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HIGHLIGHTS GRAPHICAL ABSTRACT

e A chemical strategy to obtain CuS
nanoparticles.

o Dithiocarbamate ligand remains in the
nanoparticle.

e CugSs and CuS (or Cu,S) phases present

in the particles. ’\,\‘
o Discrete size distribution of Cu,S-NP. [Cu(DTC),] /\’\‘

e Cu,S-NP band gaps reflect quantum size

effect.
ARTICLE INFO ABSTRACT
Keywords: Copper sulfide nanoparticles (CuyS-NP) surface-stabilized by dithiocarbamate (DTC) molecules were obtained
Copper sulfide with controlled size and shape by a novel one-step wet chemical methodology for the chemical transformation of
Nanomaterials

a single-source precursor. The reaction of N-alkyldithiocarbamatecopper(Il) complexes with NaBH4 in ethanol
solution produces Cu,S-NP of hexyl- (NP6), dodecyl- (NP12), and octadecyl- (NP18) carbon chains. The char-
acterization of the particles was carried out by IR spectroscopy, Diffuse Reflectance Spectroscopy, Powder X-ray
Diffraction, Thermal Analyses, and Transmission Electron Microscopy. The Cu,S-NP are capped with DTC ligands
which can tune the particle size. The CuyS phases obtained are closely related to the DTC chains length since NP6
produces CugSs and CuS, NP12 yields CugSs and Cus,S, finally, CugSs and CuS are produced with NP18. In all the
cases, the particles have a quasi-spherical shape, and the length of the DTC chain controls the particle size. The
band gap of the CuyS-NP is around 3.0 eV, calculated by the Tauc baseline method, confirming their semi-
conductor nature and strong quantum confinement.
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1. Introduction

The copper sulfide nanoparticles (CuyS-NP) is a p-type semi-
conductor material that has been used as a photocatalyst in ultra-
violet-visible (UV-vis) and infrared (IR) regions [1], as a photothermal
switch against atherosclerosis [2], as antibacterial agent [3], as elec-
trocatalyst for water oxidation [4], in biomedical applications [5],
among other promising applications [6]. For achieving the desired
application, it is important to control the structure and phases of the
material by its preparation methods. The synthesis techniques of
CuyS-NP could be classified in two general ways, regarding the sources
of the copper and sulfur atoms: those with two precursors (one for
copper and one for sulfur atoms) [7-10], and those with a single-source
precursor (SSP), including both required atoms [6]. The use of a
single-source precursor is a robust approach for nanoparticle synthesis.
This approach has potential advantages: the desired atoms are in only
one molecule, air, and moisture stable, avoiding the incorporation of
impurities on the material. N, N-dialkyl dithiocarbamatecopper(Il)
complexes are often the most frequent SSP to obtain copper sulfide
nanoparticles [11-18]. Thermal decomposition of the SSP produces an
effective control of the phases, size, and structure of the CuyS-NP.
However, in all cases is necessary the addition of a passivating agent to
avoid coalescence of the obtained particle, because the dithiocarbamate
completely degrades with thermal treatment.

The use of N-alkyldithiocarbamate copper complexes in the copper
sulfide preparation is unexplored despite their similar stability and ad-
vantages than N, N-dialkyl complexes. N-alkyldithiocarbamate metal
complexes have been commonly used to obtain metal sulfides by ther-
molysis. For this procedure, cadmium sulfides [19 20 21], nickel sulfide
[22,23], iron sulfides [24], and zinc sulfide [25 .26] were obtained, even
though there are no reports for copper sulfide. The present work aims to
obtain ligand-modified metal sulfides nanoparticles, allowing better size
control and improved affinity to non-polar surfaces. In this study, we
aimed to prepare Cu,S-NP using soft conditions avoiding toxic solvents,
high temperatures, surfactants, structure-directing agents, stabilizers,
etc. It is well known that surfactants are used to control the size and
morphology of nanomaterials, as in Pt nanoparticles [27], nanosilica
powders [28], iron oxide nanoparticles [29], iron nanoclusters [30],
among other examples. For CuyS-NP, the large carbon number of alkyl
chains increases the size of CuxS nanocrystals by thermal decomposition
of dialkyldithiophosphates copper(Il) complexes [31]. The use of a
single-source precursor as an N-alkyldithiocarbamate copper complex in
a chemical strategy prompted us to develop the technique. For this
reason, N-alkyl dithiocarbamatecopper(Il) complexes with long carbon
chains were used in this work as a single-source precursor of copper
sulfide nanoparticles by the chemical reaction of sodium borohydride
with N-alkyldithiocarbamatecopper(II) complexes. Controlled size and
shape CuS-NP were obtained, with the main advantage that DTC li-
gands remain in the obtained particle. Three different lengths of carbon
chains were evaluated, to assess their impact on the size and phase of the
Cu,S particles. The semiconductor behavior was evidenced by its band
gap values (Eg), nearing the visible region, with strong quantum
confinement due to the small size of the particles.

