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ABSTRACT: Aliphatic amine and carboxylic acid ligands are widely used as
organic solvents during the bottom-up synthesis of inorganic nanoparticles (NPs).
Although the ligands’ ability to alter final NP properties has been widely studied,
side reactivity of these ligands is emerging as an important mechanism to consider.
In this work, we study the thermal decomposition of common ligands with varying
functional groups (amines and carboxylic acids) and bond saturations (from
saturated to polyunsaturated). Here, we investigate how these ligand properties
influence decomposition in the absence and presence of precursors used in NP
synthesis. We show that during the synthesis of inorganic chalcogenide NPs
(Cu2ZnSnS4, CuxS, and SnSx) with metal acetylacetonate precursors and elemental
sulfur, the ligand pyrolyzes, producing alkylated graphitic species. Additionally,
there was less to no ligand decomposition observed during the sulfur-free synthesis of ZnO and CuO with metal acetylacetonate
precursors. These results will help guide ligand selection for NP syntheses and improve reaction purity, an important factor in many
applications.

■ INTRODUCTION
Nanoparticles (NPs) have drawn significant research interest
among the fields of electronics, optics, magnetics, nano-
biotechnology and pharmacology, catalysis, and so on.1−8 The
versatility and novelty of these NPs are owed to their unique
functional properties, which are tuned by the NPs’ size,9−13

shape,10,12,14,15 composition and defect chemistry,10,16−18 and
surface functionality.12,19−21 One variable used to tailor these
properties is ligand selection. Ligands are used in the bottom-
up synthesis of NPs and can serve additional functions,
including operating as a high boiling point solvent (TBP > 100
°C), reducing agent, coordination complex, and stabilizing
agent. The ligand’s functions during NP synthesis have all been
widely studied and reviewed.3,20−26

Beyond the ligands’ indispensable contribution to NP
synthesis, there are emerging reports that reveal that the
ligand undergoes structural changes to form new products
during synthesis.27−31 These byproducts may form from
structural changes in the ligand’s functional group,29−31

polymerization of the ligand backbone,27 or ligand decom-
position into graphitic materials.28 The latter instances result in
carbon impurities that exist alongside the synthesized NPs and
are of interest to mitigate.27,28 For example, the 1-octodecene
ligand has been reported to autopolymerize during the
synthesis of chalcogenide and metal oxide NPs, which is
attributed to the heightened reactivity of the ligand’s terminal
double bond (α-olefin) and potentially the metal precursor’s
ability to catalyze olefin polymerizations.27 Oleylamine (OLA)
and other olefins have been shown to polymerize into
polysulfides in the presence of elemental sulfur,32−34 a

common precursor used in chalcogenide NP syntheses.32−39

In our previous work, during the synthesis of Cu2ZnSnS4
(CZTS) NPs with elemental sulfur and the OLA ligand,
graphitic and amorphous carbon byproducts formed.28

While the polymerization and aromatization of olefins have
been widely studied in the field of polymer science, ligand
decomposition (i.e., polymerization and graphitization) during
NP synthesis is an emerging observation. Traditional polymer-
ization of olefins is most commonly achieved through the use
of Ziegler−Natta and metallocene catalysts and co-cata-
lysts,40−45 cationic reactions with acidic reagents,46 anionic
reactions with nucleophilic reagents,45−47 or radical reac-
tions.45,46 The decomposition of olefin monomers into cyclic
moieties such as polycyclic aromatic hydrocarbons and
nanographite can occur via Diel−Alder reactions,48−50

intermolecular cyclization,49 and thermal cracking.49−52 Addi-
tionally, pyrolysis (i.e., thermal decomposition)48,53,54 and
solvothermal treatments48,55 of organic monomers have been
used to synthesize carbon-based NPs or carbon dots. The
unsaturated (olefin) organic monomers used in these studies
overlap with a wide library of ligands used in NP synthesis,
including α-olefins,41,44 amines,32−34,55 and carboxylic
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acids.39,49−52,54,56−60 In addition to the use of ligands in these
reactions, variables such as temperature and metal catalysts
overlap with the temperatures and metal precursors (e.g.,
acetylacetonates) used to synthesize NPs.42

Considering the aforementioned instances of ligand
polymerization and graphitization both during and outside of
NP synthesis, there is interest in decoupling variables (i.e.,
ligand functional group, ligand bond saturation, and nonmetal
and metal precursor selection), which results in changes to the
ligands’ structure. As such, this work investigates how these
variables lead to unintended ligand decomposition during NP
synthesis.

We began with the synthesis of kesterite Cu2ZnSnS4
(CZTS) NPs using common amine ligands with varying
bond saturation (dodecylamine (DDA), oleylamine (OLA),
and linoleylamine (LOA)) and analogous carboxylic acid
ligands (stearic acid (SA), oleic acid (OA), and linoleic acid
(LA)), as shown in Figure 1. These ligands are of interest as

they are commonly used in NP synthesis and operate as a high
boiling point solvent, reducing agent, and coordination
complex,3 allowing them to be the only organic monomers
required for NP synthesis. CZTS was used as the model
material, as in our prior work,28 we found that pyrolyzed
carbon impurities had formed in conjunction with CZTS NPs
during synthesis with the OLA ligand, elemental sulfur, and
with both metal acetylacetonate and metal chloride precursors.
Here, we used Raman spectroscopy to identify the structure of
inorganic NPs and organic products from each synthesis.

As synthesis contains external variables (e.g., precursors) that
may influence ligand decomposition, we systematically
characterized the structural changes and stability of the ligand
in the absence and presence of precursors (i.e., elemental S, Cu
acetylacetonate, Zn acetylacetonate, and Sn acetylacetonate).
This enabled us to directly study the influence of ligand bond
saturation, functional group, and precursor selection on ligand
decomposition. Through structural (Raman spectroscopy) and
thermal (thermal gravimetric analysis, TGA) analyses, we
found that bond saturation, functional group, and sulfur

content influence the pyrolysis, or thermal decomposition, of
the organic ligand; ligands which contain double bonds have
amino groups and ligands which are heated in the presence of
elemental sulfur are inclined to form graphitic species.
Additionally, we find that the individual elements selected
(M = Cu, Zn, Sn) for NP synthesis also contribute to in situ
ligand decomposition to different extents.

2. METHODS
2.1. Materials. Ligands used in this study include dodecylamine

(98%, Aldrich), octadecylamine (98%, Aldrich), oleylamine (70%,
Aldrich), stearic acid (98%, Aldrich), oleic acid (99%, Aldrich), and
linoleic acid (99%, Aldrich). Linoleylamine is not commercially
available and therefore was synthesized (see the SI for our synthetic
protocol and material confirmation). Metal precursors used in NP
synthesis include copper(II) acetylacetonate (99.99%, Aldrich),
zinc(II) acetylacetonate (99.995%, Aldrich), and tin(IV) bis-
(acetylacetonate) dibromide (98%, Aldrich). Elemental sulfur
(99.98%, Aldrich) is used in the ligand−sulfur mixture and operates
as the chalcogen precursor during NP synthesis. Solvents include
isopropanol and toluene. Substrates include glass slides and soda lime
glass sputtered with Mo (Mo/SLG).

