechanism driving CE identified, we in-
vestigated the influence of precursor chemistry on final NP 
morphology to understand the origin of the distinct atom ar-
rangements achieved using the one-pot method. 

In order to determine mechanisms underpinning the one-
pot technique, we considered various synthetic parameters in-
cluding cation identity and oxidation state, diffusion of cations 
in amorphous Se seeds, and the crystallographic rearrange-
ment of the seed into an ordered NP. During the one-pot syn-
thesis, Se seeds are first formed by reduction of SeO2 using 
ascorbic acid. XPS indicates that Se is primarily zero valent in 
the Se seeds (Figure S2D), and the seeds are amorphous by 
PXRD (Figure S2E). After formation of the Se seeds, Cu2+, Ag1+, 
and ascorbic acid are added to the Se seeds. At this stage, in 
order to obtain the final NP products observed, the Se atoms 
must be reduced, cations must infiltrate the Se seed, and there 
must be one or more rearrangements to form the resulting 
crystalline metal chalcogenide phases. The reduction of Se can 
likely be attributed to Cu1+- and Ag1+-catalyzed disproportiona-
tion of Se0 atoms to Se2- and Se4+ (where Se4+ likely diffuses into 
the surrounding medium).44-46 While it is also possible that 
ascorbic acid reduces Se0 atoms to Se2-, our XPS analysis of Se 
seeds in the presence of ascorbic acid indicate that this is a mi-
nor contribution to the formation of the reduced Se (see the SI 
for discussion of Se seeds and reducing agent interaction and 
Figure S9). Instead the main role of the ascorbic acid is to re-
duce a fraction of Cu2+ to Cu1+ and any formed Se4+ from the 
disproportionation reactions to Se0 again.37, 47 

 Based on these results, we hypothesized that the domains 
form in the one-pot synthesis because of the mixed population 
of Cu1+ and Cu2+ cations. Both Cu1+ and Ag1+ can catalyze the 

disproportionation of Se0 and are in the appropriate oxidation 
states to form the CuAgSe phase, which allows them to equally 
compete to reduce Se, infiltrate the seed, and arrange to form 
CuAgSe. On the other hand, the presence of Cu2+ decreases the 
probability of CuAgSe formation and likely combines with Se2- 
to form a Cu2-xSe phase (of course, Cu1+ could also form Cu2-

xSe). The presence of a mixture of Cu1+ and Cu2+ leads to for-
mation of domains with various crystallographic phases and 
also a distribution of Cu:Se stoichiometries (as indicated by the 

peak breadth at 27 and 45 in PXRD patterns for NPs made via 
the one-pot synthesis (Figure 2A), see the SI for additional dis-
cussion and Figures S10-S11). Overall then, increasing the ratio 
of Cu1+ to Cu2+ should limit the formation of Cu2-xSe and favor 
the formation of CuAgSe. 

To test our hypothesis, NPs were synthesized using the same 
one-pot method, except the Cu precursor was reduced using a 
higher concentration of ascorbic acid to give a solution en-
riched in Cu1+, and which we call the “modified one-pot” syn-
thesis (at a 1:1 Cu:Ag molar ratio, the ascorbic acid:Cu molar 
ratio for the modified one-pot synthesis is 14.3:1 and the orig-
inal one-pot synthesis employs a ratio of 2.8:1, see Experi-
mental Section for more information and discussion). Again, 
we expected that enriching the solution with Cu1+ cations un-
der otherwise identical synthetic conditions to the original 
one-pot synthesis would yield NPs favoring the homogeneous 
CuAgSe phase at similar Cu and Ag ratios by limiting reactions 
that would produce Cu2-xSe crystallographic phases. 

