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Abstract Hexagonal copper-deficient copper(I) sul-

fide (Cu2-xS, x = 0.03, 0.2) nanocrystals (NCs) are

synthesized from a newly prepared single-source

precursor (SP), [Cu(bdpa)2][CuCl2], where bdpa is

benzyl 3,5-dimethyl-pyrazole-1-carbodithioate. The

SP is crystallized with space group Pı̄ and possesses

a distorted tetrahedron structure with a CuN2S2
chromophore where the central copper is in ?1

oxidation state. Distortion in copper(I) structure and

the low decomposition temperature of SP make it

favorable for the low-temperature solvent-assisted

selective growth of high-copper content sulfides. The

nucleation and growth of Cu2-xS (x = 0.03, 0.2) are

effectively controlled by the SP and the solvent in the

solvothermal decomposition process. During decom-

position, fragment benzyl thiol (PhCH2SH) from SP

effectively passivates the nucleus leading to spherical

nanocrystals. Further, solvent plays an important role

in the selective thermochemical transformation of CuI-

complex to Cu2-xS (x = 0.03, 0.2) NCs. The chelating

binders (solvent) like ethylene diamine (EN) and

ethylene glycol (EG) prefer to form spherical Cu1.97S

nanoparticles (djurleite), whereas nonchelating hydra-

zine hydrate (HH) shows the tendency to furnish

hexagonal platelets of copper-deficient Cu1.8S. The

optical band gap values (2.25–2.50 eV) show quantum

confinement effect in the structure. The synthesized

NCs display excellent catalytic activity (*87 %)

toward photodegradation of organic dyes like Congo

Red (CR) and Methylene Blue (MB).
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Introduction

In the past few decades, there has been an increasing

interest to synthesize the semiconducting metal

chalcogenide nanocrystals (NCs), because of their

various applications in nanoscience and nanotechnol-

ogy. Among the known metal sulfide semiconductors,

copper sulfide is one of the most important candidate

owing to varied morphologies, the presence of copper

vacancies in the lattice, and wide stoichiometric

compositions. The stoichiometric composition of

copper sulfide varies in a wide range from copper-

rich chalcocite (Cu2S) to copper-deficient covellite

(CuS) (Jiang et al. 2000). Vacancies (p type) in the

crystal lattice of copper sulfide make them important

for the potential applications in solid-state solar cells

(Reijnen et al. 2003; Lin and Lee 2011; Wu et al.

2008), nonvolatile memory devices (Sakamoto et al.

2003; Chen et al. 2007), gas sensing (Sagade et al.

2009), and lithium ion batteries (Zhao et al. 2012). A

large effort has been focused on controllable synthesis

of copper sulfide crystallites with hierarchical

microstructures and morphologies that include plate-

like (Yan et al. 2008; Gonçalves et al. 2008), tubular

(Wu et al. 2006; Lu et al. 2002; Gong et al. 2006),

spherical (He et al. 2007), flower-like (Thongtem et al.

2009), rod-like (Roy and Srivastava 2007), flake-like

structures (Zhang et al. 2010) and so on. Various

synthetic methods such as sonochemical (Wang et al.

2002), sol–gel (Malyarevich et al. 2000), hydrother-

mal (Roy and Srivastava 2006), solvothermal (Gorai

et al. 2005), microemulsion (Haram et al. 1996), and

electrodeposition (Ghahremaninezhad et al. 2011)

etc., have been employed to prepare copper sulfide

NCs. Most of these methods require high temperature,

toxic surfactants, and purification of the final products.

Recently, the development of various single-source

precursors (SPs) and their uses in the synthesis of

hierarchical structure with controllable shape, size,

and crystallinity following solvothermal decomposi-

tion has been popularized (Lai et al. 2012). Tuning

topology for the synthesis of NCs could be maintained

in the structure of SP during solvothermal

decomposition. Solvothermal SP route also offers

the advantages of mildness, safety, simplified cost-

effective synthesis of NCs over the other reported

methods. Moreover, toxic surfactants need not be used

in the reaction medium. The presence of all con-

stituents in required atomic ratio is chemically main-

tained in the SP method to prepare selective product.

Metal diethyldithiocarbamate has been used to syn-

thesize a wide range of metal sulfides including copper

sulfide NCs (Shen et al. 2011). Korgel et al. synthe-

sized Cu2S nanorods, nanodisks, and nanoplatelets by

solventless thermolysis of a copper-alkylthiolato pre-

cursor (Sigman et al. 2003; Larsen et al. 2003). Liu

et al. decomposed Cu(S2CNEt2)2 in a mixture of

dodecanethiol and oleic acid to obtained hexagonal

wires of Cu2S (chalcocite) (Liu et al. 2005). The same

precursor is thermolyzed in trioctylphosphine and

trioctylphosphine oxide (TOP/TOPO) to obtain spher-

ical Cu1.8S (digenite) nanocrystals (Lou et al. 2007).