Due to the relatively low purity of oleylamine (70%), the ligand
was purified, following the procedure by Baranov et al.61 This was to
eliminate common impurities in OLA, such as oxygen containing
unsaturated amides and nitroalkanes.61 For comparison, all experi-
ments and results were repeated with the purified oleylamine (70%)
(see Figure S2). Additionally, in this work, short-chain dodecylamine
(C12H27N) was used as the saturated amine rather than octadecyl-
amine (ODA; C18H39N) since the synthesis of CZTS was
unsuccessful with the ODA ligand (see Figure S3) and DDA had
been previously used to synthesize CZTS NPs.62

2.2. 1 M Ligand−Sulfur Mixtures. A concentration of 1 mmol of
elemental sulfur (32 mg) in 1 mL of ligand was used to form all 1 M
ligand−sulfur mixtures. Oleylamine and linoleylamine were heated to
40 °C to form a homogeneous solution with sulfur, whereas
dodecylamine (solid at room temperature, TMP = 28 °C) was heated
to 80 °C. Upon heating and mixing amine−sulfur, all solutions turned
red−orange in color and remained homogeneous upon cooling to
room temperature. Unlike amine−S mixtures, homogeneous carbox-
ylic acid−S solutions did not form at temperatures below the melting
point of elemental sulfur (112 °C), and upon cooling, elemental sulfur
precipitated from the carboxylic acid−sulfur mixture. As such, these
solutions were mixed and held at 115 °C to form a homogeneous
clear solution until used for further experimentation or character-
ization.
2.3. NP Synthesis. The metal precursors, the selected ligand, and

a stir bar (for continuous stirring) were sealed in a 100 mL three-neck
round bottom flask, which was transferred to a Schlenk line for air-
free chemistry. To degas the mixture of trapped gases and volatiles,
the flask was cycled a minimum of 3 times between vacuum and N2
over 0.5 h at room temperature. Using a heating mantle, the flask was
then heated to 130 °C and further degassed for 1 h until bubbling
commenced under vacuum. Under N2 flow, the solution was heated
to 225 °C at a rate of ∼10 °C/min. For chalcogenide NP syntheses,
upon reaching 225 °C, the flask was injected with the separately
prepared 1 M ligand−sulfur solution. After stirring at 225 °C for 2 h,
the flask was raised from the heating mantle and naturally cooled
down to 80 °C. A solution of 5:1 antisolvent to solvent was poured
into the flask. The solution was centrifuged (13.5 K rpm, 10 min),
followed by decanting. Sedimented NPs were dispersed in a 3:1
solution of antisolvent to solvent, where the centrifuging (12k rpm, 5
min) and decanting processes were repeated. Residual solvent was
removed with a rotavapor and samples were further dried for 24 h
under vacuum prior to characterization, forming a powdered NP
sample. For further details on the molar ratios of precursors, ligand
concentrations, and washing procedures used during the synthesis of
CZTS, metal (Cu, Zn, Sn), and chalcogenide NPs (Cu−S, Zn−S,
Sn−S), see the SI.

Figure 1. Chemical structures of the ligands used in this study. This
includes (a−c) amine ligands and (d, e) carboxylic ligands of varying
bond saturation; unsaturated (a) DDA and (d) SA; monounsaturated
(b) OLA and (e) OA; and polyunsaturated (c) LOA and (f) LA.
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2.4. Structural Characterization of NP Synthesis Products.
Structural characterization of synthesized inorganic NPs was carried
out with X-ray diffraction (XRD), as XRD is ideal for identifying the
phases of crystalline materials. XRD was collected with a Bruker D8
Discover Microfocus X-ray diffractometer under Cu K-α (λ = 1.54 Å)
radiation. Powdered NP samples were pressed onto a Mo/SLG
substrate. All diffractograms were calibrated using the Mo substrate’s
(110) peak center at 40.501° (COD 9008543) and were compared
against reference patterns to identify the NP structure. Crystallite size
of formed NPs was estimated with the Debye−Scherrer equation
applied to fitting of Lorentzian peaks. All collected XRD diffracto-
grams, reference diffractograms, and analyses are included in Figure
S8.

To further identify the NPs and to detect carbonaceous NP
reaction products, a Renishaw InVia Raman confocal microscope was
used on all powdered NP samples, pressed onto a Mo/SLG substrate.
Raman collection and analysis were performed with a 514 nm laser
(excitation wavelength), 1200 L/mm laser grating, 10 s acquisition
time, and 50× microscope objective, and spectra were fitted via
Gaussian deconvolution. Laser power, acquisition time, and
accumulations were optimized for each material to circumvent laser
ablation/florescence/detector saturation while maintaining adequate
spectral signal to noise. Sample-specific methods, Raman spectra, and
analyses accompany the XRD diffractograms in Figure S8.
2.5. Thermal Decomposition of Ligands and Ligand−Sulfur

Mixtures. Information on the ligand’s and ligand−sulfur mixture’s

thermal stabilities are obtained by thermogravimetric analysis (TGA)
and the first derivative of TGA (DTG), as outlined by ISO 11358-1,
ASTM E2550-21, and ASTM E1131-20 standards.63−65 Dynamic
TGA was performed using a TA Instruments Q20 thermogravimetric
analyzer, which measures a material’s mass loss (displayed as weight
percent [%]) as a function of temperature. TGA was collected via
heating 38.6 ± 1.4 mg of material (in a platinum crucible) at a fixed
rate (10 °C/min) in an inert environment (40 mL/min N2).63−65 N2
was used to avoid material combustion, and the exhaust was bubbled
through a NaOH solution to quench produced H2S (g) from ligand−
S mixtures. The DTG spectra were obtained from the first derivative
with respect to the temperature of the TGA spectra and offered
additional information on fluctuations in the rate and temperature
ranges of mass loss.63−65

As TGA does not offer information on a material’s structure,
additional structural characterizations of thermally decomposed
products were needed. However, residue from TGA was too minimal
to collect for further characterization. To obtain larger quantities of
decomposed material at elevated temperatures, 3 mL of the ligand or
3 mL of the 1 M ligand−sulfur mixture was heated in a round bottom
flask with a heating mantel, following the same conditions used in NP
synthesis (e.g., degassing, heating rate, N2). Aliquots were collected at
130 °C after 1 h, 225 °C after 2 h, and 300 °C after 2 h. To collect the
sample at 500 °C, which exceeds the temperature limits of the heating
mantel, 3 mL of the material was deposited into a glass scintillation
vial, which was placed within a graphitic crucible. The crucible was

Figure 2. Raman spectra for all CZTS NPs synthesized with ligands of varying functional groups and bond saturation. CZTS samples were
synthesized with either (a, b, d) amines and (d, e, f) carboxylic acid ligands, and the ligand had either (a, d) no double bonds, (b, e) one double
bond, or (c, f) two double bonds. The relative intensities of amine spectra are comparable, and the intensities in panels (e) and (f) are comparable.
Deconvoluted Gaussian fits and their peak assignments are included in the spectrum (a). Across each spectrum, the signature CZTS peak at 339
cm−1 is identified (diamond symbol), the intensity of CZTS (ICZTS) is emphasized (dashed line), and the intensity ratio between CZTS (at 339
cm−1) and carbon (maximum between 1000 to 1800 cm−1, IC) is listed.
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loaded into a tube furnace and degassed several times, alternating
between vacuum and N2 (5 min per cycle). Under N2 flow (100 mL/
min) and at atmospheric pressure, the sample was heated to 500 °C at
a ramp rate of 10 °C/min to remain consistent with the conditions
used during synthesis and TGA collection. Exhaust was bubbled
through a NaOH solution to quench produced H2S (g). The samples
were held at 500 °C for 30 min, followed by rapid cooling. Samples
were exposed to air once at room temperature and collected for
subsequent characterization.
2.6. Structural Characterization of Ligands and Ligand−