A mixture of 50% Ag and 50% Cu was targeted, and the re-
sulting NP sample was 51% Ag and 49% Cu, as measured by 
ICP. These NPs have an average diameter of 50.9 ± 5.5 nm (Fig-
ure S12), similar to the diameters of the Se seeds and NPs syn-
thesized via both the original one-pot and CE techniques. We 
directly compared the crystallographic phases formed and the 
final NP morphologies for the NPs synthesized via the modified 
one-pot technique (51% Ag content), the original one-pot tech-
nique (53% Ag content), and the CE technique (57% Ag con-
tent) using PXRD and STEM-EDS. PXRD results indicate the for-
mation of a single, homogeneous CuAgSe phase for the modi-
fied one-pot technique (Figure 5). This result is distinctly dif-
ferent from the crystallographic phases formed in the original 
one-pot technique, where three phases were observed: Cu2-

xSe, CuAgSe, and Ag2Se. On the other hand, the appearance of 
a CuAgSe crystallographic phase is similar to the outcomes ob-
served in the CE technique, where a dominant CuAgSe phase 
is observed at these Cu:Ag ratios. These results indicate that 
the modified one-pot technique favors the formation of a sin-
gle, homogeneous CuAgSe phase at this composition, unlike 
the original one-pot technique that favors multiple phases, 
which supports our hypothesis that the distribution of Cu and 
Ag in the final NP is dictated by the Cu precursor oxidation 
state. 
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Figure 5. PXRD patterns for Cu/Ag/Se NPs synthesized via the orig-
inal one-pot, modified one-pot, and CE techniques at similar Ag 
contents as determined by ICP, where a mixture of Cu1+ and Cu2+ 
cations are used in the original one-pot technique and an enriched 
Cu1+:Cu2+ solution is used in the modified one-pot technique. Da-
tabase patterns for Cu2-xSe (red, PDF #00-046-1129), CuAgSe (pur-
ple, PDF #00-010-0451), and Ag2Se (blue, PDF #00-024-1041) are 
plotted at the bottom of the graph, and dotted lines act as guides 
for the eye for each database pattern. 

STEM-EDS was used to further probe the atom distributions 
at the single-NP level. The STEM-EDS maps for the modified 
one-pot synthesis support the PXRD results, where single-

phase, homogeneous CuAgSe NPs are observed (Figure 6). 
Again, the distribution of these elements is different from the 
original one-pot synthesis, where the STEM-EDS maps demon-
strated that multicomponent NPs form. However, we find that 
the resulting NPs for the modified one-pot synthesis closely re-
semble NPs formed via the CE technique in terms of atom ar-
rangement at a similar Ag content. 

Investigation of the NP populations observed via STEM-EDS 
indicates that the modified one-pot synthesis favors the for-
mation of single-phase, homogeneous CuAgSe NPs, as they 
make up over 91% of the NP population at this composition 
(Figure 4, 50% Ag content). On the other hand, at a similar 
composition, the majority of NPs for the original one-pot syn-
thesis were multicomponent NPs. The lack of multicomponent 
NPs for the modified one-pot synthesis (multicomponent NPs 
make up 8% of total NP population) further supports our hy-
pothesis. 

Both the modified one-pot and CE methods yield NPs that 
favor single-phase, homogeneous CuAgSe NPs at this compo-
sition, where in both cases over 77% of the total NP population 
consists of CuAgSe NPs. In all, these results support the hy-
pothesis that the Cu precursor oxidation state plays a pivotal 
rule in dictating final Cu and Ag arrangements in the resulting 
NPs. Near 1:1 Cu:Ag molar ratios, a mixture of Cu precursor ox-
idation states yields multicomponent NPs in the original one-
pot technique, whereas the use of an enriched Cu1+:Cu2+ solu-
tion yields single-phase, homogeneous CuAgSe NPs, a result 
that echoes the NPs synthesized via CE (Figures 4-6). 



10 

 

 

Figure 6. Representative STEM-EDS maps for Cu/Ag/Se NPs synthesized via the original one-pot, modified one-pot, and CE techniques at 
similar Ag contents as determined by ICP, where a mixture of Cu1+ and Cu2+ cations are used in the original one-pot technique and an 
enriched Cu1+:Cu2+ solution is used in the modified one-pot technique. Linescans of individual particles are also shown, and linescans of 
other particles can be found in Figures S6 and S13. Cu Kα signal is represented in red, Ag Lα signal is represented in blue, and Se Kα signal 
is not shown here for clarity (see Figure S14). Eu Lα signal is represented in orange and is used as a baseline. Linescan widths represent the 
pixel range used to generate the linescans. 

