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Abstract

Ternary Cu,SnS; (CTS) and Cu,SnSe; (CTSe) quantum dots were grown in-situ on reduced graphene oxide (rGO) nanosheets
by a facile one-pot colloidal synthesis. Possessing abundant active sites and having the ability to harvest solar energy and to
facilitate charge separation, the CTS(e)/rGO 0D/2D nanocomposites showed remarkably enhanced photocatalytic activities
for degradation of rhodamine B and methyl orange aqueous solutions upon visible light irradiation. The nanocomposites of
rGO supported monodispersed quantum dots were proved to be a suitable platform for photocatalytic applications due to the
well-maintained 0D/2D nanostructure.
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1 Introduction

Yan Han and Yawei Yang have contributed equally to this work. Persistent organic pollutants (POPs) in water cause severe
environmental problems. Biomagnification of organic con-
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display impressive characteristics and efficiency in pollut-
ant removal [4]. However, typical photocatalysts such as
TiO, and ZnO face two major issues: they require use of the
high energy ultraviolet (UV) light, and the photo-generated
charge carriers recombine fast [5].

The urgent need for combating POPs has led to the devel-
opment of various visible light-response photocatalysts
[6-10]. Lately, narrow-bandgap photocatalysts, copper-based
ternary and quaternary chalcogenide nanocrystals, such as
Cu,SnS; [11], Culn,Ga,_,Se, [12, 13], and Cu,ZnSnS, [14,
15] have enjoyed a great deal of attention owing to their
large absorption coefficients (> 10* cm™"), good chemical
and thermal stability, and suitable band energy level and
bandgap (1.0-1.5 eV), meeting the specific redox poten-
tials of active species generated during photocatalytic reac-
tions. Low-cost compounds Cu,SnS; (CTS) and Cu,SnSe;
(CTSe) feature excellent optoelectronic properties [16, 17]
and are intensively investigated for photovoltaic cells [18],
thermoelectric generators [19], electrochemical energy stor-
age [20], photocatalytic pollutant degradation [11, 21] and
water splitting [22]. Inspired by graphene common utiliza-
tion in nanocomposites as an electron acceptor that hinders
carrier recombination and enhances photocatalytic perfor-
mance, reduced graphene oxide (rGO), a well-known two-
dimensional (2D) material with a large specific area, high
conductivity and carrier mobility, was implemented in our
nanocomposites to overcome the fast charge recombination
[23].

In the present work, we take advantage of properties of
both zero-dimensional (0D) copper-based ternary and qua-
ternary chalcogenide quantum dots (QDs) and 2D graphene
nanosheets, the combination of which yields nanocompos-
ites of interesting characteristics. Up to date, the research
was conducted on CTS microspheres/rGO composites that
were prepared by hydrothermal and solvothermal methods,
and on CTSe matrix/graphene composite that was prepared
by ball-milling method [24-26]. Traditionally, QDs com-
prising three or more elements were prepared first, and then
deposited on rGO through physical adsorption [27]. In this
study, we report a facile one-pot synthesis of CTS(e)/rGO
0D/2D nanocomposites by growing CTS(e) QDs directly on
rGO nanosheets using long-chain oleylamine (OLA) capping
ligand, which helps to control uniform distribution of QD
sizes. The photocatalytic activities of the 0D/2D nanocom-
posites are subjected to further investigation.

2 Experimental

2.1 Synthesis of CTS(e) QDs and CTS(e)/rGO

All chemicals used in this work were purchased from Alad-
din and used directly without further purification. CTS(e)