Sulfur Mixtures. Structural differences in the organic ligands,
ligand−sulfur solutions, and their decomposed products were
characterized by both Raman spectroscopy and Fourier transform
infrared (FTIR) spectroscopy, complementary vibrational spectros-
copy techniques that are used to identify a materials’ molecular
structure.66

Raman spectroscopy spectra were collected with the same
Renishaw InVia Raman confocal microscope used to characterize
NP samples (514 nm excitation wavelength, 1200 L/mm laser grating,
10 s acquisition time, 10% laser power (0.8 mW), 50× objective
magnification). Each sample was measured 10 times at different spots
to ensure homogeneity. A 5th order polynomial (R2 = 0.9999)
background subtraction was performed on materials with high
fluorescence sigmoidal backgrounds; otherwise, a fitted spline
background subtraction was performed. Peak centers, breadths, and
intensities were determined via deconvoluted Gaussian fits.

FTIR was performed using a Thermo Scientific Nicolet 8700. Prior
to use, compressed N2 was used to exhaust air in the system, and the
detector was cooled with liquid N2. Samples were deposited onto an
attenuated total reflection (ATR) attachment, and data was collected
under continuous N2 flow (30 psi). Each FTIR spectrum is a
summation of 128 acquisitions.

1H NMR was additionally used to further identify changes in the
ligand’s structure. The Bruker AV300 spectrometer was used to
collect 1H NMR spectra at 300 MHz. CDCl3 was used as the solvent.
Chemical shift offset was calibrated using the CDCl3 peak centered at
7.26 ppm.

3. RESULTS AND DISCUSSION
3.1. Decomposition of Amine and Carboxylic Acid

Ligands during the Synthesis of CZTS Nanoparticles.
Ligand decomposition was first observed during the synthesis
of kesterite Cu2ZnSnS4 (CZTS) with the commonly used
monounsaturated oleylamine (OLA) ligand.28 To screen
ligands for decomposition during NP synthesis, we first
synthesized Cu2ZnSnS4 (CZTS) NPs with the saturated and
unsaturated amine and carboxylic acid ligands, as shown in
Figure 1: DDA (saturated amine), OLA (monounsaturated
amine), LOA (polyunsaturated amine), SA (saturated
carboxylic acid), OA (monounsaturated carboxylic acid), and
LA (polyunsaturated carboxylic acid).

Raman spectroscopy (see Figure 2) was used for the
structural identification materials present after NP synthesis.
The energy associated with bond vibrations and the polar-
izability of bonds are, respectively, captured by the Raman
shifts and relative intensities within Raman spectra, enabling
the precise identification of bonds within a crystal or
molecule.66,67 Across all of our synthesized NP samples,
Raman spectra point to the formation of kesterite CZTS
(identified by signature peaks at 289, 339, and 660 cm−1) in
addition to a carbonaceous material (1000−1800 cm−1).

By deconvoluting our Raman signals between 1000−1800
cm−1, we identified the presence of both graphitic and
amorphous carbon (see Table 1 for all peak assignments).
Graphitic carbon was identified by the highest intensity band,
denoted the G- (“graphene”) band.68−75 It is apparent that this

graphitic carbon has high disorder, as the G-band has a broad
full-width half-max and is accompanied by a lower intensity D-
(“defect”) band.72 In addition to observing the G- and D-
bands, we also identified the lower intensity D4- and A-bands,
indicating the presence of disordered graphite, polyenes, ionic
impurities, or structured amorphous carbon.72,74 Within this
region, an additional peak was present across all samples
between 1429 and 1439 cm−1, which we were unable to
confidently assign to known carbon or CZTS scattering bands.
Further, the two low-intensity broad bands observed between
2500 and 3100 cm−1 correspond with the second-order out-of-
plane vibrations of graphene and graphite: the 2D-band72,74

and the G + D-band.74

The position of the 2D-band and its relative intensity in
relation to the G-band (I2D/IG) further identify the material’s
structure. For monolayer graphene, I2D/IG is ∼3 and its 2D-
band is centered between 2680−2700 cm−1. As disorder
increases, I2D/IG is reduced to ∼0.3 and the 2D-band shifts to
2720−2740 cm−1.72 Here, we observed an I2D/IG ratio of 0.20
± 0.05 with a peak center at 2739 ± 10 cm−1 across all
samples, further confirmation of highly disordered graphitic
carbon formation during the synthesis of CZTS NPs.

The breadth of the G- and D-bands, detection of D4- and A-
bands, and low I2D/IG ratio are all consistent with the presence
of alkylated graphitic flakes, highly oriented pyrolytic graphite
(HOPG), graphene quantum dots, carbon dots, or
soot.48,72,74,76 As such, Raman spectroscopy reveals that all
organic ligands used in this study�regardless of bond
saturation or functional group�formed a highly defective
graphitic carbon during CZTS NP synthesis, herein referred to
as the “carbon impurity”.

In addition to utilizing Raman scattering intensity for
structural identification, it also offers information on material
concentration, which is proportional to intensity.66,67,77

Fluctuations in the relative intensity between CZTS NPs and
the carbon impurity (IC/ICZTS, reported in Figure 2) directly
correlate with fluctuations relative to the carbon impurity
concentration across different samples.66,67,77 From IC/ICZTS, it
is determined that the relative concentration of carbon residue
varies depending on ligand selection.

For amine-synthesized samples, as the number of bonds
increased along the ligand backbone, the relative intensity of
the carbon impurity increased from IC/ICZTS = 0.16 (DDA, 0
double bonds) to 1.05 (OLA, 1 double bond) and to 1.21
(LOA, 2 double bonds). Notably, the observed increase in
concentration was significantly more pronounced between 0
and 1 double bond (a 6.5× increase) than between 1 and 2
double bonds (1.2× increase). The in situ decomposition of
unsaturated amines during CZTS synthesis may be attributed
to the increased reactivity of olefins. This would be in
agreement with a previous study in which the use of saturated

Table 1. Raman Assignments of Carbon Products

observed Raman
shift [cm−1] assigned vibrational mode72,74

1197−1205 D4-band, amorphous carbon with graphitic domains,
trans-polyacetylene (TPA), ionic impurities

1362−1381 D-band, disordered graphitic lattice
1427−1439 unassigned
1489−1502 A-band, amorphous carbon
1562−1582 G-band, ordered graphitic lattice
2729−2749 2D-band, second-order resonance
2913−2916 D + G-band, resonance
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amines mitigated in situ polymerization ligand during NP
synthesis.27

The concentration of carbon impurities was consistently
higher for carboxylic acids than for amines. Unlike amines,
carboxylic acid-synthesized samples did not exhibit the same
bond saturation-dependent trend. While the concentration of
carbon impurities increased similarly between 1 and 2 double
bonds�a 1.5× increase between OA (IC/ICZTS = 2.01) and LA
(IC/ICZTS = 2.94)�the ratio for the fully saturated carboxylic
acid was considerably elevated (SA, IC/ICZTS = 10.73). This is
contrary to what we observed with the saturated amine
(DDA), which had the lowest concentration of carbon
impurities across all samples.

