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Copper sulfide (Cu,,S) is a kind of cation deficient transition metal sulfide, which has attracted great inter-
est due to its unique properties that arise from degenerate vacancy-doping, particularly its tunable local-
ized surface plasmon resonance (LSPR) properties. In this work, a range of vacancy-doped Cu,_,S nano-
crystals (NCs) (Cuy,S, Cuy4S, Cui7sS, and Cupg4S NCs) with a size of around 10 nm was prepared with
tunable LSPR through a hot injection method. The doping level was manipulated effectively by varying the
injection volume of sulfur powder-oleic acid (S-OA) to finely tune the LSPR wavelength. Cu,_,S NCs with
four different doping levels were investigated as photocatalysts for degradation of dyes. The Cuj94S NCs
with the highest LSPR energy exhibited the best photocatalytic activity due to the highest free carrier den-
sity, presumably influenced by Cu vacancies and the volume of the S-OA solution. Theoretical calculations
of the free carrier density of Cu,_,S NCs are consistent with the order of the photocatalytic activity. The re-
sults demonstrate that the correlation of the photocatalytic activity with the corresponding concentration
of free holes and the LSPR wavelength is of interest, which will provide inspiration for the design of non-
noble metal catalysts by regulating the free hole concentration in degenerate p-doped Cu,_,S caused by
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Introduction

Copper chalcogenide Cu,_,E (E = S, Se or Te and x from 1 to
2) nanomaterials have attracted great interest and have been
considered as potential materials for application in photo-
catalysis," photothermal therapy,>* photovoltaics,” sensing,’
optical filters, superionic materials'™ and nanoplasmonics.®™
They have been found to show localized surface plasmon res-
onance (LSPR) behavior which was only reported in noble
metals like Au, Ag and Cu nanomaterials previously. LSPR is
the collective oscillation of free holes caused by copper defi-
ciency.” The resonance between the charge carrier oscillation
and the incident light frequency produces a strong extinction
band at the near infrared (NIR) wavelength. The peak LSPR
extinction wavelength in the copper chalcogenide nanocrystal
(NC) depends on the concentration of free holes directly re-
lated to the stoichiometry of the NC. By varying the Cu stoi-
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chiometry of the nanostructures, the LSPR excited wavelength
is tunable within the infrared range.*'°

In recent years, considerable attention has been paid to
the environmental problem of organic pollutants in water.
Among them, dyes constitute a large family and are a major
threat to water pollution.” Photocatalysis, especially with
semiconductor materials as photocatalysts, has proved to be
an effective technology to degrade organic contaminants and
has received considerable attention.'*™® Cu,_,S nano-
materials display a bulk bandgap of 1.1-1.4 eV, varying with
different stoichiometries of Cu to S.'° Therefore, Cu,_,S semi-
conductors are often used as photocatalysts because of their
narrow bandgap. It has been reported in many studies that
morphologically different Cu,_,S microstructures could be
utilized as photocatalysts to destroy or decompose organic
pollutants in water.""”° Notably, copper sulphide nano-
materials, with non-toxic, inexpensive, stable and excellent
catalytic properties, would be ideal to use in purification
techniques.®

However, to the best of our knowledge, the photocatalytic
activity of vacancy-doped Cu,-,S at the nanoscale, especially
nanoparticles with a diameter below 20 nm have not yet been
explored. Cu,-,S catalysts at the nanoscale are superior with
a high specific surface area, resulting in more reactive sites
and more unsaturated surface coordination sites exposed to
the reactants.”’ Besides, it is feasible to regulate the carrier
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concentrations through controlling the Cu/S feed ratio.>” Cat-
alysts with a high specific surface area can provide abundant
active sites for the adsorption of reactant molecules, which
renders the catalytic process more efficient.> The modula-
tion from the micron level to the nanometer level of copper
sulfide photocatalysts needs to be carried out, which will pro-
vide the possibility for the scale span of photocatalysts in the
future. Besides, since LSPR depends on the carrier concentra-
tion of NCs, it can be reasonably assumed that the catalytic
activity of NCs is related to their LSPR properties. Herein, a
series of Cu,_,S NCs with different sizes have been prepared
to investigate the photocatalytic behavior.