Conclusions 

In summary, we compare the final NP morphologies of ter-
nary metal chalcogenide Cu/Ag/Se NP systems synthesized us-
ing a one-pot method and a post-synthetic CE technique. Near 
1:1 Cu:Ag molar ratios, we show that NPs made using CE con-
sistently and preferentially form single-phase, homogeneous 
CuAgSe NPs, which make up over 77% of the NP population. 
Under these reaction conditions, it is likely that CE proceeds 
using a previously proposed cooperative-type mechanism. In 
the original one-pot synthesis at a similar 1:1 Cu:Ag composi-
tion, we show that multicomponent NPs form with distinct do-
mains of Cu2-xSe, CuAgSe, and/or Ag2Se phases, and these mul-
ticomponent NPs make up over 53% of the NP population. We 
hypothesized that a major parameter driving final NP architec-
ture in the one-pot technique is the Cu precursor oxidation 
state. Thus, by controlling Cu precursor chemistries, we syn-
thesized two distinct NP architectures using one-pot tech-
niques: NPs with discrete domains of Cu2-xSe, CuAgSe, and/or 
Ag2Se as well as NPs with a single, homogeneous CuAgSe 

phase, similar to those formed using the CE technique. Our re-
sults yield reliable synthetic methods that lead to a variety of 
compositions and composition morphologies in the Cu/Ag/Se 
system, and importantly, demonstrate this entire collection of 
architectures can all be accessed via a one-pot method. The 
mechanistic insights gained and the resulting streamlined syn-
theses revealed are an important step in creating easily-scaled 
reactions for downstream translation of these materials into 
real world technologies. 

ASSOCIATED CONTENT  

Supporting Information. Method, calibration curve, and equation 
used to estimate the Cu concentration in Cu2-xSe NP samples for 
CE. AgNO3 and ascorbic acid calculations for CE. Characterization 
of Se seeds and Cu2-xSe NPs by TEM, PXRD, and XPS. Characteriza-
tion of Cu/Ag/Se NPs (both one-pot and CE NPs) by TEM, STEM-
EDS Se elemental maps, and Se concentrations determined by ICP-
OES. Characterization of Ag2Se NPs by TEM and PXRD. Linescans 
and a collection of STEM-EDS maps for Cu/Ag/Se NPs for the orig-
inal one-pot, CE, and modified one-pot techniques. For the one-
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pot synthesis, role of reducing agent discussion and supporting 
XPS data and further discussion of the contributions of mixed Cu 
oxidation states and supporting data. This material is available 
free of charge via the Internet at http://pubs.acs.org. 
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Cu Concentration Estimate in Cu2-xSe NPs for CE 

To semi-quantitatively assess the Cu concentrations in Cu2-xSe NP stock solutions to be used for 
CE experiments, a combination of extinction spectroscopy and ICP-OES was used to construct a cali-
bration curve (Figure S1). Extinction spectra and ICP-OES measurements were collected as described 
in the Experimental Section. To construct the calibration curve, four Cu2-xSe NP batches were synthe-
sized and purified, resulting in Cu2-xSe NP stock solutions. Extinction measurements of diluted aliquots 
of the Cu2-xSe NP stock solutions were collected to determine the localized surface plasmon resonance 
(LSPR) maximum intensities near 1050 nm. Each of those diluted aliquots were then separately digested 
with 5% aqua regia, and the Cu concentrations were determined by ICP-OES. The calibration curve was 
fit to a linear trendline and an equation was derived, which was used to estimate the Cu concentration in 
Cu2-xSe NP sample for subsequent CE syntheses. 

 

 

 

Figure S1. Calibration curve and equation used to estimate the moles of Cu in a Cu2-xSe NP sample for 
CE using the LSPR maximum intensity near 1050 nm. Four separate syntheses are represented by color, 
each with at least 5 different Cu2-xSe NP concentrations. The error bars represent the standard deviation 
of a single sample measured 3 times by ICP-OES. A representative extinction spectrum of a Cu2-xSe NP 
sample depicting the LSPR feature is shown in the inset. 