Corncob-like Cu2S nanostructures were obtained

through thermolysis of copper dithiolate in dode-

canethiol (Du et al. 2006). Li et al. also reported a

facile synthesis of monodispersed Cu2S nanocrystals

by the reaction of Cu(II)-stearate and dodecanethiol in

1-octadecene (Li et al. 2009). Most of these synthetic

methods associate with the use of templates or

surfactants agent which are most hazardous materials

for environmental pollution. Very recently, the Liber-

ato Manna group use Cu(I) complexes to prepare

copper-rich platelet of copper sulfide nanoparticles

(Xie et al. 2013). The Cu:S ratio could be increased

retaining the overall size and morphology of the

product. It was also argued that various ligands

internally act as structure-directing agent in the growth

of NCs. So, the ligand structure along with the

coordination environment of the metal plays an

important role in determining the phase, morphology,

and size of the particles (Nair and Scholes 2006). Uses

of predesigned heterocycle-based ligand for the syn-

thesis of SP are reported in the preparation of high-

quality metal sulfide NCs (Nyamen et al. 2011, 2013;

Mthethwa et al. 2009). We reported earlier the

solvothermal decomposition of N-heterocyclic cop-

per(I) complex for the selective synthesis of hexagonal

Cu2S in ethylene glycol (EG) and ethylene diamine

(EN) (Mondal et al. 2014; Bera et al. 2010). It was

concluded that the SP with Cu(I) in its coordination

had total control to the product stoichiometry. Here in

this report the use of another Cu(I)-complex of benzyl
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3,5-dimethyl-pyrazole -1-carbodithioate has been

used as SP for the synthesis of copper-deficient

copper(I) sulfides, Cu2-xS (x = 0.03, 0.2), following

a low-temperature decomposition method in coordi-

nating solvents like ethylene glycol (EG), ethylene

diamine (EN), and hydrazine hydrate (HH) (Bera et al.

2010). A rational growth mechanism is also proposed.

The photocatalytic activities of the synthesized cop-

per-deficient copper(I) sulfide were checked toward

the degradation of Congo Red (CR) and Methylene

Blue (MB) dyes in visible light.

Experimental details

Copper chloride (Merck), acetyl acetone (Spec-

trochem), ethylene diamine (Himedia), ethylene gly-

col (Himedia), and hydrazine hydrate (Merck) were all

of analytical grade and used without further purifica-

tion. Solvent ethanol (Changshu Yangyuan Chemical,

China), acetonitrile (Merck), and methanol (Merck)

were dried and distilled before use.

Benzyl-3,5-Dimethyl-pyrazole-1-carbodithioate

(bdpa) was prepared by a literature procedure (Mondal

et al. 2015). 1 mmol, 0.170 g of CuCl2�2H2O

methanolic (10 mL) solution was mixed with 1 mmol,

0.262 g of crystalline bdpa in 20 mL acetonitrile

solvent in magnetic stirrer for 1 h at room tempera-

ture. After 1 h, a deep blue solid was precipitated out

and filtered off, which was then washed with

methanol–acetonitrile mixture. The product is dried

in vacuum over silica gel and after 3–4 days, a dark

blue single crystal was separated out from the filtrate

part. Yield 80 %, Mass m/z: 587.10, 325.05. Anal.

Calc. for C26H28Cl2Cu2N4S4: C, 43.20; H, 3.90; N,

7.75; S, 17.75. Observed: C, 43.16; H, 3.85; N, 7.70; S,

17.78.

In a typical synthetic process, 0.361 g (0.5 mmol)

of precursor, [Cu(bdpa)2][CuCl2], was taken with

15 mL of solvent in a 50-mL two-necked round

bottom flask placed with a condenser and thermocou-

ple adaptor. The flask was degassed at room temper-

ature for 5 min and then filled with inert nitrogen gas.

The resulting solution was then gradually heated up to

180 �C in the solvent and the heating is continued for

another 60 min maintaining the same reaction tem-

perature where upon a black crystalline product

separated out. The black precipitate was collected

through centrifugation and washed four to five times

with dry ethanol. Dry powder of copper sulfide NCs

was collected by evaporating ethanol at 100 �C for 2 h

in vacuum oven. The reaction parameters and sample

properties are given in Table 1.