The stark difference in SA’s decomposition may be an
artifact of poor NP washing after synthesis. Unlike other
ligands used in this study, SA’s higher melting point (TMP = 69
°C) resulted in ligand solidification during NP washing,
limiting the removal of excess ligands, reflected by the ligand
backbone being detected after synthesis (CH2 and CH3 at
2849 and 2882 cm−1, respectively).66 As washing reduces
excess ligands, reagents, and impurities, it is plausible that the
efficacy of washing would also influence the final concentration
of carbon impurities within CZTS samples synthesized with
SA. Therefore, it is important to directly compare the
decomposition of ligands under controlled conditions, as in
the absence of precursors or other variables, including NP
washing.
3.2. Thermal Stabilities of Amine and Carboxylic Acid

Ligands. Heretofore, all ligand decomposition studies were
conducted in the presence of metal and nonmetal precursors to
synthesize CZTS NPs. This served to better understand the

ligands’ tendency, or lack thereof, to decompose during NP
synthesis. However, due to variables present during synthesis
(e.g., precursors, washing procedure), it is challenging to
discern the contribution of the ligand’s innate structure (i.e.,
bond saturation and functional group) to the observed
decomposition. To elucidate how the ligand’s structure
influences decomposition, we performed thermal gravimetric
analysis (TGA) to investigate the ligand’s intrinsic thermal
stability when isolated from external variables used in NP
synthesis.

A material is considered thermally stable until a thermal
event begins, which is signified by the onset of mass loss
(denoted as “On”). These thermal events may occur due to
material vaporization, pyrolysis into volatile species, or a
chemical reaction, which produces volatile species.63,64,78 After
the offset of mass loss (denoted as “Off”) either no material
remains or residual material is present. Generally, thermally
stable residue can form from impurities included within the
material from the product(s) of pyrolysis or from the
product(s) of a chemical reaction. A rise in thermal stability
arises from an increase in crystallinity, molecular weight, or
bond energy.79,80 These products are prevalent until exceeding
the temperature threshold required for a subsequent thermal
event.63,64,78 As thermal events are bound by fluctuations in
the rate of mass loss, the first derivative of TGA�known as
the derivative thermogravimetry (DTG) spectra�is also used
to further extract information on the apex of mass loss
(denoted by “I” for inflection point) and the rates of mass loss
(Δwt %/ΔT).63,64,78

The TGA and DTG curves in Figure 3 show that under inert
conditions and in the absence of all NP precursors, bond

Figure 3. TGA (blue) mass loss profiles and overlayed derived DTG (gray) curves for (a−c) amine and (d−f) carboxylic acid ligands with varying
bond saturation (0−2 double bonds). This includes (a) DDA, (b) OLA, (c) LOA, (d) SA, (e) OA, and (f) LA. For clarity, the DTG signal is
amplified by 10× between 250 and 500 °C (gray dashed inset). Points On and Off along the TGA spectra correspond with the extrapolated onset
and offset temperatures of thermal events, points I and II (when present) along the DTG spectra correspond with the inflection points of separate
thermal events. To the left of each curve, the changes in mass loss between On and Off (wt %Off −wt %On) and between the Off and 500 °C (wt
%500 °C −wt %Off) are labeled. From these extrapolated and extracted values, we identified relevant temperatures (TOn, TI, TOff, TII), mass losses (wt
%On, wt %Off, wt %500 °C), and rates of mass loss (wt %I/TI, wt %II/TII), as listed in Table 2.
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saturation and functional group influence the ligand’s thermal
stability. For both amines and carboxylic acids, the ligand’s
innate thermal stability (TOn, TI, and TOff) increased with the
number of double bonds. Additionally, the amine ligands
comparatively had lower thermal stabilities than the carboxylic
acids.

In addition to contrasting temperatures of the first thermal
event, mass loss percentages were also considered. Between
room temperature and 500 °C, DDA, OLA, and SA underwent
one thermal event, which did not produce a stable residue (wt
%Off = ≤ 1; wt %500 °C ≤ 0.05%). A different result occurred for
LOA, OA, and LA; the residual material was present following
TOff. For LOA, a relatively substantial 14.5% (wt %Off) of
material remained following the ligand’s first thermal event at
262 °C (TI). This residual material was eliminated, following a
second thermal event (TII = 453 °C). Similar to LOA, residue
remained ensuing the first thermal events of OA (wt %Off =
2.9%) and LA (wt %Off = 8.3%) and was eliminated after a final
thermal event at TII ≥ 429 °C.

From these variations in mass residue, trends based on bond
saturation and functional group can be concluded. For both
saturated amine and carboxylic acid ligands, stable carbon
products did not form, indicating that external variables (i.e.,
precursors) must have contributed to the observed ligand
decomposition during CZTS synthesis. Upon introducing a
double bond along the ligand backbone, results diverged
depending on the functional group: OLA (amine) experienced
a similar TGA profile to that of the saturated ligands, while OA
(carboxylic acid) had a small fraction of material remain. As
the number of double bonds increased to two, the amount of
residual material increased for both amines and carboxylic
acids, with residue being more pronounced for LOA than that
of LA. Therefore, ligand decomposition is correlated with the
number of double bonds, whereas decomposition dependent
on the functional group is variable.

As established, the origins of the observed mass loss event
can result from (1) vaporization, (2) pyrolysis into volatile
species, or a (3) chemical reaction. As only ligands were used
and the experiment was conducted in an inert atmosphere, the
probability of a chemical reaction occurring is low. However,
both vaporization and pyrolysis are plausible. While the first
thermal event of ligands does not appear to align with their
reported boiling points (TBP, included in Table 2), vapor-
ization can occur at T ≠ TBP when isothermal sample heating is

not achieved or when vapor pressure is not carefully
regulated.81 As these parameters were not controlled during
our experiments, it is possible that the first thermal event could
correspond to vaporization of the ligand. Alternatively,
pyrolysis might have occurred. In the biofuel industry, the
pyrolysis of carboxylic acids ligands has been studied. The
pyrolysis of SA,49,51,52 OA,49−51 and LA49,51,59 results in the
formation of both volatile (e.g., CO (g) and CO2 (g), short-
chain hydrocarbons) and stable decomposition products (e.g.,
alkenes, alkanes, branched hydrocarbons, and both mono- and
polyaromatics) from decarboxylation and deoxygenation of the
functional group and thermal cracking of the ligand back-
bone.49−52,59

In this work, we observe that nearly 100% of SA was
eliminated by TOff, which would be in agreement with pyrolysis
studies in which ∼95% of SA is converted into gaseous
products.52 The presence of residue at TOff for OA50 and LA59

is also consistent with their reported pyrolysis, where a stable
liquid product is formed during thermal decomposition.50,59

The formation of these stable products for OA and LA�and
lack thereof for SA�is attributed to the increased reactivity of
alkenes and dienes. If pyrolysis occurs during the first thermal
event, we additionally observe that saturated DDA and
monounsaturated OLA do not decompose into a stable
residue, while polyunsaturated LOA does. Thus, across both
functional groups, double bonds contribute to the conversion
of the ligand into stable decomposition products.

