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ABSTRACT: Nanoparticle syntheses are designed to produce the Cu,P NPs

desired product in high yield but traditionally neglect atom- o : Direct Pathway
economy. Here we report that the simple, but significant, change of “‘O -6 Rp ODA
the solvent from 1-octadecene (1-ODE) to the operationally inert ) 0

a_ + 4Se powder
octadecane (ODA) permits an atom-economical synthesis of , ¢33 P
copper selenophosphate (Cu;PSe,) nanoparticles. This change "\~ 1-ODE

eliminates the competing selenium (Se) delivery pathways from
our first report that required an excess of Se. Instead Seopowder is
dispersed in ODA, which promotes a formal eight-electron transfer

between Cu,_,P and Se’. Powder X-ray diffraction and transmission electron microscopy confirm the purity of the Cu;PSe,, while
'H and “C NMR indicate the absence of oxidized ODA or Se species. We utilize the direct pathway to gain insights into
stoichiometry and ligand identity using thermogravimetric analysis and X-ray photoelectron spectroscopy. Given the prevalence of 1-
ODE in nanoparticle synthesis, this approach could be applied to other chalcogenide reaction pathways to improve stoichiometry

and atom-economy.

Competing Pathways Impurities
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T ernary chalcogenide nanoparticles (NPs) have recently
gained considerable interest owing to their promising
properties for technologically relevant applications, such as
photovoltaics,l_3 thermoelectrics,*™® and cathode materi-
als.”~” Of particular interest is copper selenophosphate,
Cu;PSe,, with its theoretical photovoltaic efficiency of 24%
and earth abundant elemental composition.”'® Historical
strategies targeting Cu;PSe, classically involve high temper-
ature solid-state synthetic schemes from traditional elemental
precursors (Table §1).171971¢ A more recent solution-based
synthesis of Cu;PSe, NPs from Lee et al. achieved selenization
of presynthesized CusP NPs'” in a one-pot heating method,
using a 0.1 M Se’ powder (Se’,q.;) and l-octadecene (1-
ODE) solution.'® Their approach provided a promising
tunable synthesis and potentially low-temperature device
processing. However, as noted in our initial report,'® the 0.1
M Se’ and 1-octadecene (Se/1-ODE) solution needed to
produce Cu;PSe, involves a two-fold excess of Se’, leading to
poor atom-economy and hindering characterization of the
several Se species participating in the reaction, vide infra.
The use of Se/1-ODE has achieved considerable interest in
the colloidal nanoparticle field as a “non-coordinating
solvent”'”*® that eliminates harsh phosphorus reagents to
incorporate Se?” in select binary and ternary systems.”'~*° In
other systems, existing investigations demonstrate that
reactions with Seopowder and 1-ODE produce Se species of
varying reactivity, notably, H,Se,”® R,Se,,””*° and R,Se.*’
These species introduce multiple reactions, ultimately leading
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to side reactions and loss of synthetic control of Se-reagent
formation.”* Additionally, the terminal double bond, alpha
olefin, of 1-ODE readily polymerizes above 120 °C, which can
also effect synthetic control and characterization of inter-
mediates and products.'”*'

Alternatively, primary amines have been employed as a
replacement for 1-ODE in NP syntheses,*™*' where depend-
ing on the synthesis, the amines can be the solvent,"””™** a
reagent (reducing agent),24’48_50 and/or a coordinating
ligand.w";l_54 However, for Cu;PSe, NP syntheses, the
substitution of 1-ODE with oleylamine'® or hexadecylamine
(Figure S1) produces Cu—Se binary particles, indicating the
importance of Se speciation generated in a Se/1-ODE solution
for Cu;PSe, NP formation. Thus, the synthesis of Cu;PSe,
NPs with Se/1-ODE can yield undesired byproducts—in the
existing synthesis'® ~2/3 of Seopowder is going to products other
than the desired Cu;PSe,, as a result of multiple, uncontrolled
Se species reacting with the metastable,” presynthesized Cu,P
NPs (see the Supporting Information for synthetic conditions
and reproducibility notes, Figure S2). This reaction, therefore,

T

Received: July 12, 2023

Revised: ~ November 15, 2023
Accepted: November 16, 2023
Published: December 12, 2023 4

https://doi.org/10.1021/acs.nanolett.3c02620
Nano Lett. 2023, 23, 11430—-11437


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathan+A.+Neisius"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luke+T.+MacHale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erin+R.+Snyder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+G.+Finke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amy+L.+Prieto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.3c02620&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02620?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02620?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02620?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02620?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02620/suppl_file/nl3c02620_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02620/suppl_file/nl3c02620_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02620/suppl_file/nl3c02620_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02620/suppl_file/nl3c02620_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02620?fig=agr1&ref=pdf
https://pubs.acs.org/toc/nalefd/23/24?ref=pdf
https://pubs.acs.org/toc/nalefd/23/24?ref=pdf
https://pubs.acs.org/toc/nalefd/23/24?ref=pdf
https://pubs.acs.org/toc/nalefd/23/24?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

requires a 2-fold excess of Se’ and produces undesired
byproducts, Scheme 1.