In this work, a series of monodisperse Cu,_,S NCs (Cu, ,S,
Cu, 4S, Cu, 758, Cu, 04S) have been successfully obtained with
tunable LSPR through a hot-injection approach. The synthe-
sis is tunable to optimize the photocatalytic properties of the
NCs through varying the injection volume of sulfur powder-
oleic acid (S-OA). The band structures of various possible
crystal phases of Cu,.S exhibit stoichiometry-dependent
Fermi levels and bandgaps. During the synthesis of Cu,_.S
NCs, we pay attention to the inherent correlations among ele-
mental composition, morphology, and optical properties. The
LSPR energy is strongly influenced by the injection volume of
sulfur powder-oleic acid (S-OA) used during the hot injec-
tion. In this study, photocatalytic degradation of methyl or-
ange (MO) and rhodamine B (RhB) was carried out with four
kinds of Cu,_,S NCs as photocatalysts under UV light irradia-
tion. As a result, we found that the photocatalytic activity
could be regulated by monitoring the x value of Cu,_,S NCs
on account of tunable carrier concentrations.

Experimental section

Materials and methods

Copper(i) chloride (CuCl, 99.95%), oleylamine (OM, 95%) and
oleic acid (OA, AR) were purchased from Aladdin Reagent
Company. Sulfur powder (S, 99.5%) was purchased from
Sigma Aldrich. Methyl orange (AR, denoted as MO), rhoda-
mine B (AR, denoted as RhB) were purchased from Tianjin
Yuanli Chemical Technology Co. Ltd. The solvents used in all
experiments or tests, including ethanol, trichloroethylene
(TCE, refractive index (R = 14 767)), chloroform (R = 1.4458),
hexane (R = 1.375), cyclohexane (R = 1.4264) and toluene (R =
1.4969) were obtained from Tianjin Chemical Reagent, China.
Water throughout all experiments was obtained via a Milli-Q
water system. All of the chemicals were used as received with-
out further purification.

Synthesis of Cu,_,S NCs

Cu,_,S NCs were prepared using a modified procedure de-
scribed by Zhu et al.>* For a typical synthetic reaction, air-free
conditions accomplished by a standard Schlenk-line tech-
nique is necessary for all procedures carried out in this work.
The S-OA precursor solution was prepared by dissolving
0.128 g (4 mmol) of S powder to 24 mL of OA in a 50 mL
three-neck flask, and then the mixture was heated to 120 °C.
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At the same time, the Cu-OM precursor solution was pre-
pared by adding 0.396 g (4 mmol) CuCl to 40 mL of OM in a
100 mL four-neck flask, and then the mixture was heated to
190 °C to obtain a yellow clear solution. Afterwards, the resul-
tant clear yellow solution was cooled to 120 °C, followed by
the quick injection of the S-OA solution into the Cu-OM so-
lution. With the color of the solution changing to black from
yellow, Cu,_,S NCs were formed. Subsequently, the reaction
temperature was kept at 120 °C for 5 min to ensure that the
growth conditions of Cu,_,S NCs could be satisfied. After the
reaction completed, the mixture was cooled to room tempera-
ture by placing the four-neck flask in cool water. After adding
excess ethanol into the solution and centrifugation at 6000
rpm for 10 min, the sediment of NCs was obtained. Chloro-
form was used to redisperse the precipitate, followed by
adding excess ethanol and centrifuging at 6000 rpm for an-
other 5 min. The above experimental procedure was repeated
three times to obtain pure NCs. Finally, the as-obtained NCs
were dried in a vacuum or dispersed in TCE for further char-
acterization. Different volumes (21, 17, 14 and 12 mL) of the
S-OA solution were injected into the Cu-OM solution to form
Cu, ,S, Cuy 4S, Cuy 75S and Cuy o4S NCs, respectively.

Photocatalytic activity measurement of Cu,_,S NCs

The photocatalytic performance of the Cu,,S NCs was
mainly measured by degrading MO and RhB solutions. The
concentration of all degradation product solutions was 10 mg
L™". A 500 W high-pressure mercury lamp was used to gener-
ate UV light. All experiments were carried out at a tempera-
ture of 25 + 2 °C. Typically, a 3 x 10~ mmol Cu,_.S (about 50
mg Cu, o,S) catalyst was added into 100 ml of aqueous solu-
tion under ultrasonic irradiation to form a suspension, which
was then magnetically stirred in the dark for 60 min to estab-
lish the adsorption-desorption equilibrium. The solution was
collected after the light illumination every 20 min. Then the
substrate concentrations were tested using a UV-vis spectro-
photometer at corresponding wavelengths.