Copper(I) sulfide NCs were synthesized by solvother-

mal process using coordinating solvents like EN, EG, and

HH froma newly synthesizedmolecular precursor and the

detailedprocedure isgivenintheexperimental section.The

FTIR spectra (4000–400 cm-1)were recordedon aPerkin

Elmer Spectrum Two spectrophotometer. The samples

were prepared using KBr pellets technique. The thermo-

gravimetry (TG) analysis of precursor was carried out on

PerkinElmerTGA4000 instrument at a heating rate 10 C/

min under nitrogen. UV–Visible absorption spectra were

recordedonaPerkinElmerLambda35 spectrophotometer

in 200–1000 nm wavelength range at room temperature

and photo catalytic activity was observed under 250 W

electric lamp. PowderX-ray diffraction (XRD) of theNCs

was recorded using a Seifert XDAL 3000 diffractometer

using graphite-monochromated Cu-Ka radiation

(k = 1.5418 Å) with a scan rate 5�/min over a range of

5�\2h\80� with steps of 0.02�, and the scintillation

detector is operated at 40 kV and 40 mA. TEM and

HRTEM of cadmium sulfide nanocrystals were charac-

terized using a JEOL JEM–2100F EMI7220019 at an

accelerating voltage of 200 kV. TEM samples were

prepared by placing a drop of a dilute ethanol dispersion

of nanocrystals on the surface of a 200-mesh carbon-

coated copper grid.TheSEManalyses of the sampleswere

performed in a ZEISS EVO MA10 scanning electron

microscope. Energy-dispersive X-ray (EDX) analyses of

the samples were carried out on Oxford instrument INCA

attached to the SEM in the scanning range of 20 keV. The

samples were prepared by fixing the finely powder

material on the surface of a carbon tape. XPS was

performed on an AXIS NOVA X-ray photoelectron

spectroscopy, using monochromatic Al-Ka radiation with
ananodevoltageof15 kV, emissioncurrentof 10 mA, the

low-resolution survey spectrum was recorded with a pass

energy of 160 eV, high-resolution spectrumwas recorded

with a pass energy of 20 eV, and the quantification was

calculated by peak area measurement. Photocatalytic

activity of copper sulfide nanoparticles was studied with

a 50 mL of 5 9 10-5 M and 6.2 9 10-5 M aqueous

solutions ofRB andMB, respectively, in a 100 mLbeaker

using visible light source. A 250 W indoor fluorescent

lamp (Philips)was used as a light source.A15 cmdistance

is maintained between lamp and reaction bath. All the

experimentswereperformedat room temperature (25 �C).
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The concentration of the dye after photocatalyst degrada-

tionwas determinedwith a Perkin Elmer Lambda 35UV–

Vis spectrophotometer.

Results and discussion

In an objective to synthesize copper(I) sulfide NCs, a

copper(I) complex is designed and synthesized so that

the Cu:S ratio is chemically maintained within the

complex precursor. To stabilize lower oxidation state

of copper, i.e., Cu(I), one kind of pyrazole-based

ligand is considered. Pyrazole being isomeric with

imidazole has suitable low lying vacant p* orbital to

reduce the electron cloud of the central metal ion

through Cu ? p* orbital of L (ligand) back bond

formation. Further, the sulfur group attached to

pyrazole provides a reducing environment to stabilize

Cu(I) complex.

To confirm the bonding mode of the ligand, we

compare the IR spectra of the free ligand and the

copper complex. Figure 1 represents the IR spectra of

the ligand bdpa and its copper complex. The ligand

shows the significant bands at 1572, 1422, 1272, 1171,

1022, and 787 cm-1 which can be assigned for

symmetric vibrations of C = N, mixed vibration of

(C–N) ? (C–C), vibration of C–N, C–N–N, N–N, and

C = S bond, respectively. The respective vibration of

the bands of the ligand moiety appeared at 1588, 1453,

1319, 1131, 1022, and 733 cm-1 in the complex

(Fig. 1b). An increase in t(C = N) in the free ligand

spectrum by ca. Dt = 16 cm-1 on complex formation

[t(C = N) = 1588 cm-1 in complex] and also

increase in t(C–N) in the free ligand spectrum by ca.

Dt = 31 cm-1 [t(C–N) = 1453 cm-1 in complex]

indicate a coordination through tertiary pyrazole ring

nitrogen atom. The coordination of thione (C = S)

sulfur atom to metal center is indicated by a decrease

of the t(C = S) band from 787 cm-1 (in free ligand)

to 733 cm-1 in its complex (Bera et al. 2008; Ali et al.

2012).