 

 

Calculation of AgNO3 and Ascorbic Acid Concentrations for CE 

The Cu concentration of a Cu2-xSe NP sample to be used for CE was estimated using the cali-
bration curve and equation shown above, and the molar excess of Ag to be added was determined based 
on the extent of CE desired, which was varied in this work from 2.6 to 10.3 Ag:Cu. Once the moles of Ag 
to be added was calculated, the moles of ascorbic acid needed was then determined using a molar ratio 
of 1.4:1 ascorbic acid:AgNO3. This ratio remained constant regardless of the extent of CE and was based 
on the synthesis of Cu2-xSe NPs, which uses a molar ratio of 1.4:1 ascorbic acid:CuSO4·5 H2O. 
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Figure S2. Representative (A and B) TEM images and (C) size distribution of Se seeds. (D) XPS of the 
Se 3d region and (E) experimental PXRD pattern of Se seeds, indicating that the Se0 NPs are primarily 
amorphous. XPS of the Se 3d region shows the experimental spectrum in black, the Se0 fit in orange, 
the Se4+ fit in dark blue, the overall fit in red, and the baseline in green. 

 

 

 

Figure S3. Size distributions for Cu/Ag/Se NPs synthesized via the (A) one-pot and (B) CE techniques 
indicating that the NP diameters do not change as a function of synthetic method. Distributions represent 
NP diameters over the range of compositions investigated, not for a single Ag content, suggesting that 
the resulting NP diameters do not change as a function of Ag content. 
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Figure S4. Representative (A) TEM image and (B) size distribution of Cu2-xSe NPs. (C) XPS of the Se 
3d and (D) Cu 2p regions. XPS of the Se 3d region shows the experimental spectrum in black, the Se2- 
fits in purple, the Se4+ fit in dark blue, the overall fit in red, and the baseline in green. XPS of the Cu 2p 
region shows the experimental spectrum in black, the Cu1+ fit in blue, the Cu2+ fit in orange, the satellite 
fit in dark blue, the overall fit in red, and the baseline in green and indicates that there is a mixture of Cu1+ 
and Cu2+ cations. XPS of the Se 3d region indicates that the majority of Se atoms are in the 2- oxidation 
state in slightly different environments due to a mixture of Cu1+ and Cu2+. It should be noted that the fits 
indicate the environments present, but are not quantitative. (E) Experimental PXRD pattern of Cu2-xSe 
NPs (black) closely matches the Cu2-xSe database pattern (red, PDF #00-046-1129), indicating that the 
NPs have a cubic crystallographic phase.  
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Table S1. Similar Percentages of Selenium in the Final NP Samples Regardless of Cu and Ag Con-
tents or Synthetic Method as Determined by ICP-OES 

Method 

Percentages from Total of 
Cu and Ag Only 

Percentages from Total of 
Cu, Ag, and Se 

% Cu % Ag % Cu % Ag % Se 

One-Pot 

87.5 ± 1.5 12.5 ± 1.5 55.7 ± 1.0 8.0 ± 1.0 36.3 ± 0.8 

20.5 ± 1.0 79.5 ± 1.0 13.7 ± 0.52 53.3 ± 1.5 33.0 ± 1.5 

CE 

76.3 ± 1.5 23.7 ± 1.5 48.4 ± 0.76 15.1 ± 1.0 36.5 ± 0.32 

25.8 ± 0.51 74.2 ± 0.51 16.8 ± 0.28 48.2 ± 0.56 35.0 ± 0.56 

*All standard deviations were determined from at least 5 independent syntheses. 

 

 

 

 

 

 