QDs synthesis, CTS precursors: Sulfur powder (96.2 mg,
3 mmol) dissolved in 3 mL OLA, Cu(OAc),-H,0 (399.3 mg,
2 mmol) and SnCl,-2H,0 (225.7 mg, 1 mmol) were added
to 27 mL OLA. The CTSe precursors were prepared by dis-
solving selenium powder (236.9 mg, 3 mmol) in a solution
of 1.5 mL OLA and 1.5 mL 1-dodecanethiol [28]. The pre-
cursor solutions were degassed at 100 °C for 1 h, purged
with nitrogen for 30 min, and consecutively heated at 240 °C
for additional 5 min. The black products were dissolved in
hexane and precipitated with ethanol followed by centrifu-
gation at 8000 rpm for 5 min. This step was repeated three
times. Finally, the purified products were dried at 60 °C
under vacuum. The CTS(e)/rGO nanocomposites were pre-
pared by adding 10 mg of GO into the QDs precursor solu-
tions followed by the same procedure as described for QDs.
To remove OLA ligands and reduce GO, the samples were
annealed at 300 °C in H,/N, (5:95) for 1 h.

2.2 Characterization

The crystal phase was analyzed by a powder X-ray diffrac-
tion spectroscopy (XRD, SmartLab, Rigaku, Japan) with
Cu Ka radiation (40 kV, 30 mA). The microstructure was
characterized by a transmission electron microscopy (TEM,
JEM-2100F, JEOL., Japan). The chemical state was identi-
fied by an X-ray photoelectron spectroscopy (XPS, AXIS
Ultrabld, Kratos, UK) using monochromatic Al Ka radia-
tion (150 W, 15 kV, 1486.6 eV). The UV-Vis—NIR absorp-
tion spectrum was measured by a UV/Vis/NIR spectrom-
eter JASCO, V570, Japan). The OLA ligands removal was
confirmed by the Fourier transform infrared spectroscopy
(FTIR, Nicolet 6700, Thermo Scientific, USA). The total
organic carbon (TOC) was measured by a TOC analyzer
(liquiTOC 11, Elementar, Germany).

2.3 Photocatalytic Activity Measurement

Samples’ photocatalytic activity driven by visible light were
evaluated by photodegradation of organic dyes rhodamine
B (Rh B) and methyl orange (MO) in aqueous solutions
(10 mg/L, simulating for POPs), using UV—Vis spectros-
copy and TOC analyzer as investigation tools. A 300 W Xe
lamp equipped with a 400 nm cutoff filter was used as the
visible light source. Typically, 50 mg photocatalyst powder
was added into 100 mL dye solution in a 150 mL beaker with
water-cooling at ambient temperature. Before irradiation, the
mixture was stirred to ensure adsorption—desorption equi-
librium was established. The whole mixture was exposed to
a constant photon flux (100 mW/cm?) for 2 h (for Rh B) and
3 h (for MO) with a stirring speed 500 rpm. Every 20 min
(for Rh B) and 30 min (for MO), 2 mL mixture was taken
out and removed the solid sediment (catalyst) by centrifu-
gation for a UV—Vis analysis. The UV-Vis spectrum was
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referenced by pure water. The maximum absorption peaks
of the dyes were monitored at 554 nm (for Rh B) and 463 nm
(for MO), and changes in optical density were plotted as a
function of time.

To identify the active species in the photocatalytic reac-
tion, oxygen was removed from the system by bubbling the
solutions with pure Argon (Ar), and 0.1 mmol ammonium
oxalate (AO), fert-butanol (TBA) and benzoquinone (BQ)
were applied to quench hole (h™), hydroxyl radical (OH) and
superoxide radical (O*) in consecutive order.

3 Results and Discussion

The strategy for one-pot synthesis of copper-tin-chalcoge-
nide QDs on rGO is illustrated by Fig. la. Figure S1 shows
the effective removal of the OLA ligands. Cu?* and Sn*
ions can be attracted by oxygen-containing functional groups
on GO, which provides physical support and nucleation sites
necessary for QDs growth, making it possible for the QDs
to attach firmly on GO surface. Moreover, the particle size
on rGO is small due to steric hindrance of the long-chain
OLA capping ligands. As a result, the QDs are distributed
uniformly on rGO. As shown in Fig. 1b, all diffraction peaks
in XRD patterns of the CTS(e) and CTS(e)/rGO samples can
be clearly assigned to the monoclinic structure of Cu,SnS;
(JCPDS No. 89-4714) and Cu,SnSe; (JCPDS No. 89-2879).
The diffraction peaks at 28.3°, 33.4°, 46.7°, 55.9°, 69.1° and
76.2° are consistent with (111), (200), (220), (311), (400)
and (331) facets of CTS, respectively. The diffraction peaks
at 27.1°, 45.0°, 53.4°, 65.6°and 72.3° can be assigned to
(111), (220), (311), (400) and (331) facets of CTSe, respec-
tively. The broad diffraction peaks in all samples indicate
the small size of the particles. Besides, no obvious diffrac-
tion peak of rGO is observed in the nanocomposites, which
may be attributed to the relatively low diffraction intensity
of rGO [24]. The average crystallite size of CTS, CTSe,