Regardless of the mechanism that occurred during the first
thermal event, from TGA, it is evident that saturated SA and
DDA and monounsaturated amine OLA did not inherently
produce thermally stable carbon products. Therefore, external
variables used during the synthesis of CZTS NPs (i.e.,
precursors) likely contributed to their in situ decomposition
into carbon impurities observed in Figure 2. For ligands which
produced stable products (monounsaturated OA, polyunsatu-
rated LA, and LOA), the amount of ligand converted into
residue increased with the number of double bonds, in
agreement with other pyrolysis studies.
3.3. Thermal Stability of Amine−Sulfur and Carbox-

ylic Acid−Sulfur Mixtures. In Section 3.2, ligand pyrolysis
studies were conducted in the absence of precursors used in
the synthesis of NPs to better understand how the ligand’s
bond saturation and functional groups influences its innate
thermal stability. Interestingly, we observe a dichotomy

Table 2. Key Values Extracted from TGA and DTG of Ligand and Ligand−S Mixtures

DDA DDA-S OLA OLA-S LOA LOA-S SA SA-S OA OA-S LA LA-S

wt/wt % of S/ligand [%] 4.0 3.9 3.8 3.6 3.6
boiling point TBP [°C] 247 364 361 360 230
extrapolated onset (On)
TOn [°C] wt 155 144 222 193 220 202 207 208 245 243 246 236
wt %On [%] 99.1 98.2 98.8 99.7 95.1 96.5 99.9 100.0 99.6 99.9 99.7 99.9
inflection point (I)
TI [°C] 193 191 257 243 262 247 245 247 278 281 1 278 283
Δwt %I/ΔTI [%/°C] −2.47 −1.52 −2.25 −1.14 −1.46 −0.97 −2.02 −1.96 −2.41 −1.8 −2.22 −1.24
extrapolated offset (off)
TOff [°C] 198 203 266 265 275 271 255 258 287 295 287 308
wt %Off [%] 1.4 12.3 0.4 17.6 14.5 32.8 0.1 0.3 2.9 10.0 8.3 17.0
inflection point (II)
TII [°C] 347 435 453 445 429 429 434 432
Δwt %II/ΔTII [%/°C] −0.07 −0.13 −0.15 −0.31 −0.01 −0.01 −0.03 −0.11
end of run (500 °C)
wt %500 °C [%] 0.06 0.24 0.01 0.14 0.05 0.25 0.10 0.15 0.07 0.23 0.11 0.26
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between NP synthesis results from Section 3.1 and isolated
ligand results from Section 3.2, indicating that precursors
contribute to ligand pyrolysis during synthesis.

As elemental sulfur is a common precursor used in the
synthesis of chalcogenide NPs�including in the synthesis of
CZTS�we additionally used TGA and DTG to compare
changes between the innate ligand’s thermal stability and that
of 1 M ligand−sulfur mixtures (3.5−4 wt/wt % sulfur to
ligand), referred to as “ligand−S”. The TGA and DTG profiles
of ligand−S are displayed in Figure 4 and are directly
comparable to the profiles in Figure 3.

Initially, the mass loss profile of the ligand−S mixtures
appears to mirror that of their innate ligand. However, there
are several distinct differences upon sulfur inclusion. Between
ligand and ligand−S, the maximum change in TI was,
respectively, −2 and +2 °C for DDA and SA (0 double
bonds), −14 and +3 °C for OLA and OA (1 double bond),
and −20 and +5 °C for LOA and LA (2 double bonds). Thus,
by observing the temperatures associated with the first thermal
event, we see that (1) compared to amines, amine−S mixtures
have a net decline in thermal stability, (2) compared to
carboxylic acids, carboxylic acid−S mixtures have a net increase
in thermal stability, (3) this effect is considerably more
pronounced for amine−S than that of carboxylic acid−S, and
(4) the difference in TI between ligand and ligand−S increases
with the number of double bonds. Therefore, in the presence
of elemental sulfur, amine ligands either experienced a decrease
in ligand volatility, more readily pyrolyzed into volatile
compounds or a chemical reaction occurred between the
amine and sulfur to produce volatile compounds (the inverse
would apply for carboxylic acid−S).

Changes in mass residue upon sulfur inclusion were also
observed. While the heating of DDA and OLA (and SA) did
not produce thermally stable carbon products, upon

completion of the first thermal event of DDA-S and OLA-S,
a significant percentage (wt %Off, DDA‑S = 12.3%; wt %Off, OLA‑S =
17.6%) of material remained. Assuming that the ligand and
sulfur did not react, they may have separately volatilized or
pyrolyzed, evident by inflection points separately correspond-
ing to the ligand and to elemental sulfur. While TI of ligand−S
mixtures agrees with TI of their respective ligands, TII cannot
be assigned to elemental sulfur (see Figure S4 for elemental
sulfur’s TGA profile). This indicates that the material present
following Toff is not residual elemental sulfur rather a ligand−S
decomposition or reaction product. Unlike with DDA-S and
OLA-S, the inclusion of sulfur had no effect on SA-S mass loss
profile. This is notable, as the decomposition of SA was
observed during the synthesis of CZTS NPs, emphasizing that
variables other than elemental sulfur and ligand structure (i.e.,
metal precursors) must be responsible for the in situ
decomposition of SA.

Unlike DDA, OLA, and SA ligands, in the absence of sulfur,
LOA, OA, and LA ligands did produce thermally stable carbon
products upon heating. Compared to LOA, LOA-S experi-
enced a significant increase in the amount of residue from
14.5% (wtOff, LOA) to 32.8% (wtOff, LOA‑S). The LOA-S product
was fully eliminated, following a second thermal event at 445
°C (TII). OA-S and LA-S similarly preserved a respective 10.0
and 17.0% (wt %Off), a relative increase compared to their
innate ligand counterparts. Residual material was similarly
reduced, following a second thermal event (TII, OA‑S = 439 °C,
TII, LA‑S = 432 °C).

From these TGA and DTG results, it is apparent that the
inclusion of elemental sulfur contributes to the formation of
residue, and the amount of residue which forms is dependent
on the ligand’s innate structure. Across both amine−S and
carboxylic acid−S, we observed that the wt %Off, ligand‑S was
consistently greater than wt %Off, ligand. Additionally, the wt %Off

Figure 4. TGA (red) mass loss profiles and overlayed derived DTG (gray) curves for (a−c) 1 M amine−S and (d−f) 1 M carboxylic acid−S
mixtures with varying bond saturation. This includes (a) DDA-S, (b) OLA-S, (c) LOA-S, (d) SA-S, (e) OA-S, and (f) LA-S. For clarity, the DTG
signal is amplified by 10× between 250 and 500 °C (gray dashed curve). Identification of key features is performed as described in Figure 3, which
contains the TGA and DTG spectra of corresponding ligands without the inclusion of elemental sulfur. All extracted values are listed in Table 2.
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of residue consistently increased with the number of double
bonds. Notably, this was considerably more pronounced for
amine ligands than of carboxylic acids; there was a 11−18%
increase in wt %Off for amine−S and a 0−9% increase in wt
%Off for carboxylic acid−S. These results signify that (1) when
compared to carboxylic acid ligands, the interaction between
sulfur and amine favors the formation of stable carbon
products and (2) the interaction between sulfur and double
bonds contributes to the formation of stable carbon products.