Characterization

Transmission electron microscopy (TEM). TEM samples
were prepared by ultrasonic dispersion of the Cu,-,S NCs in
TCE. The suspension was then drop-cast onto carbon-coated
copper grids and dried in air. TEM tests were carried out
using a JEM-2100F transmission electron microscope with an
acceleration voltage of 100 kV. High-resolution transmission
electron microscopy (HRTEM) images were obtained on a
JEM-2100F at an acceleration voltage of 200 kV.

X-ray diffraction (XRD). The XRD patterns of the prepared
Cu,,S NCs were obtained from a Rigaku D/max 2500V/PC
X-ray diffractometer (Cu Ko, 40 kV, 200 mA).

UV-vis-NIR absorption. UV-vis-NIR spectroscopy (Lambda
750) was used to characterize the surface plasmon resonance
peaks of the Cu,-,S products. For LSPR measurements, the
Cu,-,S NCs were dispersed in TCE and NIR transmission was
obtained in the range of 500 to 2200 nm.
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Zeta potential. The zeta potential was measured with a
Malvern Zeta sizer.

UV-vis absorption. A UV-vis spectrophotometer (U-3010,
Hitachi) was used to characterize the UV-vis absorption spec-
tra of photocatalytic degradation of the product and Cu,-,S
NCs (200-1000 nm). A quartz cuvette with a 0.5 cm path
length was used for all UV-vis experiments.

Results and discussion

Morphological, structural, and optical analyses of the Cu,_,S
nanostructures

In this work, four kinds of high dispersive Cu,_,S NCs were
synthesized through a hot injection method. Compared to
previous reports, we greatly shorten the reaction time from 2
hours to 5 min, and the size distribution of NCs is
narrowed.””> TEM techniques were adopted to characterize
the size and morphology of the as-obtained Cu,_,S NCs.
Fig. 1a-d show the TEM images of Cu, ,S, Cu, 4S, Cu; ;5S and
Cuy.04S NCs, respectively, obtained by varying the injection
volumes (21, 17, 14 and 12 mL) of the S-OA solution with an
injection temperature of 120 °C. As shown in Fig. 1la-c, the
Cu,,S product exhibits a hexagonal disk shape, some of
which exhibit a face-to-face assembly behavior.>*** The aver-
age size and thickness of the Cu, ,S nanodisks are measured
to be 10.3 + 1.8 nm and 5.9 + 0.6 nm by statistically evaluat-
ing 100 particles, respectively, without any size sorting or
post-preparation fractionation (Fig. 1a). Upon further de-
creasing the injection volumes to 17 and 14 mL, no obvious
change is observed in the morphology (Fig. 1b and c¢). When
the injection volume decreases to 12 mlL, the hexagonal
shape disappears and the as-prepared Cu, ¢,S NCs are mainly
in a spherical morphology and the average diameter is 7.7 +
0.5 nm (Fig. 1d). The corresponding HRTEM images of Cu,_,-
S NCs are shown in Fig. 1. Due to the rearrangement of Cu
and S atoms, phase changes may result in dimensional and

Fig. 1 TEM images of Cu,.S nanostructures: (a) Cuy S, (b) Cuy4S, (c)
Cuy75S, (d) Cujpg4S NCs. Insets: Higher magnification of individual
Cu,,S NCs and the scale bar in the insets corresponds to 5 nm.
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morphological changes. Different crystal facets lead to the
change in surface energy, affecting the nucleation and growth
speed.>>?¢