Scheme 1. Balanced Reaction Pathways of Cu;PSe, NPs
with 1-ODE (A) and ODA (B). Hexadecylamine, HDA, is
Shown as the Capping Ligand.”

A. Non-Stoichiometric, competing Se delivery pathway
with 1-ODE.18

1/m(Cuz.xPeHDA;)m + 12 Se® + a 1-ODE (solvent) —
1/p(Cuz.«PSeseHDA,), + 8 Se by-products [e.g., b H2Se +
c R2Sez + d Rz2Se] + e 2-ODE + f (1-ODE)a polymer

B. Stoichiometric, atom-economical direct pathway
with ODA.

ODA
1/m(Cus.PeHDA,)n + 4 Se® —— 1/p(CusPSeseHDA,),

“Variables n and r correspond to the ligand coverage of HDA, while m
and p represent the number of monomer units.

Despite the nonstoichiometric excess of Seopowder in our
initial reaction,'® the powder X-ray diffraction (PXRD) pattern
of Cu;PSe, under the conditions of Scheme 1A reveals phase
purity and the absence of crystalline Se’ (Figure S3A).'*
However, "H NMR confirms the expected presence of excess
Se species (Se/1-ODE) and isomerized 1-ODE (Figure
$3B)."”* It follows that a stoichiometric, atom-economical
synthesis of Cu;PSe, is not yet in hand, and competing
pathways leading to solution byproducts plague the existing
synthesis. Additionally, the lack of a balanced stoichiometry for
the current synthesis inhibits one from obtaining important
information on the reaction pathway such as determining the
variables laid out in Scheme 1A. Hence, developing a more
rational, balanced reaction is vital to minimize competin
pathways*® and designing minimalistic, disproof-based””™>
mechanistic hypotheses“’ © that, in turn, can inform other,
analogous ternary phase syntheses.

Herein, we report that replacing the solvent 1-ODE with
octadecane (ODA) is a simple but highly effective method to

prepare Cu;PSe, in the form of (Cu;PSe, HDA,), NPs via a
close-to-stoichiometric, atom-economical synthesis (Scheme
1B). We find that employing ODA promotes a more direct
pathway with a net eight-electron transfer at phosphorus, from
formally P>~ in CusP to formally P°* in Cu;PSe, neatly
coupled to the reduction of 4 Se® (powder) to 4 Se*” within
Cu;PSe,. Additionally, to better establish a stoichiometric
synthesis, “Cu;P” is defined and used herein as the Cu
deficient, Cu,_,P (0.133 < x < 1.08),°"7* as it has been
reported in the literature. We also report preliminary data
indicating what amount of HDA is associated with both the
starting precursor (Cus_,P-HDA,), and the resultant Se-
containing (Cu;PSe, HDA,),. Finally, the average particle size
is determined for both Cu;_,P and Cu;PSe, via TEM to be
102 (* 21.7) and 32 (+ 7.8) nm along the long axis,
respectively.

As an initial control, the literature-based expectation that
Se?” would not be incorporated if 1-ODE was replaced with
ODA was tested, given the importance of allylic C—H
oxidation of the terminal alkene in 1-ODE. However, the use
of ODA and excess Seopm,\,der did result in the formation of
Cu;PSe, (Pmn2,, orthorhombic). Importantly, crystalline Se®
(Seocrysv trigonal) was observed as a side product indicating
minimal reaction with ODA (Figure S4). Given that Se is still
incorporated even in ODA, we hypothesized that the use of
ODA in place of 1-ODE would allow the stoichiometric
delivery of Se to form pure CuyPSe, without Se/1-ODE
byproducts, resulting in a better overall atom economy.