Amine−S decomposition may have been more favorable
than carboxylic acid−S due to the interactions between the
ligand and sulfur. Sulfur is known to undergo a ring-opening
reaction facilitated by nucleophilic amines, transforming cyclic
S8 into anionic linear sulfur chains, which then further react
with the ligand to produce volatile H2S (g) and thioamides,
amidine oligomers, or alkylammonium polysulfides of different
thermal stabilities.34,38,82,83 This may be why amine−S
exhibited a decrease in TOn (release of volatile reaction
products) and an increase in wt %Off (formation of stable
reaction products). In contrast, carboxylic acids do not
favorably undergo nucleophilic ring-opening with elemental
sulfur; thus, additives are commonly used to enhance
miscibility and to catalyze chemical reactions to form C−S
bonds.56,58,84 This is reflected in our observations of dissolving
sulfur in the ligands (see Section 2.2). The poor miscibility and
reactivity between carboxylic acids and sulfur may be why both
critical temperatures and residual mass upon sulfur inclusion
were dampened compared to amines.

The increased residue for ligands with double bonds is likely
attributed to enhanced degree of polymerization and
aromatization alkenes�and even more so�dienes can
undergo due to the heightened reactivity of double bonds.

As previously discussed, the pyrolysis of innate ligands with
double bonds has been reported to result in the formation of
stable products, including alkenes, alkanes, branched hydro-
carbons, and both mono- and polyaromatics.49−52,59 With the
inclusion of elemental sulfur, additional reactions may
transpire. Alkenes, which specifically include OLA, OA, and
LA, have previously been reported to be polymerized by ionic
sulfur via a reaction referred to as inverse vulcaniza-
tion.34,38,58,79 This mechanism involves the cross-linking of
unsaturated ligands at their allylic sites by ionic linear sulfur
chains to form polysulfides.34,38,79 As the number of double
bonds increases, so does the potential molecular weight and
thus thermal stability of the products. This is reflected in our
TGA results; as the number of double bonds increased, the TII
(thus, thermal stability) of the residual material also increased,
which may be attributed to an increase in the molecular weight
or bond energies of reaction products. The amount of material
converted into a stable product also increased with the number
of double bonds, again indicating a trend between bond
saturation and reactivity.

By these observations, it is feasible that the material
remaining between TOff and TII is comprised of stable reaction
products (oligomers, polysulfides), which may be precursors to
the alkylated graphitic products detected after NP synthesis.
Alternatively, the present products may already contain
alkylated graphitic products following pyrolysis. As TGA
does not provide structural information, we used Raman
spectroscopy, FTIR, and 1H NMR to identify the material at TI
< T < TII (see Figures 5, S6 and S7).

At room temperature, signature CH2, CH3, C−C, C�C,
and =CH bonding modes of OLA were detected via Raman
and FTIR.61,85 Upon mixing OLA with sulfur, we did not

Figure 5. Truncated (a) Raman, (b) FTIR, and (c) 1H NMR of OLA and OLA-S heated at varying temperatures under N2. See the supporting
information for OLA-S’s structure at additional temperatures (Figure S6), equivalent spectra reproduced for OA and OA-S (Figure S7), and
integrated areas of 1H NMR signals (Table S1).
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detect Raman bands associated with elemental sulfur (see
Figure S4). Rather, the emergence of peaks at 403, 447, and
505 cm−1 was identified, which correspond with ionic sulfur
(S4

2−), in agreement with the ring opening of elemental sulfur
by the ligand’s amine group.33,86,87

With increased heating of OLA-S, the Raman spectrum
showed signs of fluorescence and was no longer well
resolved.33 This arises from the formation of fluorescent
materials, such as polysulfides or carbon dots.54,61,88 As we
could not elucidate structural information from Raman, both
FTIR and 1H NMR were important supplements. From 130−
225 °C, there were no notable changes in OLA’s structure.
However, at 300 °C (TI <T300 °C <TII), we began to see
degradation of the double bond; there was a decline in �CH
(FTIR, at 3010 cm−1) and a decline in allylic and vinylic
hydrogen bonding (1H NMR, at ∼5.2 and 2.0 ppm,
respectively). 1H NMR additionally shows an 81% reduction
of the signal associated with the ligand’s α carbon (Cα),
indicating a reaction with or decomposition of the amine
functional group occurred. As the original hydrocarbon
structure remains intact at 300 °C and degradation is only
observed at the double bond and functional group, the residual
material’s structure is most consistent with that of a
polysulfide.34 Following the decomposition of the stable
polysulfide at TII, Raman spectra of the material are again
discernable (T500 °C); notably, we see the presence of the D4-,
D-, A-, and G-bands, and no bands associated with the starting
ligand. At T500 °C, FTIR also shows an elimination of
hydrocarbon peaks, with a spectrum that is representative of
early-stage soot formation.75

Similar results were found for OA-S (see Figure S7). From
FTIR, the dominant change in the structure of carboxylic
acid−S includes attenuation of �CH and the functional
group’s C�O signal (1709−1720 cm−1). The changes in 1H
NMR mirror that of amine−S; at T300 °C, the most significant
spectral changes were intensity reductions in allylic and vinyl
sites. There was also a 24% reduction in intensity of the Cα
signal, relatively less of a change within the ligand’s functional
group compared to amines.

These structural changes are consistent with decomposition
at the double bond sites and of functional groups into a
polysulfide50,52,59 rather than the conversion of ligand−S into
alkylated graphitic impurities via pyrolysis.89 However, above
TII (>347 °C), we confirmed that these products carbonized
into the same alkylated graphitic product detected after NP
synthesis at 225 °C. As graphitic carbon was detected within
CZTS NPs synthesized with both amines and carboxylic acids,
it appears that the introduction of metallic precursors
contributes to the in situ ligand pyrolysis at temperatures
below TII.
3.4. Precursor Selection-Dependent Pyrolysis of

Oleylamine during NP Synthesis. Thus far, alkylated
graphitic carbon has been detected during the synthesis of
CZTS NPs at 225 °C. In the absence of metal precursors, we
observe that both amine and carboxylic acid ligands can form
stable carbon products. Despite graphitic carbon being
detected in all CZTS samples, the extent and tendency of
ligands to innately decompose are dependent on bond
saturation and functional group. Additionally, decomposition
into graphitic material occurs at temperatures that exceed our
synthesis conditions. This indicates that metal precursors�the
final variables introduced in the synthesis of CZTS NPs�
contribute to the in situ decomposition of ligands.

To fully decouple the influence of metal precursors on ligand
decomposition, the copper-, zinc-, and tin-based acetylaceto-
nate ((acac)2) precursors were separately heated with the OLA
ligand in both the absence and presence of elemental sulfur.
While it would be ideal to avoid the formation of NPs during
these experiments, heating the ligand with the metal precursors
at 225 °C favorably resulted in metal/metal oxide NPs (sulfur-
free conditions) and metal-chalcogenide NPs (sulfur-contain-
ing conditions). Table 3 includes the full list of samples and

their resulting NP phases, and Figure S8 contains the structural
confirmation of identified materials via Raman spectroscopy
and XRD. Here, OLA was selected as the standard ligand since
TGA results reveal that this ligand is relatively benign in
absence of all precursors but is still capable of complex
decomposition when pyrolyzed in the presence of elemental
sulfur.