The XRD technique was used to study the crystal structure
of Cuy,S, Cuy,4S, Cu,-5S, and Cu;¢,S NCs, as shown in
Fig. 2a. When injecting 21 mL of the S-OA solution into the
Cu-OM solution, four strong characteristic diffraction peaks
are observed in the XRD patterns, which can be indexed to
the (1 0 2), (1 0 3), (0 0 6) and (1 1 0) planes of covellite
(JCPDS no. 06-0464), confirming the formation of a hexago-
nal Cu,;,S phase. As the injection volume decreased to 17
mL, there is a strong diffraction peak located at 26 = 38° and
the broadening of the diffraction peak appears in the range
of 26 = 46-50° (Fig. 2b), which suggests that the crystal phase
transforms to roxbyite. Further decreasing the injection vol-
ume of the S-OA solution to 14 mL, a relatively strong diffrac-
tion peak at 26 = 46.71° and a relatively weak peak at 26 =
48.71° are observed in the XRD patterns (Fig. 2b), which are
assigned to the (0 16 0) and (8 8 6) planes of the roxbyite
Cu,S, phase (JCPDS no. 23-0958). This reveals that the crystal
phase transforms from the covellite to the roxbyite phase
with the decrease of S. Compared to the XRD peaks of
Cu, 75S NCs, the intensity of the diffraction peak at 26 =
48.71° of Cuy.04S NCs becomes stronger. This peak together
with other diffraction peaks match well with that of Cuz;S;i6
of the djurleite phase (JCPDS no. 23-0959). In this way, we
can easily manipulate the doping level of the Cu,_,S NCs by
varying the amount of the S-OA precursor solution.

The free holes in the p-doped semiconductor NC generate
a strong LSPR. The LSPR energy, which is influenced by the
copper content, directly depends on the free -carrier
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Fig. 2 (a) XRD patterns of a series of Cu,.,S nanostructures and the
bottom vertical lines are the standard diffraction peaks of hexagonal
CuS (covellite, JCPDS no. 06-0464), monoclinic Cu;S; (roxbyite,
JCPDS no. 23-0958) and monoclinic Cus;S;¢ (djurleite, JCPDS no. 23-
0959). (b) The corresponding XRD patterns in the 26 angle range from
46° to 50°. (c) NIR LSPR absorption spectra of four Cu,.,S
nanostructures (in TCE). (d) Dependence of the LSPR absorbance peak
wavelength on the solvent refractive index for Cuj 94S NCs.
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concentration. The LSPR in Cu,-,S was measured by UV-vis-
NIR absorption spectroscopy. Fig. 2¢ shows the LSPR absorp-
tion spectra of four kinds of Cu,_,S products, dispersed in
TCE. For the covellite Cu, ,S NCs, a well-defined NIR absorp-
tion peak at 1270 nm is observed in Fig. 2c. While with the
decrease of S percentage to form Cu, 4S NCs, the peak shows
a red shift from 1270 to 1350 nm. The red shift is mainly be-
cause the crystal phase change from covellite to roxbyite.
With the further decreased injection volume to form Cu, ;5S
and Cu, ¢4S NCs, there is a blue shift of the LSPR wavelength
from 1690 nm to 1660 nm. This is caused by a combined in-
fluence of phase transformation and copper vacancy which
together caused the variation of the carrier concentration.
Here, we found that the LSPR in these Cu,_,S NCs is tunable
by simply changing the injection amount of the S-OA solu-
tion during the synthesis of copper sulfide NCs. To confirm
that the observed absorbance came from LSPR, we character-
ized its dependence on the refractive index of the surround-
ings environment of the NCs. The NIR absorbance gradually
red shifts with increasing refractive index of the solvent in
which Cu, o4S was dispersed (Fig. 5d). The peak of the LSPR
absorbance red shifted 70 nm from R = 1.375 (hexane) to R =
1.4969 (toluene). As the refractive index of the solvent in-
creases, this red-shift in the NIR absorbance is the hallmark
behavior of LSPR. The resonance in polarizability of the NC
is associated with the surrounding environment and the rela-
tive dielectric constants of the NC.>"*®

In order to further clarify the composition and valence
state of Cu and S in the obtained products of different Cu,-,S
NCs, XPS analysis was performed. Fig. 3 shows the high-
resolution XPS spectra of Cu 2p and S 2p of the products syn-
thesized by using S-OA solution volumes of 21 and 12 mL.
Cu 2p,, and Cu 2p3), corresponding to two binding energy
peaks at 952.4 and 932.6 eV are observed in the Cu 2p spec-
tra, respectively. It is worth noting that, as the injection vol-
ume of the S-OA solution decreases from 21 to 12 mL, the
intensity of the satellite peak becomes weaker. Compared to
the Cu 2p spectra, the S 2p spectra undergo an obvious
change from Cu,,S to Cu,o4S (Fig. 3b). There are disulfide
bonds in covellite CuS to balance the charge and maintain
the stability in the unit cell.>*®*® As shown in the
deconvolution of the S element in Fig. S1,f there are two
main doublets, sulfide (S 2p;/, at a BE of 161.5 eV and S 2py,,
at a BE of 162.7 eV) and disulfide (S 2ps/, at a BE of 162.3 eV

Cu2p;,

Cu2pp

Intensity/ a.u.
Intensity/ a.u.