Indeed, Cu;PSe, NPs were synthesized using the stoichio-
metrically required 4 mol equiv of Seopowder in ODA for 20 min
(Scheme 1B). Figure 1A shows the Rietveld refinements
(details in Table $2),° indicating that 97 wt % of the product
indexes to Cu;PSe, with a slight excess of Se’. . (3 wt %)
excluding any ligand content, vide infra. The supernatant was
characterized by 'H, *C NMR, gas chromatography—mass
spectroscopy (GC-MS), and Fourier-transform infrared spec-
troscopy (FT-IR, Figures 1B, S5—S7, respectively), which
displays no deviation from pure ODA and the absence of
oxidized byproducts. The downfield shift of 0.88 and 1.26 ppm
represents the terminal methyl group (6H, 1.00) and
methylene hydrogen environments (32H, 5.35) respectively.
Additionally, the supernatant was spiked with 1 mol % of 1-
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Figure 1. Characterization of the stoichiometric reaction with octadecane as the solvent. (A) Powder X-ray diffraction pattern and Rietveld
refinement method of (Cu3PSe4-HDAT)P nanoparticles. Se PDF #00-042-2425 (details in SI) is included to identify the pattern that helps fit the
asymmetric peak at 30 20. (B) 'H NMR of the reaction supernatant and pure octadecane, with an inset at 5000X intensity from 4.8 to 6.0 ppm.

11431

https://doi.org/10.1021/acs.nanolett.3c02620
Nano Lett. 2023, 23, 11430—-11437


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02620/suppl_file/nl3c02620_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02620/suppl_file/nl3c02620_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02620/suppl_file/nl3c02620_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02620/suppl_file/nl3c02620_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02620/suppl_file/nl3c02620_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02620/suppl_file/nl3c02620_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02620?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02620?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02620?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02620?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02620?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02620/suppl_file/nl3c02620_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02620?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

ODE, an expected byproduct if ODA does react with Seopowder,
and that 1% 1-ODE proved detectable by '"H NMR (Figure
S8); however, no detectable (i.e., <1 mol %) 1-ODE is present
in the supernatant, in turn implying no (i.e, <1%) H,Se is
formed, nor hence involved, in the improved reaction (i.e., and
to the extent (undetected) midchain, internal olefins are not
formed). We do detect very low concentrations of midchain
alkenes in reactions containing excess selenium, but only there
presumably as a result of H,Se generation after Cu;PSe,
formation, vide infra (Figure S9). When the excess selenium
is reduced to stoichiometric equivalents, the presence of
midchain alkenes is reduced to a negligible amount (Figure
S9). Of note, upon quenching the reaction, the extracted
supernatant developed a light red tint over an extended time
that is hypothesized to be a slight excess of Se,**”"* where
temperature studies confirm the presence of amorphous
selenium (a-Se, Figure $10).°””° Further details are provided
in SI for the interested reader. In short, the use of ODA as a
solvent enables a direct reaction pathway with stoichiometric
delivery of Se as defined in the balanced reaction in Scheme
1B.

As a control, we returned to 1-ODE, but now using just the
four equiv of Seopowder, to test if stoichiometric Se® will work as
well as it did in ODA. However, consistent with the hypothesis
of 1-ODE leading to a variety of side products (Scheme 1A), a
mixture of phases was detected by PXRD (Figure 2), including
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Figure 2. Powder X-ray diffraction pattern for the stoichiometric ratio
of CuyP + 4Se%= + 1-ODE with standard synthetic conditions.

Cu,_,Se and Cu,PSe; (refinement details in Table S3).
Furthermore, after extending the reaction time to 2 h and
overnight, the thermodynamically favored® Cu;PSe, is still not
the sole phase present, whereas the same time in ODA yields
Cu;PSe, as the major product (Figure S11). Given the above
results and literature evidence that Se/1-ODE produces species
that include H,Se, R,Se, and R,Se, (Scheme 1A), the use of
ODA is hereby shown to be a simple, effective change to
synthesize Cu,PSe, that saves 2/3 of the Se° otherwise needed
to optimize the Cu;PSe, yield. The use of ODA avoids
unnecessary, off-path Se traps that then require a 2-fold excess
of Seopowder to drive formation of Cu;PSe,, resulting in an
overall poor atom-economical synthesis when using the
traditional solvent, 1-ODE.

Further indication of a cleaner, direct reaction pathway is
illustrated in the transmission electron microscopy (TEM)
images and scanning TEM/energy-dispersive X-ray spectros-
copy (STEM/EDS) of (Cu;PSe,HDA,), (Figures 3, S12—

Figure 3. (A) High magnification transmission electron microscopy
(TEM), (B) fast Fourier transform (FFT) of particle in (A) and (C)
low magnification TEM of (Cu;PSe,HDA,), particles under
stoichiometric conditions (Scheme 1B).