2. Experimental section
2.1. Material and methods

All reagents were analytical grade and used without further purifi-
cation. Bis(N-hexyldithiocarbamate)copper(II) (CuD®6), Bis(N-
dodecyldithiocarbamate)copper(II) (CuD12), and Bis(N-
octadecyldithiocarbamate)copper(Il) (CuD18) were prepared by our
reported methodology [32]. The annealing treatment was performed in
a Quincy Lab 20 GC gravity convection lab oven preheated at 180 °C.
The infrared spectra (IR) were recorded on a Bruker Tensor 27 FTIR
spectrometer with an ATR accessory in the range of 4000 to 400 cm ™ *.
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The powder X-ray diffraction data were obtained in a Bruker D8
Advance diffractometer using Ni-filtered Cu-K, radiation (1 = 1.541 2’\);
tube conditions: 30 kV and 30 mA, 26: 5-80°, step size: 0.03°, step time:
32 s. The diffractograms were analyzed using the program PANalytical
X’Pert HighScore Plus (version 2.2b), which let compare with the ICDD
powder X-ray diffraction pattern database (PDF Release 2). Thermo-
grams were obtained with a Netzsch model STA 449 F3 Jupiter thermal
analyzer from 20 to 550 °C, with a heating rate of 10 °C/min, in a ni-
trogen atmosphere (purity of 99.999%). The nanoparticle morphology
and size were studied with a JEM-2100 transmission electron micro-
scope from JEOL using an accelerating voltage of 200 kV and LaBg
filament (point resolution of 2.3 A). Moreover, the crystalline structure
of the Cu,S nanoparticles was determined with a field emission trans-
mission electron microscope JEM-2010F from JEOL operated at 200 kV
of accelerating voltage (resolution of 1.9 A). One drop of each type of
CuyS nanoparticles, dispersed in 2-propanol was placed in a Cu grid
coated with carbon, and allowed to dry at room conditions to perform.
To obtain statistically consistent information on the particle size distri-
bution was employed ImageJTM software analyzed around 200 to 210
particles per histogram.

2.2. Synthesis of Cu,S nanoparticles

The synthesis of copper nanoparticles of N-hexyldithiocarbamate
(NP6) follows a general methodology: an ethanol solution of carbon
disulfide (0.9 mL, 9.3 mmol) was added to a mixture of n-hexylamine
(0.6 mL, 4.5 mmol) and NaOH (4.5 mmol) in ethanol. An ethanol so-
lution of Cu(NO3)2-2.5H20 (0.384 g, 2.25 mmol) was added to the re-
action, stirring for 60 min. The obtained yellowish powder was filtered
and dried overnight under a vacuum. The complex was suspended in
10.0 mL of ethanol, and a NaBH4 ethanolic solution (160 mg, 4.2 mmol)
was added under constant stirring. The brownish precipitate was fil-
trated in a vacuum, washed with deionized water and ethanol, and dried
at room temperature overnight. The same procedure was used for CuyS-
NP with dodecyl chain (NP12), and octadecyl chain (NP18), using N-
dodecylamine and N-octadecylamine, respectively. The annealing of the
samples was carried out in a lab drying oven preheated at 180 °C. The
samples were dried for 10 min (only 5 min for NP6, to prevent decom-
position of CuS into copper sulfate) and subsequently allowed it to cool
at room temperature in a desiccator. The annealed samples (NPT) were
identified by NP6T, NP12T, and NP18T.