Figure S5. Representative (A) TEM image and (B) experimental PXRD pattern of coalesced Ag2Se NPs 
synthesized via the one-pot method (black), which closely matches the Ag2Se database pattern (blue, 
PDF #00-024-1041), indicating that the NPs have an orthorhombic crystallographic phase. 
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Figure S6. Linescans generated from STEM-EDS maps in Figures 3 and S7 for Cu/Ag/Se NPs synthe-
sized via the one-pot technique at (A) 20%, (B) 53%, and (C) 77% Ag contents and CE technique at (D) 
23%, (E) 57%, and (F) 74% Ag contents, each determined by ICP. Cu Kα, Ag Lα, Se Kα, and Eu Lα 
signals are represented in red, blue, green, and orange, respectively. Eu is used as a baseline. Linescan 
widths represent the pixel range used to generate the linescans. (F) Linescans for the sample with 74% 
Ag content were collected on a different electron microscope and were generated with a bin factor of 8. 
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Figure S7. Representative STEM-EDS maps for Cu/Ag/Se NPs synthesized via the one-pot technique 
at (A) 20%, (B) 53%, and (C) 77% Ag contents and CE technique at (D) 23%, (E) 57%, and (F) 74% Ag 
contents, each determined by ICP. Linescans of individual particles can be found in Figures S6. Se Kα 
signal is represented in green. (N.B. STEM-EDS map for (F) sample with 74% Ag content accessed via 
CE was collected on a different electron microscope using different software (see Experimental Section 
for details), thus any differences in contrast should not be taken as quantitative.)  
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Figure S8. Collection of representative STEM-EDS maps for Cu/Ag/Se NPs synthesized via the one-pot 
(OP), CE, and modified one-pot (mOP) techniques with average Ag contents listed, some of which were 
used to generate the histogram of morphology distributions in Figure 4. Reported Ag contents are the 
average of two independent synthetic trials, and the standard deviations for the averaged Ag contents 
are as follows: 19 ± 2%, 53 ± 0%, 78 ± 1%, 22 ± 2%, 49 ± 11%, 74 ± 0%. Cu Kα signal is represented in 
red, Ag Lα signal is represented in blue, and Se Kα signal is not shown here for clarity. The STEM-EDS 
maps were collected on two different electron microscopes using different software (see Experimental 
Section for details), thus any differences in contrast should not be taken as quantitative. 
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Role of Reducing Agent on Se Seeds: Discussion  

During the one-pot synthesis, the Se seeds are synthesized, followed by the addition of the cat-
ion(s) of interest and ascorbic acid. We investigate the interaction of the reducing agent (ascorbic acid) 
with these Se seeds using XPS. First, we compared the Se 3d XPS region of untreated Se seeds, Se 
seeds treated with ascorbic acid, Se seeds treated with NaBH4, and Cu2-xSe NPs (Figure S9). For both 
experiments using reducing agent, the same amount of reducing agent that is added following Cu and 
Ag precursor addition in the one-pot synthesis was added. The Se 3d region for the untreated Se seeds 
shows a peak near 55.2 eV, suggesting that the majority of Se atoms are in the Se0 oxidation state.1 For 
the Se seeds treated with ascorbic acid, a shift in the center of mass of the peak to 54.8 eV is observed, 
suggesting that while the majority of Se atoms remain in the Se0  oxidation state, a population of Se 
atoms have been reduced to Se2-. For the Se seeds treated with NaBH4, the Se 3d peak shifted to 54.6 
eV, suggesting that while similar to the ascorbic acid case, more Se atoms have been reduced to Se2-. 
This observation is expected, as NaBH4 is a stronger reducing agent than ascorbic acid.2 Still, the shifts 
to lower binding energy with the addition of reducing agent were not as significant as the shift observed 
for the Cu2-xSe NPs. For the Cu2-xSe NPs, the Se 3d peak is observed near 53.9 eV, which is indicative 
of Se atoms in the 2- oxidation state. Additionally, another peak is observed at higher binding energy 
(~58.5 eV), suggesting that a portion of the Se atoms have oxidized, likely due to some of the Se atoms 
residing near the surface of the NPs. The appearance of these two peaks in the Se 3d region for Cu2-xSe 
NPs has been previously reported.3 

The fitted XPS data gives an indication of the Se environments present, but it should be noted 
that these fits are not quantitative. The fits show that a single Se environment is present for the untreated 
Se seeds, two are present for the Se seeds treated with reducing agents (due to Se0 and Se2- environ-
ments), and three are present for the Cu2-xSe NPs (two due to Se2- environments near Cu1+ and Cu2+

, 

consistent with the XPS of the Cu 2p region (Figure S4D) and one due to a Se4+ environment). Thus, 
the clear shift of the center of mass of the Se 3d peak to lower binding energy indicates that when 
reducing agent is added, some fraction of Se0 is reduced to Se2-, yet, this shift is not as significant as 
that observed for the Cu2-xSe NPs, where Se atoms are in the 2- oxidation state. In all, the XPS experi-
ments suggest that the reducing agent’s main role is to reduce the metal precursor rather than the Se 
atoms, which are likely reduced by monovalent cations in solution. 