Akin to that of the CZTS NPs and the pyrolyzed TGA
residue, we identified the structure of organic products within
the region between 1000−1800 cm−1, as emphasized in Figure
6. Both Zn−S and Sn NP Raman signals were oversaturated
with high fluorescence, suppressing all distinct signals and
making these materials ineligible for further carbon-based
analyses.

Cu NPs synthesized with OLA resulted in a weak broad
peak centered at 1568 cm−1, fitted in Figure 6. The peak
position would align with a G-band assignment, indicating that
there was a graphitic structure. However, no other assignments
from Table 1 were distinguishable in the Cu NP’s Raman
spectra. As the graphitic material becomes increasingly
amorphous, the G-band further broadens and the D-band
becomes indistinguishable,85 which resembles our Cu NP
Raman spectra. Zn NPs even more so did not share the same
carbon structure identified from CZTS synthesis, with no
graphitic or amorphous bands being detectable. Rather,
detected bands can be assigned to the Raman spectra of
OLA (see Figure S5). This includes the C−C bonding (1058
and 1124 cm−1) and OLA’s highest intensity of CH2 and CH3
scattering modes between 2830 and 2925 cm−1.66

Unlike the sulfur-free syntheses, the carbon impurity present
from CZTS synthesis appears to be found in Cu−S and Sn−S
NP samples. In Cu−S NPs, Raman signals associated with the
structured G- and D-bands, the defective/amorphous D4- and
A-bands, an unidentified band at 1431 cm−1, and second-order
graphitic bands were all identified. When directly compared to
the products from Cu NP synthesis, it is evident that the
inclusion of elemental sulfur led to the formation of carbon
impurities with a structure more similar to that of CZTS,
which has a more graphitic structure. Akin to Cu−S, Sn−S
NPs had formed structured carbon, with the G-, D-, D4-, and
second-order bands being detected. Fitting of the A-band and

Table 3. Reactants and Products from Synthesized NP
Samples

sample reactants inorganic products

Cu NPs OLA, Cu(acac)2 Cu, CuO, Cu2O
Cu−S NPs OLA, Cu(acac)2, S CuS, Cu1.8S
Zn NPs OLA, Zn(acac)2 ZnO
Zn−S NPs OLA, Zn(acac)2, S ZnS, ZnO
Sn NPs OLA, SnBr2(acac)2 Amorphous Sn
Sn−S NPs OLA, SnBr2 (acac)2, S SnS, Sn
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unassigned band from 1427−1439 cm−1 was not necessary to
deconvolute the Sn−S NP carbon signal.

In summary, Raman revealed that the sulfur-based synthesis
of Cu−S and Sn−S led to the formation of carbon impurities,
which are structurally similar to the carbon impurities found in
CZTS samples. The Cu NP sample also formed carbon residue
but with a more amorphous structure. Zn was the only NP
sample to have the original ligand’s structure (OLA) detectable
after synthesis and no indication of decomposed carbon
products. This means that the OLA remained stable at 225 °C
when heated with Zn(acac)2, whereas the ligand decomposed
when exposed to Cu(acac)2 and SnBr2(acac)2 precursors and
their synthesized NPs.

Both metal precursors and the formed NPs have been used
in catalysis. M-(acac)2 precursors are versatile catalysts, which
participates in a wide library of low-temperature organic
reactions, which includes oligomerization, polymerization, and
polycondensation, hydrogenation, isomerization, trans-ester-
ification, and can also be used as catalysts in reactions between
sulfur and organic monomers, including inverse vulcan-
ization.42,90−94 Additionally, all of our formed NPs (CZTS,
Cu, CuO, Cu2O, CuxS, ZnO, ZnS, Sn, and SnS) are either
chemically, photochemically, or electrochemically catalytic and
can catalyze the reactions with or the degradation of organic
materials.95−100 As such, it is possible that the metal precursors
or the formed NPs are catalytically promoting ligand
decomposition at 225 °C.

To our knowledge, reactions facilitated by Cu, Zn, and Sn
catalysts do not extensively include the aromatization and
graphitization of organic materials. However, metal foils
(including Cu) have been used as catalysts in the production
of graphene sheets from organic monomers.101

These results raise additional questions, which are open for
further study, such as the mechanism guiding how the
precursors or the formed NPs may catalyze ligand decom-
position. Additionally, factors such as reaction time and
temperature may also modulate ligand decomposition by
impacting reaction kinetics. Tailoring precursor selection,
reaction time, and reaction temperature may assist in
mitigating or controlling in situ ligand decomposition.13,24

■ CONCLUSIONS
Recent works have revealed that organic ligands used in the
synthesis of inorganic nanoparticles are capable of thermally
decomposing into polymeric and graphitic impurities during
synthesis. However, no systematic studies have been
conducted to determine how internal variables innate to the
ligand (i.e., functional group and bond saturation) and external

variables used in NP synthesis (i.e., metal and nonmetal
precursors) influence ligand decomposition.

In this work, we use a combination of thermal analyses
(TGA) and structural analyses (Raman spectroscopy, FTIR,
and 1H NMR) to identify the origins of this complex in situ
ligand decomposition. Here, we investigate (1) the decom-
position of ligands with varying functional groups (amines and
carboxylic acids) and bond saturation (fully saturated to
polyunsaturated) and (2) the direct influence that external
variables (i.e., elemental sulfur, Cu acetylacetonate, Zn
acetylacetonate, and Sn acetylacetonate) individually have on
ligand decomposition.

In both the presence and absence of external variables, we
found that bond saturation was universally a determining factor
for decomposition, where the number of double bonds
correlated directly with ligand polymerization or pyrolysis.
When contrasting amine and carboxylic acid functional groups,
differences in decomposition were dependent on external
variables; comparatively amines formed more byproducts
(polysulfides) in the presence of elemental sulfur, whereas
carboxylic acids had produced higher concentrations of
byproducts (alkylated graphitic carbon) upon the addition of
metal precursors (i.e., during the synthesis of CZTS NPs).

Regardless of bond saturation or functional group,
decomposition was less substantial when in the absence of
precursor materials, emphasizing how ligand decomposition
during NP synthesis primarily results from external variables.
When synthesizing CZTS, CuxO, CuxS, ZnO, ZnS, SnSx, and
SnOx NPs, we additionally unveil the individual influence that
nonmetal and metal precursor selection has on in situ ligand
decomposition. Notably, the formation of alkylated graphitic
impurities was identified in the synthesis of chalcogenides
(CZTS, CuxS, and SnSx), whereas lesser decomposition was
observed when only the Cu precursor was used (CuxO), and
no decomposition occurred with only the Zn precursor (ZnO).

Decoupling variables, which lead to ligand decomposition
during NP synthesis, is an important step toward reducing or
controlling the formation of byproducts. Future studies can
focus on synthesis conditions (i.e., time, temperature),
investigating decomposition within the wide library of ligands
(e.g., thiols, hydroxyls, phosphines and phosphine oxides,
polymers, proteins), sulfur precursors (e.g., thiols, thiourea,
thiosulfates, thiolates, thiocarbamates), other chalcogenide
precursors (e.g., elemental selenium, selenium oxides, selenour-
ea, elemental tellurium, alkyl tellurides, chalcogenide-based
metal−organic precursors), and metal precursors (e.g., acetates,
nitrates, halides, carbonyls, sulfates) used in NP syn-
thesis.3,102−104

Figure 6. Raman spectra for NPs synthesized with (a, b) Cu(acac)2, (c) Zn(acac)2, and (d) SnBr2(acac)2 organometallic precursors, all labeled by
their resulting formed NPs. The peak centers of carbon-based modes are labeled and deconvoluted with Gaussian fits, if possible. Full structural
analysis of each NP (Raman and XRD) is found in supplemental Figure S8. The relative intensities are not comparable, and no background
subtraction was used CuOx spectra rather a linear background fit between 900 and 1900 cm−1 is included with the spectra.
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(92) Dodd, L. J.; Omar, Ö.; Wu, X.; Hasell, T. Investigating the Role
and Scope of Catalysts in Inverse Vulcanization. ACS Catal. 2021, 11,
4441−4455.

