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Cubic Cuy4S nanoparticles were synthesized on a large scale
by laser ablation of salt powder dispersed in organic solvent.
Metastable Cu;,4S phase formed under high temperature in
reductive solvent and retained to room temperature due to
the quenching effect of the pulsed laser. The cubic Cuy,S
nanoparticles show good stability after being exposed to
ambient atmosphere for as long as 1 month.

Copper sulfides (Cu,S, 1<x<2), including several compounds with
varied stoichiometries, e.g. Cu,S (chalcocite), Cu;q;S (djurleite),
Cu, S (digenite), Cu, 4S (anilite) and CuS (covellite), are promising
for the application in thin film solar cells owing to their ideal band
gaps, high absorption coefficient, nontoxicity, and elemental
abundance.! Indeed, solar cells based on Cu,S reached an efficiency
as high as 10% in the early 1980s, however, the devices degraded
remarkably in performance over a period of a few weeks due to the
instability of the Cu,S materials,” which has long been a bottleneck
for the practical application of Cu,S materials.’ The theoretical
calculation indicates that the instability arises from their high heat of
formation. Particularly, the cubic structure possesses the highest heat
of formation among all of Cu,S phases.* Therefore, it remains a big
challenge to produce stable cubic Cu,S materials.’

The technique of laser ablation in liquid (LAL), which employs
intensive pulsed laser to irradiate solid target immersed in liquid, is
well known for its facile and green synthesis of nanostructures.®
More intriguingly, LAL can generate extremely high temperature
and pressure, following with a quenching process which may
stabilize the high-temperature phases.” Common LAL technique
adopts metal or compound as targets. Because of the high boiling
points of metal or compound targets, a majority of laser energy is
consumed on heating target, thus the yield rate of LAL is very
limited." In comparison, ionic salt targets own lower boiling points
due to the weak ionic bonds, which extremely facilitates the scalable
synthesis. However, only few works deal with salt targets (e.g.
NiCl,, perovskites and organic-metal salts). '* %,

Herein, we employed a salt target, copper acetylacetonate
(Cu(acac),) powder, and dimethyl trisulfide (DMTS) for LAL
synthesis of Cu,S materials. We found that the LAL can create a
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reductive environment making for Cu;,4S nanoparticles. Especially,
the fierce synthetic conditions (high temperature, high pressure and
high cooling rate) result in an unusual cubic phase with long-term
stability, which is very crucial for solar cell application. Moreover,
our process displays several advantages, namely, the utilization of
salt target helps raise production; the superfast reaction rate and the
quenching effect depress the possible oxidation by ambient gas, in
favour of the production of pure Cu,4S nanoparticles; the synthesis
proceeds under ambient conditions, thus being simpler and greener
than conventional synthetic routes.'?

As shown in Figure la, the product from salt target displays a
deep black colour, while that obtained by using metal target and the
same laser parameters exhibits a light brown colour, implying that
the salt target is advantageous on the scalable synthesis. Such a
speculation is confirmed by SEM image shown in Figure 1b, where
massive aggregates of nanoparticle are found in the product of salt
target. TEM image presents uniform nanoparticles with a size
distribution of 8.4+1.1 nm (Figure 1c and Figure S1 in supporting
information). The dispersion of nanoparticles depends on the dosage
of oleic acid (OA), and well dispersed nanoparticles can be achieved
at a proper amount of OA (see Figure S2 in supporting information).
The selected area electron diffraction (SAED) pattern inserted in
Figure 1c accords with a face-centred cubic phase, being consistent
with the XRD result shown in Figure 1d. Compared with standard
cubic digenite (Cu;gS, JCPDS 24-0061), the diffraction peaks shift
slightly toward high angle direction by 0.8°, indicating a relative
decrease of the lattice parameters. High resolution TEM (HRTEM)
image in the lower inset of Figure 1c presents lattice fringes with a
spacing of 0.275 nm, corresponding to (111) planes of cubic
structure. The composition information are obtained by XPS and
EDS analysis (Figures 1e and 1f).The intensive peaks in XPS profile
at 931.9 and 951.9 eV are assigned to Cu 2p;,, and Cu 2p1/2 of Cu®',
ions ° while those at 933 and 953 eV correspond to Cu 2p3/2 and Cu
2p1/2 of Cu" ions, respectively.'® The Cu*/Cu®" ratio are calculated
to be 1.5, hence the formula of Cu,S is written as 0.75Cu,S * CuS.
After normalizes the number of S atoms to 1, the final value X is
calculated to be 1.42, which is accurately close to theoretical value
1.4, indicating a composition of Cu;4S (anilite). Moreover, the
quantitive EDS analysis gives a Cu/S ratio of 1.35, which is close to
the stoichiometric ratio of Cu, 4S.
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Figure 1. Characterization on the products. (a) Optical images of
the products from salt and metal targets, respectively, via laser
ablation. (b) SEM, (c) TEM image, (d) XRD pattern, (e) XPS
spectrum, and (f) EDS profile of the product by laser ablation of Cu
(acac), powder, top and bottom insets in (c) are corresponding
SAED pattern and HRTEM image (scale bar represents 2 nm).