 



 

 

11 

 

Figure S9. XPS of the Se 3d region for (A) untreated Se seeds, (B) Se seeds treated with ascorbic acid, 
(C) Se seeds treated with NaBH4, and (D) Cu2-xSe NPs. XPS shows the experimental spectrum in black, 
the Se0 fit in orange, the Se2- fits in blue or purple, the Se4+ fit in dark blue, the overall fit in red, and the 
baseline in green. It should be noted that the fits indicate the environments present, but the fits are not 
quantitative. The black dotted line acts as a guide for the eye. 
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Mixture of Cu Oxidation States Yields a Distribution of Cu:Se Stoichiometries in the One-Pot Syn-
thesis 

As stated in the main text, it is likely that because a mixture of Cu1+/2+ cations are present in the 
one-pot synthesis, the resulting NPs have a distribution of Cu:Se stoichiometries in addition to other 
chemically-distinct crystallographic phases (i.e., CuAgSe or Ag2Se), as indicated by the breadth in the 
PXRD peaks at both 27° and 45° (Figure 2A).  

To confirm that a mixture of Cu oxidation states can impact the final Cu:Se ratio, we separately 
synthesized two cubic Cu2-xSe NPs, one using a mixture of Cu1+/2+ cations and another using a solution 
enriched in Cu1+ by changing the amount of ascorbic acid added to the CuSO4·5H2O precursor at con-
stant CuSO4·5H2O concentration (synthesis protocol below). TEM analysis indicates that the resulting 
NPs are similar in diameter to each other (Figure S4A-B and S10). Using ICP-OES, the Cu:Se ratios 
were determined to be 1.3:1, made using the mixture of Cu1+/2+ cations, and 1.8:1, made using an en-
riched Cu1+ solution. These ICP results indicate that the Cu oxidation states present dictate the Cu:Se 
ratio in the final NP sample. 

In the one-pot synthesis of Cu/Ag/Se NPs, a mixture of Cu1+/2+ cations are present along with 
Ag1+. Based on the above results, it is likely that a distribution of Cu:Se ratios can be found in the resulting 
Cu/Ag/Se NPs. A close look at the PXRD patterns for the one-pot synthesis reveals that broadening in 
the pattern near Cu2-xSe reflections is observed, specifically near 27° and 45° (Figure 2A). To confirm 
that this distribution of Cu:Se ratios is a source of broadening, PXRD of the Cu1.3Se and Cu1.8Se NP 
samples were collected and indicate that both samples have a cubic crystal structure (Figure S11). The 
reflections are observed at slightly different angles, indicating that the lattice parameters for the two 
samples differ, likely due to differences in Cu deficiencies (i.e., Cu1.3Se supports more Cu deficiencies 
than Cu1.8Se, leading to a smaller lattice parameter and thus appearing at higher angles than Cu1.8Se, 
which is consistent with the PXRD data). Cu2-xSe NPs are known to support Cu-deficient cubic phases 
that can result in changes in peak position, as we observe.4-8 Both of these cubic Cu2-xSe NP samples 
could contribute to the broadened PXRD reflections. 

In addition to the presence of cubic Cu2-xSe phases with different Cu:Se ratios, this synthesis also 
likely yields Cu:Se ratios smaller than 1.3:1. When approaching a 1:1 ratio, CuSe forms, which is no 
longer cubic in structure.9 Database patterns for hexagonal and monoclinic CuSe indicate that the pres-
ence of CuSe is also likely and contribute to the broadened reflections observed and the increased in-
tensity for the reflection observed near 31° (Figure S11). These database patterns support the hypothe-
sis that a distribution of phases forms with various Cu:Se ratios for the one-pot synthesis in addition to 
other chemically-distinct crystallographic phases. 

 

 

Figure S10.  Representative (A) TEM image and (B) size distribution of Cu1.8Se NPs. 
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Figure S11. PXRD patterns for Cu1.8Se NPs, Cu1.3Se NPs, and 20% Ag content Cu/Ag/Se NP sample 
synthesized via the one-pot technique. Database patterns for hexagonal CuSe (h-CuSe, pink, PDF #00-
034-0171), monoclinic CuSe (m-CuSe, light blue, PDF #00-049-1456), cubic Cu2-xSe (c-Cu2-xSe, red, 
PDF #00-046-1129), and orthorhombic CuAgSe (o-CuAgSe, purple, PDF #00-010-0451) are plotted. 
These control experiments support the formation of a distribution of Cu:Se ratios for the one-pot method. 