3. Results and discussion
3.1. Preparation of Cu,S-NP

The dithiocarbamate stabilized Cu,S-NP were obtained through the
transformation of copper complexes CuDTC as a single molecular pre-
cursor, with a sodium borohydride (NaBH4) ethanolic solution (Scheme
1). The use of recently prepared CuDTC avoids interferences from the
copper salt precursor or the free dithiocarbamate ligand, obtaining the
particles in high quantity. The sodium borohydride was used to reduce
copper(Il) to copper(l), with the aim to control the Cu,S phase. Boro-
hydride anion reacted with the water present in the reaction media to
generate molecular hydrogen and borates. The molecular hydrogen
reduced the ion copper(Il) to copper(l), yielding the digenite phases as
the majority CuyS phase [33]. Borohydride was decomposed into basic
hydride ions[34 35], which reacted with the acid hydrogen atom H-N of
the monoalkyl dithiocarbamate to form CuS by non-oxidative C-S bond
cleavage [19]. An alkyl isothiocyanate (R-NCS in Scheme 1) was ob-
tained as a byproduct of the reaction, which was identified by the IR
spectrum (v (SCN): 2100 em™)) in the residual solution. The copper(Il)
ion acts as a desulfurization agent of DTC to obtain the alkylisothio-
cyanates [36]. The rest of the molecule produces the CuyS with DTC still
bonded by the copper atom. Therefore, the amount of borohydride is
important for obtaining copper sulfide. Three different NaBH4:CuDTC
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ratios (2:1, 4:1, and 10:1) were evaluated, for each carbon chain (NP6,
NP12, and NP18). The produced amount of NP6 keeps almost the same,
despite the different relations used. Instead, for NP12 and NP18, the
ratio 2:1 produced less amount of Cu,S nanoparticles (approx. the half)
than with ratio 4:1. It is important to note that the reaction with ratio 2:1
was not accomplished, because the obtained solid resemble the color of
the precursor complex. A greater amount of borohydride was necessary
to complete the reaction. The ratio 10:1 was not for practical applica-
tions because it generates a similar amount than ratio 4:1. The color of
NP6 and NP12 was black-browned, but NP18 proved to be a
greenish-black, possibly related to the nanometric size, as mentioned by
Wills [37] and Zhou [38].

3.2. IR characterization of Cu,S-NP

The dithiocarbamate ligand (DTC) remain bonding to the CuS after
the synthetic reaction. In the infrared spectra (IR) of NP samples (Fig. 1),
the signals at 2920, 2850, 1470, 940, and 670 cm ™! show the presence of
the dithiocarbamate ligands on the surface of Cu,S-NP. Only the NP6
spectrum shows a sharp band at 3270 cm™! for the N-H stretching vi-
bration [39 40], possible due to the number of C-H groups in respect to
NP12 and NP18. The signal around 1460 cm ™ is characteristic of the
thioureide stretching frequency C-N for the dithiocarbamate group
[41]. The peaks from the nearby 930 cm™! show the bonding mode of
the dithiocarbamate to a metal ion [32 42]. The sharp band ca. 940 cm !
demonstrates the symmetrical bidentate coordination of the dithiocar-
bamate group onto the Cu,S-NP surface [43 44]. These two bands (C-N
and C-S) change from the CuDTC complex to the Cu,S-NP as can be seen
in Table 1. The C-N and C-S bands respectively shift toward minor and
higher wavenumbers, from the coordination compound to the CuS. The
bonding order C-N decreases while the C-S increases when the nano-
particles are formed. The DTC ligand acts more like a mono-anion (b)
than a di-anion (a) ligand (Scheme 2). Therefore, the DTC ligand carries
out a lower donation of electron density to the metal center maybe
copper has more electrons due to the reduction of Cu(II) to Cu(l), as well
as the formation of copper sulfide, with a higher electron density than
the copper(Il) ion.

However, the samples do not only have DTC over the surface of Cu,S-
NPs. There are signals at 3240, 1340, 1270, 1250, 1130, 995, 820 em™?
(Fig. 1) that correspond to Tincalconite [NayB4O5(0OH)4-3H20], a
product generated by the reaction of NaBHy4. The Tincalconite is hard to
remove from the products and continues despite the various washings
with distilled water and ethanol. For NP12 and NP18 sample spectra, a
broad signal centered in 3300 cm ™! is related to surface adsorbed water,
confirmed by the weak signal at 1640 cm ™. Both are consistent with the
crystallization water of the tincalconite structure.