S14). In our previous publication'® with Scheme 1A
conditions, the resulting Cu;PSe, NPs are noted to have
high polydispersity and ill-defined morphology (Figure S15) as
a result of indirect, competing reaction pathways. The
stoichiometric conditions in Scheme 1B demonstrate that
polydispersity is significantly decreased, with size distributions
of 24 + 5.4 and 32 + 7.8 nm along the short and long axes
(Figures 4C and S16), respectively. Additionally, as a result of
targeting a more direct reaction pathway, a more crystalline
Cu;PSe, product is observed in Figure 3A, with defined lattice
planes as compared to the previous synthesis with 1-ODE."®
The fast Fourier transform (FFT) of Figure 3A produces spots
corresponding to the lattice planes with respect to a [001]
zone axis (Figure 3B), with d-spacings consistent with the
orthorhombic crystal structure of CuyPSe, (Pmn2,). This is
further illustrated in Figure S12, where the inverse-fast-Fourier
transform (iFFT) of masked FFT spots is overlaid on the
corresponding TEM images. Ultimately, the combination of
lattice parameters extracted from Rietveld refinement with the
structural information from TEM allows us to define Cu;PSe,
NPs as (Cu3PSe4-HDAT)p, where p = 2.90 (£0.04) X 10*
(reference S17 for calculation).

To attain a better understanding of the improved
stoichiometry in Scheme 1B, the surface ligand identity and
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Figure 4. Surface characterization of Cus P particles. (A) XPS of the
Cu 2p region and (B) P 2p region. (C) TGA with a 2 °C/min heating
profile to 570 °C.

quantity were investigated for both Cu;_, P and Cu;PSe,. The
surface composition was initially analyzed with 'H NMR on
Cu;_,P particles, washed to remove excess precursors, which
was indicative of long alkyl chains consistent with HDA as the
primary, surface-bound ligand (Figure S18). Additionally, X-
ray photoelectron spectroscopy (XPS) of the carbon (C) and
nitrogen (N) 1s regions (Figure S19) is representative of HDA
binding environments according to previous literature
reports.”®’*”” Of note, the Cu and P 2p binding region
(Figure 4A and B) demonstrates the characteristic Cu;_,P
environments,'®”*”** while the satellite Cu(II) peak (Figure
4B) and P—O peak at 134 eV likely corresponds to surface
oxides.”*™*>* Finally, Cu;PSe, was characterized with XPS for
Cu, P, Se, and C bonding environments (Figure S20). The
core bonding environments (Cu, P and Se) were consistent
with previous reports of Cu;PSe, and CusPS, " ”** whereas
the C region had similar peaks to Cu;_ P NPs but a decrease in
the C-NH, environment (Figure S20D). In summary, the
spectroscopic evidence mentioned above confirms the sample
purity and provides evidence for the nanoparticle surface
composition, an important component of the net reaction
stoichiometry.

With HDA identified as the surface ligand, the quantity of
organic content for Cu;_ P was determined in order to
calculate the required Seopowder molar equivalence in Scheme
1B. First, thermogravimetric analysis (TGA) was performed on
dried presynthesized Cu;_,P nanoparticles over a temperature
range of 25—570 °C with a 2 °C/min heating profile, resulting
in a 14.23% weight loss (Figure 4C) and no degradation of the
core particles (Figure S21). Of note, when a 25—800 °C at 10
°C/min heating profile is used (Figure S22A and $23), 2 wt %
degradation of Cuy_,P to Cu’ was quantified with Rietveld
refinements (Figures $22B and $24). Of importance to refining

the precise stoichiometry, when ~15 wt % organic content is
accounted for in the Cu;_,P mol calculation, the Se content
measured via PXRD is reduced from 3.6 to 1.3 wt % in the
refined product, (Cu;PSe, HDA,), (Figure S25 and $26). The
HDA content of the refined product decreased from 15 to 5 wt
% (Figure S27), assuming 85 wt % crystalline Cu,_,P as the
starting material; however, the Cu;_,P heating profile required
to thermally remove the organic content could not be applied
to Cu;PSe, due to degradation to Cu,PSes and P,Se; above
500 °C."> The significant decrease in Se content further
supports the improved, near-stoichiometric synthesis in
Scheme 1B. That said, two aspects of Cu;_,P contributing to
the variation in stoichiometry are under a separate
investigation and will be described in a future report: (i) the
elemental composition and Cu vacancy, #, in Cu,_,P; and (ii)
the effect of the Cu;_,P particle-size dispersion (Figure S28)
on the reactivity with Seopowder.