960 955 950 945 940 935 930 166 164 162 160 158
Binding energy/eV Binding energy/eV

Fig. 3 XPS spectra of the Cu,_,S NCs synthesized by using different
volumes of the S-OA solution: (a) Cu 2p and (b) S 2p.
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Fig. 4 UV-visible spectra change of (a and b) RhB, (c and d) MO with
Cuy,S and Cu;94S NCs as photocatalysts under UV irradiation,
respectively.

and S 2p,, at a BE of 163.5 eV) in Cu, ,S. For each doublet, a
spin-orbit splitting of 1.2 eV and an S 2p;/, S 2p,/, branching
ratio of 2 were used. The ratio of the disulfide area and sul-
fide area was 2.4 : 1, approximately consistent with pure covel-
lite. The disulphide content decreased in Cu;.o4S sharply,
which should be zero theoretically. The peak moved from
162.3 and 163.5 eV (sulphide) to 161.5 and 162.7 eV (di-
sulphide) separately, indicating that the Cu-S bond increases
from the covellite to djurleite phase.*®

Photocatalytic activities of Cu,_,S NCs

Many studies have reported that Cu,_,S microstructures with
different morphologies have been used as photocatalysts to
degrade organic pollutants in water.""**2°*! As we know, the
photodegradation of dyes depends on the adsorption of dyes
over the catalyst, and the larger the surface area of the cata-
lyst, the higher the adsorption. There is no doubt that the
specific surface area depends on the size of the NCs i.e. the
smaller the size, the larger the specific surface area. With
these facts in mind, these four kinds of photocatalysts are
designed with gradually decreased sizes, and their photocata-
lytic activity in decomposing different organic dyes are moni-
tored. The characteristic absorption peaks of organic dye
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Fig. 5 Photocatalytic activities of Cu,_,S for RhB (a) and MO (b)
photodegradation under UV irradiation.
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molecules were used to monitor the degradation of dyes with
the extension of irradiation time. The absorbance peak inten-
sity gradually decreases at the corresponding wavelength of
dyes with the irradiation time, indicating the degradation of
dye molecules.

In order to verify the photocatalytic properties, four differ-
ent vacancy-doped NCs (Cuy,S, Cuy4S Cuy;5S and Cuy.o4S
NCs) were used as photocatalysts to degrade two kinds of or-
ganic dyes. Fig. 4a shows the UV-vis absorption spectra of a
series of RhB solutions after being treated with Cu;,S NCs
with different irradiation times. In the case of RhB, which is
a cationic dye and possesses an active positive nitrogen cen-
ter, the intense peak at 554 nm is used to observe the overall
degradation efficiency. It can be clearly seen that the inten-
sity of the absorption peaks of RhB molecules weaken gradu-
ally and disappeared with extending the illumination time
and 57% of the dye molecules were degraded with the expo-
sure time of 120 min under UV light. Compared to Cu,,S
NCs, almost 80% degradation of RhB was achieved by Cu; o4S
NCs in the first 20 min and continued degradation later, be-
cause initially quite a lot of active coordination sites are avail-
able for adsorption of dye molecules. Meanwhile after 120
min, the number of sites decreased. Finally, overall 95% of
dyes were degraded (Fig. 4b). In the case of MO, which is an
anionic dye, the intense peak at 455 nm was chosen to moni-
tor the photocatalytic activity. The photocatalytic degradation
efficiency of Cu, 4S NCs has reached 60% in the first 20 min
though the rate slows down after (Fig. 4d). However, only
15% of dye degradation was observed in the presence of
Cu, ,S NCs within the irradiation time of 120 min (Fig. 4c).