3.3. Powder X-ray diffraction analyses of Cu,S-NP

The powder X-ray diffraction analyses (XRD) of Cu,S-NP show a
crystalline nature of the samples (Fig. 2 — 4), mainly due to the presence
of the tincalconite phase (JPCD card 71-1536) in the first instance. The

CuDTC
1) CS,,NaOH /S
R—NH —_— R—NH—<
2) Cu(NO,), 57,

CuD6, R = C(H,,
CuD12, R = C,H,,
CuD18, R = C,H,,
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Fig. 1. IR spectra of Cu,S-NP recent synthesized NP6, NP12, and NP18.

existence of an amorphous phase in the diffractograms is notable, which
decreases in quantity as the chain grows: NP6 > NP12 > NP18. The
longer the DTC chain, the more crystallinity is generated in the sample,
probably due to weak interactions on the carbon chains. Some minor
intensity broad peaks around 30° and 50° are consistent with the CuS
phases. It is important to note that the samples were washed several
times with water and ethanol, which it is inefficient to eliminate all the
residual compounds. The copper sulfide could be associated with Cu,S
particles with nanometric size, since the diffractogram present amor-
phous baseline and the broader peaks. It was not possible to calculate the
particle sizes using the Scherrer formula due to the overlapping of the
peaks in the diffractograms. The next treatment of the samples allowing
identification of the CuyS phases (see Fig. 3).

3.4. Transmission electron microscopy of CuyS-NP

The morphological and structural characterizations of CuyS-NP were
performed with Transmission Electron Microscopy (TEM) (see Fig. 4).
From the TEM micrographs in Fig. 5, it can be observed that the pre-
cipitates are formed by nanoparticles with quasi-spherical shape.

TEM micrographs for NP6, NP12, and NP18 samples (Fig. S5A, E and
51, respectively) display a uniform size of nanoparticles, with a quasi-
sphere shape as the predominant morphology. However, the NP12
micrograph shows some ellipsoidal particles (Fig. 5E), and the NP18

Cu,S-NP

NaBH,

—> DTC—Cu,S + R—NCS

NP6, R = C;H,,
NP12, R = C,,H,,
NP18, R = C H,,

Scheme 1. General synthesis of Cu,S-NP from the dithiocarbamate copper complexes CuDTC with different carbon chain: hexyl- (NP6), dodecyl (NP12), and

octadecyl- (NP18).
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Table 1
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Principal IR signals (em ™) for the CuDTC complex (CuD6, CuD12, and CuD18) and Cu,S-NP samples as synthesized (NP6, NP12 and NP18), and before annealing

(NP6T, NP12T, and NP18T).

Vibration CuD6 NP6 NP6T CuD12 NP12 NP12T CuD18 NP18 NP18T
(C-N), 1500 1484 1499 1489 1470 1424 1500 1471 1415 sh
(CS,—Cu) , 929 930 - 929 943 - 937 941 -
(-(CH2)p) , (n > 4) 671 670 - 674 674 - 675 670 -
Note: v - stretching, p - rocking, sh - shoulder.
T T T T T T T T T T
Tincalconite

H, s H s

/N +=< -_— < IN _q _

R s R S
a b

Scheme 2. Proposed forms of donation of DTC ligands.

Tincalconite
+ CuS

g5,

Intensity (arb. u.)

15 h.l.L li!‘n|4L||h
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2 Theta (deg.)