CTS/rGO and CTSe/rGO determined from XRD pattern by
Scherrer equation is 10.2 nm, 7.4 nm, 9.4 nm and 6.6 nm, in
consecutive order (further details are included in Electronic
Supplementary Material).

TEM images of CTS and CTSe QDs in Fig. 2a, b, show
an average particle size of 9.8 nm and 7.1 nm, respectively
(Fig. S2a, b), matching well the XRD results. The selected
area electron diffraction (SAED) patterns suggest that the
QDs are highly crystalline. The optical absorption of QDs
covers the entire visible region, and the bandgaps of CTS
and CTSe QDs are estimated to be 1.52 eV and 1.31 eV
(Fig. S3). As depicted in Fig. 2c, d, the average particle size
of CTS and CTSe QDs on rGO is 9.6 nm and 6.0 nm (Fig.
S2c, d), and almost all QDs are strongly adhered to the rGO
nanosheets without aggregation. The hexagonal diffraction
points of SAED patterns are attributed to rGO. Figure 2e, f
display high-resolution TEM (HRTEM) images of the nano-
composites, indicating that the QDs have primarily ordered
crystalline structure with 0.31 nm and 0.33 nm interplanar
distance, which is in agreement with (111) facet of CTS and
CTSe. The clear lattice fringes with 0.35 nm interplanar
distance can be assigned to the (110) facet of rGO.

Figure 3 shows XPS spectra of CTS/rGO and CTSe/rGO
nanocomposites. In the Cu 2p region, the two peaks sepa-
rated by 19.8 eV lacking satellites were assigned to Cu 2p;,
and Cu 2p,, of Cu™ oxidation state. Two such peaks found
in Sn 3d region, were assigned to Sn** oxidation state. S 2p
core splits into S 2p;,, and S 2p,,, with a peak separation of
1.1 eV, consistent with S~ [12]. Additionally, there is also a
weak S?~ signal appearing in CTSe/rGO, which indicates a
small S>~ doping, likely caused by 1-dodecanethiol solvent
(Fig. S4). Se 3d peak at 54.5 eV is assigned to Se*~ [14].
C 1s spectra consist of four peaks at binding energy of
284.8 eV, 285.2 eV, 286.4 eV and 287.8 eV, correspond-
ing to C-C or C=C bonds, C-OH group, C—O-C and C=0
bonds of rGO, respectively, suggesting the presence of
residual oxygen-containing groups in the rGO [24]. It can
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Fig. 1 a Scheme of one-pot synthesis of copper-tin-chalcogenide QDs on rGO. b XRD patterns of CTS, CTSe, CTS/rGO and CTSe/rGO
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Fig.2 TEM images of a CTS, b CTSe, ¢ CTS/rGO, d CTSe/rGO, insets: the corresponding SAED patterns. HRTEM images of e CTS/rGO and

f CTSe/rGO

be inferred that the Cu?* was successfully reduced to Cu*
while Sn**was oxidized to Sn**, which are expected chemi-
cal states in CTS(e).