From the results above, we found that Cu; ¢,S NCs have a
stronger adsorption and degradation capacity of dyes com-
pared to Cu, ,S NCs. This indicates that the nature of the ac-
tive site has changed due to an increase in copper deficiency.
Since the morphology and size of the two samples were al-
most identical, the catalytic activity measured with Cuy 94S
NCs was greatly increased due to their significantly higher
free hole concentration. In addition, the photocatalytic degra-
dation efficiency for RhB solutions is better than that for the
MO dye. Beyond that, the UV visible absorption of dyes de-
graded with other Cu,_,S NCs is shown in Fig. S2.f We can
see that Cu;4S and Cu;,5S NCs also have more favorable
photocatalytic activities for degrading RhB compared to those
for the MO dye. According to the comprehensive experimen-
tal results, it can be concluded that: 1. the degradation pro-
cess is quite fast for cationic dyes, like RhB, but quite slow
for anionic dyes, like MO. 2. The order of NC adsorption ca-
pacity is about Cu;.04S = Cuy 755 > Cuy4S = Cu,,S, whose
reason will be elucidated in detail later.

The photocatalytic degradation rate of RhB and MO over
four photocatalysts is shown in Fig. 5a and b. For example,
the degradation efficiency of RhB in the cases of Cu, o4S and
Cu, 55S achieves 75% after an irradiation time of 20 min, but
Cu, 4S and Cu; ,S only reach about 40%, suggesting that the
former materials have more excellent photocatalytic efficiency
than the latter NCs for the degradation of RhB, and this effi-
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ciency is related to their surface areas. The same experimen-
tal result appears in MO (in the cases of Cu, ¢,S and Cu, ;55
achieving 65% and 50%, respectively, and Cuy 4S and Cu,,S
only reach about 10% after an irradiation time of 20 min). It
is generally believed that the photocatalytic process is mainly
related to the adsorption and desorption of the catalyst sur-
face. A high specific surface area in the case of nano-
photocatalysts is of principal concern for effective degrada-
tion, which results in more unsaturated surface coordination
sites exposed to the reactants. The order of sizes is Cu;.94S <
Cu; 758 < Cuy4S < Cuy,S, with the opposite specific surface
area order, leading to the adsorption capacity of dyes as
Cuq.04S > Cuy 755 > Cuy4S = Cuy,S.

It should be noted that when RhB was substituted by MO
(Fig. 5a and 4b), Cu,-,S NCs showed quite poor catalytic ac-
tivities, resulting in a low degradation of MO. For instance,
the photocatalytic efficiencies of RhB and MO in the case of
Cu, ,S are 70% and 18%, respectively, after being irradiated
for 120 min. This may be explained by the fact that RhB is a
kind of cationic dye,"*>7** but MO is an anionic dye,"**>°
and the former exhibits a higher affinity for the surface of
Cu,-,S with negative charges. Therefore, the Cu,_,S NC cata-
lysts can bring about a significant selective degradation of
these two kinds of dyes. Herein, we will attempt to give a
possible interpretation of the photocatalytic degradation of
dyes in the presence of the Cu,-,S NCs. It is demonstrated
by other reports that the surface of Cu,_,S has negative
charges. As shown in Fig. 5a, the cationic dye, RhB, could
initially be efficiently adsorbed onto the surface of the Cu,_,S
NCs, especially, Cu; o,S NCs with a high specific surface area,
in a dark environment after being fully mixed. The spontane-
ous adsorption process might be attributed to an ion-dipole
interaction between the localized negative charges of the sul-
fur ions ($°) on the Cu,.S surface and the N* atoms with
the RhB molecules.?”® In addition, the electrostatic field in
the negatively charged catalyst particles enables the storage
of more cationic reactant molecules. The surface possibly
has a negative charge, OH", the transformation of surface
bound oxygen that is adsorbed during the process.'™'* In
our work, zeta potentials of Cu,_,S NCs in water solution
were recorded at pH 7.0 as shown in Fig. S3.f Cu, S, Cuy 4S,
Cu, 75S and Cuy.94S NCs bear a negative charge, with values
of about -22, -20, —21.1 and -11.4 mV, respectively. We can
deduce that the monodispersity of Cu,_,S NCs at this stage
is the best. Therefore, the enhancement of the catalytic activ-
ity by a high surface area is reasonable. In this way, the an-
ionic surface of the catalyst attracts the cationic dye molecule
by the electrostatic field force and electron transfer after irra-
diation is facilitated. In contrast, MO, an anionic dye, could
not efficiently be adsorbed onto the surface of the catalyst,
resulting in a very low degradation rate. However, the dye
molecules get aggregated and become slightly polarizable
and hence electron transfer becomes a possibility to a certain
extent.