The results provided herein are consistent with the synthesis
of Cu;PSe, as described in Scheme 1B. Overall, an 8 electron
(e”) redox reaction of (Cu,_,P-HDA,),, with the surface of
suspended (Se’), is occurring, especially once the solid
selenium becomes molten ca. 221 °C.5%¢%7%8 However, one
can raise the question of whether there is any dissolution or
other speciation of (Se”), under the 221 °C reaction
conditions. Literature studies support the claim of dispersed
selenjum particles, but moderate solubility has only been
observed for select solvents,**>*~* most notably carbon
disulfide,** hydrazine,90 and ethylenediamine,86 but with
significantly higher solubility (38 wt % gray selenium)
recorded in a binary thiol-amine mixture under ambient
conditions.*® In our own hands, some indirect evidence for a
dispersion of Se’ species is observed in an Se/ODA
temperature control (Figure S29), where a color transition is
noted only after the melting point to a color distinctly different
from the clear solution when Cu,;_,P is present. Additionally,
the reactivity of Se’, with Cu;_,P NPs was monitored by
PXRD ex situ studies (Figure S30), which resulted in high
conversion to Cu;PSe, at 250 °C and near phase purity at 300
°C.

Even though our demonstration of <1% 1-ODE formation
from ODA under our reaction conditions would appear to rule
out H,Se participation in our CuyPSe, formation reaction (and
unless midchain olefins that we do not detect are being
formed, vide supra), we decided to further consider and then
test the alternative mechanistic hypothesis that Cu;_,P could
be reacting at least in part with in situ generated H,Se to drive
ternary phase formation, consistent with previous literature
emphasizing H,Se production in aliphatic hydrocarbon
solvents.”?®*!™"* Recall here that H,Se has been demon-
strated to be a reactive and reasonably efficient selenium
precursor for binary nanoparticle syntheses, most commonly
cadmium selenide (CdSe).”"”*® Moreover, thermodynamic
data for gas-phase Se, species formation from crystalline,
trigonal SeOcryst;trig (Table S4) shows that H,Se (g) formation is
the "most favorable” among various possible reactions (Table
S4), AGq0 = 7.29 kcal mol ™17

However, under similar synthetic conditions used herein, a
previous quantitative study revealed that the production of
H,Se from Seopowder in aliphatic solvents results in only low
yield of H,Se, with gravimetric measurements indicating only
10.5% Se° conversion at 320 °C for 1 h in paraffin oil.”* In
addition, the "H,Se hypothesis" was further tested exper-
imentally in our hands through the direct addition of the
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headspace of an Se/ODA solution (i.e., and hence any H,Se)
to Cuy, P, a control experiment which resulted in only minor
conversion to the binary product, Cu,Se (R-3m, trigonal),
under otherwise similar synthetic conditions (300 °C, 30 min,
Figure S31). In short, the key to the improved stoichiometry
described herein is, according to all our evidence: (i) the lack
of participation by ODA to form Se-consuming species prior to
Cu,PSe, formation, and (ii) a quantitative 8 electron,
complimentary redox match between the Cu;_ P reductant
and the 4 Se° oxidant resulting in 4 Se’ in the Cu;PSe,
product—that is, the complementary 8 electron redox half
reactions of the formally P>~ (Cu;P) — P5* (CuyPSe,) + 8 e~
and 4 Se’ + 8 e~ — 4 Se’".

In conclusion, an improved synthesis of Cu;PSe, has been
developed that eliminates Se-containing byproducts that
otherwise consume 2/3 of the Se° needed to make phase-
pure Cu;PSe, in 1-ODE. Simply by replacing 1-ODE with
ODA, a much cleaner, close to stoichiometric, near-atom-
economical synthesis was obtained, in which 4 Se’ are reduced
by the formally 8 e~ oxidation of P*~ in Cu;P en route to P>*
formally present in Cu3PSe,, a reaction in which ODA serves
predominantly as an inert solvent. Moreover, the results
obtained herein form a basis from which more detailed
questions regarding the mechanism of formation of Cu;PSe,,
as well as the synthesis of other ternary phases, most notably
Cu,PSes, can be more rationally and directly addressed.
Finally, the results presented can also be applied to a myriad of
other systems and studies involving 1-ODE, Se’, and other
chalcogenides.
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