To identify the uniqueness of LAL on the synthesis of metastable
cubic anilite, we performed the solvothermal synthesis by adopting
the same precursors for laser ablation. The solution of Cu(acac), and
DMTS was heated to 473 K and the temperature was held for 1 hour.
The product shows several features distinct from Cuy4S
nanoparticles via LAL. First, the product presents an urchin-like
morphology at submicron scale (Figure S3a) with single-crystal
branches (Figure S3b). Second, the SEAD pattern (Figure S3c) and
XRD profile (Figure S3d) are accurately indexed as hexagonal
structure (JCPDS06-0464). Third, quantitive EDS analysis tells that
the Cu: S ratio is closely 1:1, confirming the formation of CuS.
These results indicate that wet-chemistry route gives rise to CuS
urchins instead of Cu, 4S nanoparticles.

Since LAL process generates more reductive Cu' ions in Cu, 4S
which is absent in the product (CuS) by solvothermal synthesis, we
then supposed that LAL creates a unique reductive environment. To
testify this hypothesis, CuS nanoparticles were dispersed into
organic solvents (ethanol and acetone) and irradiated by the laser.
XRD patterns clearly illustrate a phase transformation from
hexagonal to cubic structure under laser irradiation in different
organic solvents (Figure 2). On the other hand, the wet lead acetate
testing paper became black when it was put on the opening of the
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Figure 2. XRD patterns of the products by laser ablation CuS in
ethanol and ecetone.

cuvette, suggesting the production of H,S gas (see Figure S4 in
supporting information). In contrast, CuS phase kept intact after
being heated in ethanol at 473K for 1 hour (see Figure S5 in
supporting information). The above results suggest that LAL
possesses special capability on the reduction and dissociation of
CuS.

On the basis of the above, we propose a possible mechanism for
the formation of Cu;4S nanoparticles in LAL process (Figure 3).
First, Cu(acac), powder can absorb the laser light efficiently (see
Figure S5 in supporting information), be heated to a high
temperature, and broken into Cu** and acac™ ions (Figure 3a).
Meanwhile, the surrounding solution is heated up rapidly, which
causes the vaporization of organic solvent and the decomposition of
DMTS into fragments including S* ions. In the high-temperature
bubble, Cu®" ions are partially reduced to Cu” ions by the solvent
(e.g. ethanol) molecules. !' Meanwhile, Cu®’, Cu” and S* ions react
rapidly to generate Cu;4S nanoparticles with the lowest heat of
formation among various cubic Cu,S materials (Figure 3c).*
Afterwards, the surrounding liquid medium quenches the hot cubic
Cu,4S nanoparticles to room temperature, and depresses phase
separation into Dg and S (or Cv) phases (Figure 3d). Moreover,
because the salt target is very easy to be dissociated, it can supply
massive Cu®* ions which motivate a violent reaction and produce a
large amount of Cu 4S nanoparticles.
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Figure 3. Phase diagram of Cu-S system.
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Figure 4. Characterization on the long-term stability of Cu;,S
nanoparticles. (a) XRD patterns of the sample stored in atmosphere
for a month. (b) Enlarged area of (220) diffraction peak. (¢) UV-Vis
absorption spectra. (d) Raman spectra.

The above laser synthesis is not limited to the reaction between
Cu(acac), and DMTS, and can be extended to other systems. We
employed copper acetate (Cu(ac),) and thioacetamide (TAA) as
cooper and sulfur sources, respectively. Similarly, Cu(ac), powder
exhibit high absorption capability at 532 nm (Figure S5 in
supporting information), thus Cu, 4S nanoparticles were obtained as
well after the solution was irradiated by 532 nm laser (Figure S7).
On the other hand, the solvothermal synthesis by using Cu(ac), and
TAA as precursors gave rise to hexagonal CuS nanoparticles (see
Figure S7). These results are same with that of Cu(acac),-DMTS
system, signifying that the laser synthesis can generate metastable
phase which is hardly obtained by common solvothermal synthesis.

Finally, we tracked the long-term stability of cubic Cu,;4S
nanoparticles by using XRD, absorption and Raman analyses. As
shown in Figure 4a, no obvious change was found in XRD patterns
after the sample was stored in ambient circumstance for a month
(Figures 4a and 4b). In absorption spectra, Cu,S materials possess a
localized surface plasmon resonance (LSPR) at near infrared
spectrum,'? and the square of peak intensity is proportional to the
hole concentration and composition change.”> The LSPR peak of
Cu, 4S nanoparticles around 1370 nm and its intensity keeps stable
after one-month exposure to air (Figure 4c). The band shift in Raman
spectrum can reflect the structural or compositional change of Cu,S.
As shown in Figure 4d, the Raman spectra show an intensive peak at
467.4 cm™, followed with a weak one at 260.8 cm™, according with
the wavenumbers of Cu,S (1.12<x<1.8) reported by R. Nagarajan et
al."* Raman peaks keeps intact during the storage as well (Figure
4d). All of the above results jointly demonstrate the high stability of
Cu, 4S nanoparticles.
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