Furthermore, it can be seen that the order of the photo-
catalytic activity for the degradation of RhB is about Cuj o4S

This journal is © The Royal Society of Chemistry 2020
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> Cuy 758 > Cuy,S > Cuy S, and the order of the photocata-
lytic performance for the degradation of MO is about
Cuy.04S > Cuy 75S > Cuy,4S = Cuy,S. In general, photocata-
lytic materials with large free carrier concentrations lead to
high photocatalytic activity. Three factors are closely associ-
ated with it: (1) the carrier concentration is already high
without photoexcitation because of the existence of Cu va-
cancies in the Cu,_,S lattice. The different doping levels of
Cu contributes to the LSPR energy, which is directly affected
by the free carrier concentration. The doping levels of Cu
increases with the copper vacancy increasing from Cuy o4S
to Cu;,S8.%?° (2) The Cu vacancies may tend to trap photoex-
cited delocalized electrons. The Cu deficiencies may also be-
come a recombination center of electrons and holes, and as
the doping levels of Cu increases from Cu, ¢4S to Cu,,S, the
free carrier concentration decreases.®** (3) The injection vol-
ume of the S-OA solution also has an effect on the LSPR
energy on account of the negative charge carried by
deprotonated oleic acid. Coordination of deprotonated car-
boxyl groups to the surface may be caught in free holes,
leading to the decrease of the effective free carrier concen-
tration. As the injection amount of the S-OA solution de-
creases from 17 mL to 12 mL during synthesis, the LSPR
energy gradually increases, leading to a higher photocata-
lytic activity from Cu; ,S to Cuy o4S. However, the uncharged
oleylamine ligands do not have such a remarkable effect on
the concentration of free carriers (Fig. 6)."° (4) In addition,
we can see that the adsorption capacity of Cu;o,S and
Cu, 75S NCs is significantly stronger than Cu, 4S and Cu,,S,
either for cationic dyes or anionic dyes. According to previ-
ous studies, different doping levels change the nature of the
active sites, so we suspect that the heavily doped Cu,-,S
NCs have poor adsorption capacity, which also indirectly af-
fecting the photocatalytic performance of photocatalysts.*!
Photocatalytic activity mainly depends on the combined ef-
fect of the four factors above.

Fig. 6 Schematic illustration for the mechanism of carrier density
reduction by coordination of deprotonated carboxyl groups to the NC
surface.
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Table 1 Summary of important parameters of the theoretical calcula-
tions of Cu,_,S NCs

Cu,-,S Cu, S Cuy 4S Cuy 758 Cuy 945
wsp (V) 1.00 0.90 0.81 0.86
wp (eV) 2.12 2.06 2.31 2.44
Np (10*" em™) 2.64 2.50 3.14 3.50

Thus, it is necessary to theoretically calculate the specific
free carrier concentration, closely related with LSPR absorp-
tion, which can be described by the Mie-Drude model.*>**
Herein the carrier density was calculated with this model, as
shown in the detailed discussion in the ESI. According to the
results, the data of free carrier density are summarized in
Table 1, which are in accordance with the experimental phe-
nomenon. According to above experimental results and theo-
retical calculations, it can be confirmed that the photocata-
Iytic activity could be regulated and controlled by varying the
free carrier concentration of Cu,_,S NCs.

Degradation kinetic studies

Based on the Langmuir Hinshelwood (L-H) equations,*>*® a

kinetic model with Cu,,S, Cu;4S, Cuy,5S and Cu;¢4,S NCs
as photocatalysts could be used appropriately to present the
values of the reaction rate for the dye degradation in dilute
solutions. The kinetic curves for degrading dyes with four
photocatalysts under ultraviolet light is expressed with the
function, -In(C/C,) = kt, where C and C, are the instanta-
neous and initial concentrations of the dye solution, respec-
tively and k is the apparent reaction rate constant (min™).
Fig. 7a and b show that all the catalytic reactions fit well
with the pseudo-first order correlation. Consistent with the
photocatalytic activity curves, it is observed that the kinetics
is faster for the cationic dye molecules (RhB) than anionic
dyes (MO).