Fig. 2. X-ray diffractograms of Cu,S-NP as synthesized (red NP6) and after
annealing (blue NP6T). Tincalconite card (JPCD 71-1536) are showed by thin
bars (black), and Cu,S phases are depicted as marks (CuS JPCD 03-0724, CugSs
JPCD 040861). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

micrograph (Fig. 5I) shows some agglomerates that could be produced
by subtle interactions of the DTC carbon chain covering the nano-
particle, since the DTC passivate the surface of the nanoparticles, pre-
venting the coalescence. From Fig. 5, it is observed that the
morphological control is maintained, towards spherical or quasi-
spherical particles, despite the size increment of the DTC carbon
chain. A longer carbon chain causes a greater average size and better
size distribution. To the other side, short carbon chains form a more
stable layer onto the particle, limiting growth in particular planes, with
less symmetrical structures. The DTC with longer carbon chains produce
nanoparticles of greater average size than shorter carbon chains
(Table 2, Fig. 5D, H, and 5L). Long-chain dithiocarbamates act as sur-
factants. In a polar solution (ethanol), they form micelles with the polar
head pointing out. N-alkydithiocarbamatecopper(II) micelles form the
nanoparticles by the reaction with sodium borohydride, influenced by
the micelle size and hence, by the length of the carbon chain. The length
of the DTC carbon chains controls the association of the fragment DTC-
CuS, forming copper sulfide particles of nanometric size covered by a
monolayer of DTC ligands [45], avoiding the bulk aggregation [40].

oCu 28
“CusSg

Intensity (arb. u.)

L .||I.| l, Ln!‘... _||.|.|I,.. |

10 20 30 40 50 60
2 Theta (deg.)

Fig. 3. X-ray diffractograms of CuS-NP as synthesized (red NP12) and after
annealing (blue NP12T). Tincalconite card (JPCD 71-1536) are showed by thin
bars (black), and Cu,S phases are depicted as marks (CuyS JPCD 02-1272,
CugSs JPCD 040861). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

I ; : . r I r : T
Tincalconite
+ CuS
"CusSg
5
£
©
~ +
z + 2
= v
3 NP18
£
e e L
10 20 30 40 50 60
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Fig. 4. X-ray diffractograms of CusS-NP as synthesized (red NP18) and after
annealing (blue NP18T). Tincalconite card (JPCD 71-1536) are showed by thin
bars (black), and Cu,S phases are depicted as marks (CuS JPCD 65-3929, CugSs
JPCD 040861). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 5. Micrographs of Cu,S-NP recent synthesized samples for NP6 (A-D), NP12 (E-H), and NP18 (I-L) samples: TEM capture under low magnification (A, E, and I),
HRTEM obtained at high magnification (B, F, and J), SAED patterns (C, G, and K), and size distribution histograms (D, H and L) for each sample.

Table 2

Average size (in A) from TEM micrographs, and band gap (Eg in eV) from Tauc
plot, for as synthesized (NP6, NP12, and NP18), and annealed (NP6T, NP12T,
and NP18T) Cu,S-NP samples.

Sample Average size @A) Eg (eV) Sample Range size A Eg (eV)
NP6 4.82 +1.03 2.95 NP6T 6-10 3.07
NP12 7.24 +2.13 2.99 NP12T ca. 15 3.01
NP18 7.54 +1.93 3.52 NP18T 20-30 2.86

However, carbon chains major than 12-carbon atoms do not allow the
assembly of more copper sulfide moiety, probably due to diffusion
phenomena.

The selected area diffraction patterns (SAED) of Cu,S-NP nano-
particles show the polycrystalline nature of the materials (Fig. 5C, G,
and 5K). The SAED pattern of NP6 sample (Fig. 5C) shows reflections
associated with the (106) and (1010) planes of the hexagonal structure
of covellite (JCPDS 03-0724), in addition to the planes (111), (202), and
(222) related to the cubic digenite (JCPDS 04-0861). In the sample
NP12 (Fig. 5G), the diffraction rings are still present with (412), (1104),
and (5102) related to the orthorhombic structure of chalcocite (JCPDS
02-1272). The SAED pattern in Fig. 5K revealed that the diffraction
rings from inner to outer could be indexed as (103), (105), (112),
(0010), (205), and (0012) reflections, corresponding to the hexagonal
structure of covellite (JCPDS 65-3929). These results confirm the results
observed in X-ray diffraction analyses (vide supra).