The nanocomposites have stronger dye adsorption abil-
ity than that of the QDs, which is attributed to the aggrega-
tion of the QDs (Fig. S5). As shown in Fig. 4a, b, no pho-
todegradation is observed without photocatalysts. In the
presence of a photocatalyst, the following percentages of
the degraded dyes are obtained: For both dyes, the percent-
age of dye degradation caused by individual catalysts are
given in this order: titanium dioxide P25 (Degussa), CTS,
CTSe, CTS/rGO and CTSe/rGO. Rh B —23.1%, 65.1%,
49.3%, 96.3% and 88.7% and MO —10.3%, 57.3%, 45.1%,
94.3% and 84.5%. The high numbers indicate significantly
enhanced photocatalytic activities of the 0D/2D nanocom-
posites. A linear relation of photodegradation data can be
fitted for all samples (Fig. S6), suggesting a pseudo-first-
order kinetics for the photocatalytic degradation process:
—In(C/C,) = kt, where C refers to the dye concentration
at time ¢, C,, refers to the initial concentration of the dye,
and k represents the apparent degradation rate constant.
The calculated k values are summarized in Table S1. The

k values for CTS/rGO catalyzed photodegradation are
approximately 3.3 times (for Rh B) and 3.5 times (for
MO) higher than that of CTS QDs, and the CTSe/rGO
catalyzed photodegradation gives 3.2 times higher rates
for both dyes compared to their degradation catalyzed by
CTSe QDs only. Compared with other similar copper-
based ternary and quaternary materials, the 0D/2D nano-
composites synthesized by the facile one-pot method have
the smallest particle size and the fastest photodegradation
rate for Rh B (Table S2). The decomposition of Rh B and
MO was followed by TOC measurement, which reveals
that the organic carbon was turned into inorganic carbon
products over time (Fig. S7). The enhanced photocatalytic
activity could be attributed to the monodispersion of QDs
on rGO. The rGO with large specific surface area enables
better QDs adhesion, which leads to their uniform disper-
sion and prevents QDs aggregation, and stronger adsorp-
tion of O, molecules, which provides more active sites for
photocatalytic reaction. Additionally, rGO with high con-
ductivity and electron mobility facilitates a fast electron
transport from the CTS(e) e —h" pairs while prolonging
the exciton lifetime.
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Figure 4c summarizes the photocatalytic degradation
performance of CTS/rGO over 10 cycles. The catalysts
maintain high photocatalytic activity, their crystal structure
and morphology (Fig. S8) after 10 cycles, indicating high
stability in the experimental conditions. It is well-known
that the photodegradation process relies on several active
species, such as ‘OH, ‘0%, and h*. Because both the con-
duction band (CB) energy level E- and the valence band
(VB) energy level Eyp of CTS(e) are more negative than
the redox potentials of E? (02/'02_) and E° (H,O0/0R) [22],
theoretically the ‘O~ can be generated in the photocatalytic
process rather than ‘OH. Figure 4d shows a great decrease
of the dye degradation extend in the absence of O,, and in
the presence of ‘O*~ and h* scavengers. Contrary, the pres-
ence of ‘OH scavenger has very little effect on the degrada-
tion rate. It can be concluded, that both the ‘0>~ and h*
are actively participating in the photodegradation process.
Figure 4e depicts the proposed photocatalytic degradation
process. Upon photoexcitation of e in CTS(e) from VB to
CB, the excited e~ is transferred to rGO, where it is captured
by the adsorbed O, molecules and ‘O*~, a highly oxidative
species, is formed. Simultaneously, h* in the VB can directly
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function as an oxidant. This way the improved visible light-
driven photocatalytic activity is achieved.

4 Conclusion

CTS(e)/rGO 0D/2D nanocomposites were successfully
prepared by a facile one-pot synthesis. The nanocompos-
ites were used as visible light response photocatalyst for
Rh B and MO dye degradation, simulating for POPs. The
enhanced photocatalytic performance of the nanocomposites
can be attributed to a synergistic effect between 0D QDs and
2D nanosheets, namely the effective visible light absorption
by the CTS(e) QDs, abundant active sites provided by the
well-dispersed QDs on rGO, and effective charge separation
between the QDs and rGO interface. This work is expected
to provide an innovative and facile route to the develop-
ment of 0D/2D nanocomposites for solar energy conversion
applications.
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