 

Synthesis of Cu1.8Se NPs 

Cu1.8Se NPs were synthesized as the Cu2-xSe NP procedure indicates (see Experimental Section 
for details), save for a single modification. In this case, 500 μL of 0.5 M CuSO4·5H2O solution was com-
bined with 3.09 mL of 1.15 M ascorbic acid (an ascorbic acid:Cu molar ratio of 14.2:1) to give a yellow, 
enriched Cu1+ solution. It should be noted that the number of moles of Cu precursor does not change 
between two Cu2-xSe NP syntheses; however, the number of moles of ascorbic acid added does change 
significantly, which provides an enriched Cu1+ solution used to obtain Cu1.8Se NPs.  This yellow, enriched 
Cu1+ solution was immediately added to the red Se seed solution. The NPs were left to stir for ~16 h 
before purification, as described in the main text, to obtain purified Cu1.8Se NPs for characterization. 
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Figure S12. Size distribution for Cu/Ag/Se NPs synthesized via the modified one-pot technique. 

 

 

 

 

 

 

Figure S13. Linescans generated from the STEM-EDS maps in Figures 6 and S14 for Cu/Ag/Se NPs 
synthesized via the modified one-pot technique at 51% Ag content as determined by ICP. Cu Kα, Ag Lα, 
Se Kα, and Eu Lα signals are represented in red, blue, green, and orange, respectively. Eu is used as a 
baseline. Linescan widths represent the pixel range used to generate the linescans. 
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Figure S14. Representative STEM-EDS maps for Cu/Ag/Se NPs synthesized via the original one-pot, 
modified one-pot, and CE techniques at similar Ag contents as determined by ICP, where a mixture of 
Cu1+ and Cu2+ cations are used in the original one-pot technique and an enriched Cu1+ solution is used 
in the modified one-pot technique. Linescans of individual particles can be found in Figures S6 and S13. 
Se Kα signal is represented in green. 

 

References 

1. Bahl, M. K.;  Watson, R. L.; Irgolic, K. J. LMM Auger Spectra of Selenium and Some of its 
Compounds. J. Chem. Phys. 1980, 72, 4069-4077. 
2. Rodrigues, T. S.;  Zhao, M.;  Yang, T.-H.;  Gilroy, K. D.;  da Silva, A. G. M.;  Camargo, P. H. C.; 
Xia, Y. Synthesis of Colloidal Metal Nanocrystals: A Comprehensive Review on the Reductants. Chem. 
- Eur. J. 2018, 24, 16944-16963. 
3. Riha, S. C.;  Johnson, D. C.; Prieto, A. L. Cu2Se Nanoparticles with Tunable Electronic Properties 
Due to a Controlled Solid-State Phase Transition Driven by Copper Oxidation and Cationic Conduction. 
J. Am. Chem. Soc. 2011, 133, 1383-1390. 
4. Marbella, L. E.;  Gan, X. Y.;  Kaseman, D. C.; Millstone, J. E. Correlating Carrier Density and 
Emergent Plasmonic Features in Cu2-xSe Nanoparticles. Nano Lett. 2017, 17, 2414-2419. 
5. Shafizade, R. B.;  Ivanova, I. V.; Kazinets, M. M. Electron Diffraction Study of Phase 
Transformations of the Compound CuSe. Thin Solid Films 1978, 55, 211-220. 
6. Kriegel, I.;  Jiang, C.;  Rodríguez-Fernández, J.;  Schaller, R. D.;  Talapin, D. V.;  Da Como, E.; 
Feldmann, J. Tuning the Excitonic and Plasmonic Properties of Copper Chalcogenide Nanocrystals. J. 
Am. Chem. Soc. 2012, 134, 1583-1590. 
7. Liu, X.; Swihart, M. T. Heavily-Doped Colloidal Semiconductor and Metal Oxide Nanocrystals: An 
Emerging New Class of Plasmonic Nanomaterials. Chem. Soc. Rev. 2014, 43, 3908-3920. 
8. Agrawal, A.;  Cho, S. H.;  Zandi, O.;  Ghosh, S.;  Johns, R. W.; Milliron, D. J. Localized Surface 
Plasmon Resonance in Semiconductor Nanocrystals. Chem. Rev. 2018, 118, 3121-3207. 
9. Heyding, R. D. The Copper/Selenium System. Can. J. Chem. 1966, 44, 1233-1236. 

 