At this point, the main objective of the work has been accomplished.
The reaction of the N-alkyldithiocarbamatecopper(Il) complex with
NaBHj, yields copper sulfide nanoparticles with DTC ligands upon their
surface. The presence of DTC helps to control the size and morphology of
the particles, as been designed. In all the reported cases, the preparation
of the CuyS-NP form dithiocarbamatecopper(Il) complexes completely
degrades the precursor. The nanoparticles obtained need to be capped
with surfactants or amines of large carbon chains. In our methodology,
decomposition of the N-alkyl dithiocarbamate generates the Cu,S-NP
with a remaining DTC molecule surface bonded. This is the first report of
a surface-modified Cu,S-NP process using a single-source precursor in a
one-step synthesis, as far as we know. However, a subproduct (tincal-
conite) affects the purity of the sample and must be removed.

3.5. Thermal analyses of Cu,S-NP

Accordingly, the reaction of NaBH,4 produces tincalconite as an un-
desired subproduct. The solubility was the first approach to purify the
copper sulfide and remove borates. Copper sulfide is water-insoluble
and slightly soluble in HCl and NH4OH. On the other side, tincalconite
increases its solubility in dehydrated forms at temperatures higher than
50 °C [46]. Therefore, the washes with water and ethanol failed to purify
the Cu,S-NP from the tincalconite [47].

The second approach was a thermal treatment to eliminate or
decompose the tincalconite phase. Borates are thermally stable mineral
compounds up to 1000 °C, and when acquiring this temperature, boron
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evaporates. Copper sulfide melts at 1130 °C. However, DTC ligands
decompose at temperatures around 200 °C. Therefore, the elimination of
borates through a heat treatment would result in the total degradation of
the compounds forming the particles. The borates are hard to remove at
lower temperatures. However, tincalconite loses its crystallinity by
dehydration between 25 and 250 °C [48], with the first dehydration
around 149 °C [49], producing an amorphous material [50]. In this
sense, the thermal treatment of the samples has been proposed to
adequately characterize the CuyS phases using x-ray diffraction without
carrying out a more complicated process of purification of the samples.

Our Cu,S preparation is not a thermal method, therefore applying
high temperatures for the refinement of the reaction mixture would fail
its novelty. Due to the missing purification of the Cu4S phases, we sug-
gest dehydrating tincalconite by a short treatment over 100 °C. There-
fore, it would be likely to characterize the copper sulfide phases,
avoiding as far as possible the DTC molecule decomposition. To achieve
this, thermal analyses of the Cu,S-NP samples give some insights into the
annealing process.

The thermal properties of the Cu,S-NP were studied by thermogra-
vimetric analyses (TGA) and differential scan calorimetry (DSC) tech-
niques, in a nitrogen atmosphere (Fig. 6 and 7). For the NP6 sample, the
TGA analysis shows three important steps (Fig. 6). (a) The first stage is a
slight loss (<2%) at a temperature > 100 °C, due to the loss of adsorbed
solvent molecules. The DSC profile shows an endothermic peak centered
at 80 °C, corresponding to absorbed ethanol molecules, which is the
solvent used on the preparation. (b) Above 100 °C, the TGA shows
further weight loss (ca. 20%w), assigned to the dehydration of tincal-
conite (100-200 °C) [51]. The DSC curve shows two endotherm peaks
centered at 132 and 154 °C, associated with the loss of structural water
molecules of borates [52] (c) A TGA weight loss (ca. 20 %w). between
200 and 300 °C is assigned to the decomposition of the DTC molecules. A
broad DSC endotherm at 244 °C could be associated with the decom-
position of DTC molecules with different interaction modes on the
CuyS-NP surface [43,53,54].

It is important to note that the thermal profile is similar between
NP6, NP12, and NP18 samples (Fig. 7). In all the cases, the three stages
of TGA curves are present, with differences only in the weight % of the
loss, but in the same temperature range. There is a relation of the carbon
chain large with the relative amount of tincalconite and DTC molecules,
that follow the order: NP6 > NP12 > NP18. The shorter DTC carbon
chain, the higher number of borates in the CuyS-NPs, by the better
diffusion of the reactants in short carbon atoms of the DTC molecule. On
the other side, larger carbon chains produce fewer DTC molecules over
Cu,S-NPs. With the small size of the Cu,S-NPs, fewer DTC molecules
surround the nanoparticles.