Mechanism of degradation

Scheme 1 shows the mechanism of the photocatalytic reac-
tion with Cu,_,S NCs. Electron-hole pairs are formed by
electrons from the valence band which are excited to the con-
duction band under ultraviolet radiation. The as-obtained
holes as well as intrinsic holes caused by Cu vacancies ex-
hibit exceptional oxidizing properties. Some free electrons

a 39 b 2s R TP
" Cu,S k=13.5%10" min"! RLB _“u-‘ k=1.61 10-‘ mfn
25( o cus k=7.57*10" min! 20 ° ('ll,)‘ kf2.05:10-‘ mfn :
4 cu,s k=7.27*10° min! A (_". S k:2~38.10" min X
20|y cu,s k=5.00*103 n}|5|j £ _::_;%_ Ag v Cu,s k=3.92*10* min B
5 0y e Gl L $ YY"V
AL 5 = o WS E v . Y%
L & g of -7 E——
i a6 e o do--A---A--mATTR
e L k--""
os| 229" ® 05
PP
0. B
) 20 40 60 80 100 120 0 20 40 60 80 100 120
Time/min Time/min

Fig. 7 Kinetic curves of the Cu,.,S NCs for RhB (a) and MO (b)
photodegradation under UV irradiation.
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Scheme 1 Mechanism of photocatalytic reaction.

are transferred to the catalyst surface reducing O, to strong
oxidizing O*". Meanwhile the holes oxidize H,O into hydroxyl
radicals. These radicals exhibit intense oxidizing properties
to destroy organic pollutant molecules.”” In this process,
electrons and holes, known collectively as free carriers, play a
key role. Varying the x value brings different intrinsic LSPR
energies, ie. holes, increasing the oxidizing property to pol-
lutants, but meanwhile these deficiencies turn into recombi-
nation centers of electrons and holes. And deprotonated car-
boxylic functional groups of OA quench the excess free holes
on the surface of Cu,_,S NCs to decrease the LSPR energy,
which significantly effects the free carrier concentration. In
addition, the nature of the active site has also changed due
to an increase in copper deficiency. Consequently, Cu,_,S
NCs with different doping levels do have diverse photocata-
lytic activities.

In addition, the stability of photocatalysts is a critical
practical issue. After the first cycle of the photodegradation,
we failed to collect even half of the catalysts from the dye so-
lution mainly because of their small size. Hence, it was diffi-
cult to conduct another photocatalytic experiment. However,
we verified the stability in terms of the morphology and opti-
cal behaviour of the used photocatalyst. The (HR)TEM and
NIR absorption spectra of the Cu; ¢,S nanocatalyst collected
after the first photocatalyst cycle from the RhB solution are
shown in Fig. S4.} The recycled Cu, ¢,S NCs show a NIR ab-
sorption peak at 1620 nm, which barely moved compared to
the original Cu, ¢,S photocatalyst. The morphology and size
of the Cu; ¢,S NCs did not change after a photocatalytic pro-
cess (Fig. S4b¥). The TEM image of Cu, o,S NCs show that the
nanocatalyst is still highly crystalline and directional. There
is an obvious interplanar distance of 0.19 nm in the HRTEM
images of the Cu;.0,S NCs, corresponding to the (10 5 2)
plane of djurleite. According to the morphology and optical
test, the as-prepared Cu; 4S NCs exhibit good photocatalytic
stability in the photodegradation of the RhB solution. It
showed that the Cu,_,S NCs have potential application in
wastewater treatment fields.
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Conclusions

In summary, the injection amount of the S-OA precursor sup-
plied was shown to control the free carrier concentration and
LSPR energy by changing the copper content. The photocata-
Iytic performance of Cu-deficient Cu,_,S NCs with tunable
plasmonic properties was mainly investigated for the degra-
dation of two kinds of dyes under ultraviolet light. It could
be found that Cu, ¢4S NCs shows the best photocatalytic ac-
tivity, followed by Cuj; ;5S, and then Cu, 4S and Cu, ,S, in two
kinds of dyes. The carrier concentration upon the generation
of Cu vacancies is the principal cause of that phenomenon.
The experimental data show that the photocatalytic activity
could be regulated and controlled by adjusting the carrier
concentrations and could change the active sites nature of
the photocatalysts. In addition, the Cu,_,S NC catalysts can
bring about a significant selective degradation of these two
kinds dyes. This research may open up a new avenue for the
development of alternative non-precious metal catalysts by
exploring new copper-deficient sulfides rich in free holes.
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