(93) Dziemidkiewicz, A.; Maciejewska, M. Manganese and Nickel
Acetylacetonates as Curatives for Chloroprene Rubber Based on
Heck’s Reaction. Materials 2021, 14, 807.

(94) Goetjen, T. A.; Liu, J.; Wu, Y.; Sui, J.; Zhang, X.; Hupp, J. T.;
Farha, O. K. Metal-Organic Framework (MOF) Materials as
Polymerization Catalysts: A Review and Recent Advances. Chem-
Comm. 2020, 56, 10409−10418.

(95) Cheng, F.; Zhang, X.; Mu, K.; Ma, X.; Jiao, M.; Wang, Z.;
Limpachanangkul, P.; Chalermsinsuwan, B.; Gao, Y.; Li, Y.; Chen, Z.;
Liu, L. Recent Progress of Sn-based Derivative Catalysts for
Electrochemical Reduction of CO2. Energy Technol. 2021, 9,
No. 2000799.

(96) Gawande, M. B.; Goswami, A.; Felpin, F.-X.; Asefa, T.; Huang,
X.; Silva, R.; Zou, X.; Zboril, R.; Varma, R. S. Cu and Cu-Based
Nanoparticles: Synthesis and Applications in Catalysis. Chem. Rev.
2016, 116, 3722−3811.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c03006
Chem. Mater. 2023, 35, 570−583

582

https://doi.org/10.1002/pol.20190138
https://doi.org/10.1002/pol.20190138
https://doi.org/10.1016/j.fuproc.2013.12.007
https://doi.org/10.1016/j.fuproc.2013.12.007
https://doi.org/10.1016/j.enconman.2017.07.053
https://doi.org/10.1016/j.enconman.2017.07.053
https://doi.org/10.1016/j.enconman.2017.07.053
https://doi.org/10.1021/acs.chemmater.8b04198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b04198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b04198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b03426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b03426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.astm.org/e2550-21.htm
https://www.astm.org/e2550-21.htm
https://www.astm.org/e1131-20.html
https://www.iso.org/standard/59710.html
https://www.iso.org/standard/59710.html
https://doi.org/10.1016/B978-0-12-386984-5.10001-1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-386984-5.10001-1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1366/000370203321165133
https://doi.org/10.1366/000370203321165133
https://doi.org/10.1016/j.ssc.2007.03.052
https://doi.org/10.1016/j.ssc.2007.03.052
https://doi.org/10.1016/j.ssc.2007.03.052
https://doi.org/10.1063/1.1329670
https://doi.org/10.1063/1.1329670
https://doi.org/10.1063/1.1329670
https://doi.org/10.1063/1.1329670
https://doi.org/10.1016/B978-0-444-53175-9.00016-7
https://doi.org/10.1016/B978-0-444-53175-9.00016-7?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-444-53175-9.00016-7?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep02700
https://doi.org/10.3390/coatings7100153
https://doi.org/10.3390/coatings7100153
https://doi.org/10.3390/coatings7100153
https://doi.org/10.3390/coatings7100153
https://doi.org/10.1039/c6cs00915h
https://doi.org/10.1039/c6cs00915h
https://doi.org/10.1039/c6cs00915h
https://doi.org/10.1016/j.carbon.2005.02.018
https://doi.org/10.1016/j.carbon.2005.02.018
https://doi.org/10.1039/a904529e
https://doi.org/10.1039/a904529e
https://doi.org/10.3390/nano8100864
https://doi.org/10.3390/nano8100864
https://doi.org/10.3390/nano8100864
https://doi.org/10.1016/j.optmat.2008.12.030
https://doi.org/10.1016/j.optmat.2008.12.030
https://doi.org/10.1016/j.optmat.2008.12.030
https://doi.org/10.1016/B978-0-444-64062-8.00006-1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-444-64062-8.00006-1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-816006-0.00017-7
https://doi.org/10.1016/B978-0-12-816006-0.00017-7
https://doi.org/10.1016/B978-0-12-816006-0.00017-7?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-816006-0.00017-7?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0167-9244(09)02813-3
https://doi.org/10.1016/S0167-9244(09)02813-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF01979239
https://doi.org/10.1007/BF01979239
https://doi.org/10.1039/D0RA10507D
https://doi.org/10.1039/D0RA10507D
https://doi.org/10.1002/pola.29266
https://doi.org/10.1002/pola.29266
https://doi.org/10.1002/pola.29266
https://doi.org/10.1002/ejoc.201403567
https://doi.org/10.1002/ejoc.201403567
https://doi.org/10.1002/ejoc.201403567
https://www.astm.org/e1840-96r14.html
https://www.astm.org/e1840-96r14.html
https://doi.org/10.1149/2.045308jes
https://doi.org/10.1149/2.045308jes
https://doi.org/10.1002/cphc.201500448
https://doi.org/10.1002/cphc.201500448
https://doi.org/10.1021/cm4040819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm4040819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0953-2048/26/9/095008
https://doi.org/10.1088/0953-2048/26/9/095008
https://doi.org/10.1088/0953-2048/26/9/095008
https://doi.org/10.1007/s10563-017-9239-9
https://doi.org/10.1007/s10563-017-9239-9
https://doi.org/10.1007/s10563-017-9239-9
https://doi.org/10.1038/s41467-019-08430-8
https://doi.org/10.1021/acscatal.0c05010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c05010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ma14040807
https://doi.org/10.3390/ma14040807
https://doi.org/10.3390/ma14040807
https://doi.org/10.1039/d0cc03790g
https://doi.org/10.1039/d0cc03790g
https://doi.org/10.1002/ente.202000799
https://doi.org/10.1002/ente.202000799
https://doi.org/10.1021/acs.chemrev.5b00482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(97) Ain, N. ul.; Zia-ur-Rehman; Aamir, A.; Khan, Y.; Rehman, M.;
Lin, D.-J. Catalytic and Photocatalytic Efficacy of Hexagonal CuS
Nanoplates Derived from Copper(II) Dithiocarbamate. Mater. Chem.
Phys. 2020, 242, No. 122408.

(98) Hunge, Y. M.; Yadav, A. A.; Liu, S.; Mathe, V. L. Sonochemical
Synthesis of CZTS Photocatalyst for Photocatalytic Degradation of
Phthalic Acid. Ultrason. Sonochem. 2019, 56, 284−289.

(99) Jayaraman, V. K.; Hernández-Gordillo, A.; Bizarro, M.
Importance of Precursor Type in Fabricating ZnO Thin Films for
Photocatalytic Applications. Mater. Sci. Semicond. Process 2018, 75,
36−42.

(100) Cova, C. M.; Zuliani, A.; Muñoz-Batista, M. J.; Luque, R. A
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