Mass %
Heat flow (mW/mg)

I — T T T T T T T

T T T T T T T T
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Fig. 6. TGA and DSC analyses of NP6 and NP6T in nitrogen atmosphere.
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Fig. 7. TGA comparison of NP6, NP12 and NP18 showing the similar profile of
the thermograms.

At this point, the tincalconite can be dehydrated with a thermal
treatment at a temperature <200 °C, producing an amorphous phase
[50]. It could help us to characterize the CuyS phases in our material. It is
important to apply temperatures minor than 200 °C avoiding DTC
decomposition. For this reason, the Cu,S-NPs samples were annealed at
180 °C during only 10 min dehydrating tincalconite phase. For NP6, the
annealing should be limited to 5 min to avoid the formation of copper
sulfates from the thermal decomposition of Cu,S [55].

3.6. Annealing of the Cu,S-NP samples

Consequently, the annealing of the samples at 180 °C allows us to
identify the CuxS phases without DTC ligands loss, which prevents the
particle coalescence. Despite the annealing, DTC ligands remain in the
CuxS-NP. In the IR spectra of annealing samples (NP6T, NP12T, and
NP18T in Fig. 8), the tincalconite signals vanish or reduce their in-
tensity, but the dithiocarbamate remains, as seen by the peaks on 2910,
2850, and 1420 cm ™.

The annealing of CuyS-NP samples produces significant changes in
the PXRD. The NP6T, NP12T, and NP18T diffractograms (Figs. 2-4)
dramatically modify their crystalline shape to develop broad signals
more related to the nanoparticle presence. These facts allow us to find
the Cu,S phases of each sample because the tincalconite peaks have
vanished. The NP6T, NP12T, and NP12T samples have only two copper
sulfides phases: a digenite even in all the cases (CugSs, JCPDS 04-0861),
and a different Cu,S phase: (a) covellite (CuS, JCPDS 03-0724) for
NP6T, with higher intensity than digenite peaks, (b) chalcocite (CusS,
JCPDS 02-1272) for NP12T, in low quantity respecting digenite, and (c)
covellite (CuS, JCPDS 65-3929) for NP18T, with the same intensity of
digenite. Covellite phases on NP6T and NP18T have different structures,
probably due to a completely different preferred orientation. The
calculated crystallite size for the most intense not overlapped peaks of
each sample (Table 3) shows that the particles agree to nanometric
dimensions.

After the heat treatment, the particles remain the nanometric size
(Fig. 9). The annealing promotes the nanoparticle size increase (Table 3)
because of the decomposition of some DTC molecules. The amorphous
coating disappears: no halo can be detected on the TEM and HRTEM
micrographs as before annealed.

On the other hand, the morphology of the NP6T remains quasi-
spherical, forming some clusters without agglomeration (Fig. 8B).
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Fig. 8. IR spectra of Cu,S-NP annealed NP6T, NP12T, and NP18T samples at

180°C @ 10 min.

Table 3

Average crystallite size calculated by Scherrer formula for representative peaks

of Cu,S-NP sample.

Sample 2Theta (°) Cu,S Phase hkl Crystallite (nm)
NP6T 29.27 Cov (03-0724) (202) 11.8
46.58 Dig (04-0861) 220 7.4
47.93 Cov (03-0724) 110 10.54
52.63 Cov (03-0724) (108) 7.49
59.17 Cov (03-0724) 11e6) 7.29
Average: 8.90
NP12T 37.54 Chall (02-1272) 1104 9.7
48.15 Chall (02-1272) 1142) 4.6
54.26 Dig (04-0861) B11) 8.6
Average: 7.63
NP18T 21.54 Cov (65-3929) 004 6.18
46.09 Dig (04-0861) 220 8.96
54.49 Dig (04-0861) B11) 9.99
Average: 8.38

Ellipsoids are the predominant morphology of NP12T (Fig. 9D). The
most significant change in morphology is for NP18T: the TEM and
HRTEM micrographs (Fig. 9G and H) show a cuboctahedron
morphology, one of the most stable for CuyS nanostructures [56]. The
annealed Cu,S-NP SAED (Fig. 9C, F, and 9I) displays the polycrystalline
nature of the material. NP6T SAED (Fig. 9C) presents different diffrac-
tion rings that are related to the (004), (110), and (116) planes of the
hexagonal covellite (JCPDS 03-0724) and the (220) plane of the cubic
structure of digenite phase (JCPDS 04-0861). For the NP12T sample, the
diffraction pattern shows the single-crystalline structure of the nano-
particle, and the spots are related to the (1142) plane of the ortho-
rhombic chalcocite (Fig. 8F). The SAED pattern of NP18T (Fig. 8I) shows
the polycrystallinity of the nanoparticles obtained. The diffraction rings
correlate with the (008) and (0014) planes of the hexagonal covellite
(JCPDS 65-3929). Additionally, diffractions of planes {004} of the
covellite were observed. This phase can be related to the cuboctahedron
morphology observed in TEM micrography.

The annealing improves the thermal stability of CuyxS-NPs up to
200 °C from 98 °C, on the recent synthesized samples, as can be noticed

Materials Chemistry and Physics 269 (2021) 124743

in the TGA curve of NP6T (Fig. 6). The TGA curve shows the loss of
ethanol and structural water remanent (ca. 3 w%), which could be
related to two endotherm peaks in the DSC profile at 82, and 127 °C,
respectively (Fig. 6). DTC molecules are not eliminated with the
annealing from the Cu,S-NPs surface. The NP6T TGA curve shows a
weight loss of ca. 20% between 200 and 320 °C corresponding to the
decomposition of DTC, similar to the NP6 sample. However, the endo-
therm observed in the DSC profile is shifted toward higher temperatures
from the sample without thermal treatment (285 °C for NP6T, and
240 °C for NP6), probably due to the energy increase on the interactions
DTC-Cu,S.

3.7. The band gap of the Cu,S-NP

As a good semiconductor material, the Cu,S-NP has the energy band
gap (Eg) in the border of visible and Ultraviolet regions (Fig. 10 and
Table 2). The energy band gap was calculated by the Tauc plot using the
baseline approach [57]. Copper sulfide is considered as a direct band
gap semiconductor, as stated by Lukashev [58]. The Eg values are similar
to those reported for Cu,S materials [59,60]. It is important to note that
NP12 and NP12T show similar Eg4 values (2.99 vs. 3.01 eV). In the case of
NP6 and NP6T, there is a slight blue shift of band gap values (2.95 and
3.07 eV, respectively), which has been associated with a decrease in the
grain size [61]. Additionally, the E4 values for NP18 and NP18T (3.52 vs.
2.86 eV) have a redshift, probably due to the increase of the grain size.
The nanoparticles modified with ligands decrease their band gap [62]
and require more energy to produce h'™/e” pair. In this case, the
annealing of NP18 causes a partial loss of DTC around the nanoparticles,
improving their optical properties by reducing their band gap. In the
same sense, the length of the DTC carbon chain in NP18 could cause a
long distance between the nanoparticles that need more energy to pro-
mote the electron to the conduction band. For all our samples, the
estimated band gap energy is blue-shifted respecting the value of 1.2 eV
band gap of the bulk copper sulfide [63]. The band gap is probably
increased by the quantum size effect against the bulk copper sulfide
semiconductor. This behavior could be ascribed to the small crystallite
sizes of the nanoparticle [64,65].

4. Conclusions

Chemical decomposition of the N-alkyldithiocarbamatecopper(II)
complexes by NaBH, reaction is an efficient way to obtain copper sulfide
nanoparticles from a single-source precursor without thermal condi-
tions. The principal advantage of the strategy is that DTC molecules
remain in the CusS-NP as capping agent achieving homogeneous
morphology, furthermore the large alkyl chain of the DTC can be used to
control the size of the particles. The obtained Cu,S-NPs have two phases:
a digenite (CugSs) in all cases, and chalcocite (CuyS) or covellite (CuS)
depending on the chain length used. The band gap of the CuyS-NP in the
border of visible and UV regions confirms the semiconductor nature of
the materials and strong quantum confinement. However, the use of
borohydride ions produces an undesirable byproduct (tincalconite) hard
to eliminate. In this sense, new research is under study. This new syn-
thetic approach has the potential to obtain metal sulfide nanoparticles
with DTC molecules around particle surface, which increase the poten-
tial applications of the CuyS nanoparticles in composites, monolayers, or
nanofluids.
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