X-ray crystal structure determination of the SP

confirms the points of attachments and the composi-

tion as [Cu(bdpa)2][CuCl2]. The detail of the structural

characterization is under review and will appear

shortly in a pure chemistry-based journal. The ORTEP

diagram with atom numbering scheme is shown in

Fig. 2 to visualize the SP structure as a ready

reference. In geometry of SP, Cu(I) is tetrahedrally

coordinated by the ternary N-atom and thione sulfur of

two ligands and CuCl2 unit is present outside the

coordination sphere as cocrystal which satisfies the

formal charge. The presence of the large benzyl group

in the ligand ascertained a high order of distortion in

the complex which becomes an effective SP for copper

sulfide nanoparticles. Additionally, the crystal con-

tains one CuCl2 as the counter crystal part which

Table 1 Reaction parameters and sample properties

Solvents Temp. (�C) Time (min) Shape Average size* (nm) Phase

EN 180 60 Spherical 17 Cu1.97S

EG 180 60 Spherical 16 Cu1.97S

HH 180 60 Hexagonal 60a/40b Cu1.8S

a Length
b Breadth

* Calculated from TEM pictures

Fig. 1 FTIR spectra of (a) bdpa and (b) [Cu(bdpa)2][CuCl2] in
solid-state KBr pallet
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strongly supports the synthesis of Cu2-xS (x = 0.03,

0.2) nanocrystals.

The suitability of SP for the preparation of copper

sulfide NCs is further envisaged by thermogravimetric

(TG) analysis. The TGA thermogram of [Cu(bdpa)2-
CuCl2] shows a three-step decomposition pattern as

shown in Fig. 3. The complex undergoes significant

weight loss in first two stages 16.6 % (calculated value

17.04 %) and 14.7 % (calculated value 15.15 %)

between temperatures 140 and 300 �C due to the loss

of –SCH2Ph and –CH2Ph fragments, respectively. The

another major loss 37.31 % over a temperatures range

300–430 �C is the decomposition of all remaining

organic groups giving a residue 31.39 %, which is

close to the value calculated for the mass percentage of

bulk Cu2S3 (30.89 %). The possible steps for thermal

decomposition of [Cu(bdpa)2][CuCl2] are shown in

Scheme 1.

The reaction temperature for the solvothermal

decomposition of the SP is maintained at 180 �C
(above the decomposition temperature) expecting

entire loss of all organics leading to the formation of

copper sulfide. In our experiment, the higher reaction

temperature than the decomposition temperature of

the precursor is considered with heating duration of

1 h in each set of experiment taking same concentra-

tion of SP.

In a simple one-step process, the SP is subjected to

decompose in a coordinating solvent. The selective

synthesis of copper(I) sulfide was possible using

coordinating solvent. The temperature is maintained

at 180 �C which is far above the SP’s decomposition

temperature to ensure the complete conversion of SP

into particles. It is also note worthy that no surfactant

is used in this process. To this end, the process is quite

green with respect to other reported methods. The

solvent molecules serve the purpose of particle

stabilization. The change in solvent merely alters the

composition of copper(I) sulfide NCs. Bidentate

solvent EN and EG furnished copper-deficient

Cu1.97S (Djurleite), whereas mono dentate amine HH

(NH2NH2) confirms the formation of Cu1.8S. It is quite

surprising that the Cu(I) sulfide NCs thus obtained are

smaller in size than Bohr radius without using any

strong external surfactant. The NCs are quite stable for

several weeks with respect to photo and air oxidation.

The crystallinity and phase structure of the copper

sulfide nanocrystals were examined by X-ray diffrac-

tion technique. Figure 4a–c represents the XRD

pattern of the synthesized copper sulfide materials

from the precursor complexes by solvothermal process

using EG, EN, and HH solvents, respectively. Fairly

intense peaks observed in all the cases are indicative of

their good crystallinity. The high-intensity diffraction

Fig. 2 ORTEP diagram of SP, [Cu(bdpa)2][CuCl2]

Fig. 3 TGA curve of SP under N2 atmosphere
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peaks at 38.06�, 47�, 48.9�, and 55.1� corresponding to
plane\5 6 1[ ,\8 3 5[ ,\12 0 4[ , and\3 6 6[ ,

respectively, in the spectrum of the samples obtained

from EG (Fig. 4a) and EN (Fig. 4b) match well with

the JCPDS reference file for copper-deficient Cu1.97S

phase (JCPDS 20-0365). The key difference in

distinguishing the Cu1.97S phase from Cu2S is the

peak at *46� rather than peak at 45� (Cu2S phase)

(Zhao et al. 2009). The absence of any intensity peak

in the 2h range 37�–38� in the diffractogram of the

sample obtained from HH (Fig. 4c) and the presence

of the diffraction peaks at 47.33�, 48.9�, 54.7�, and
56.17� corresponding to plane\0 1 20[ ,\1 1

9[ ,\1 1 15[ , and\2 0 8[ , respectively, indicate

mainly the formation of Cu1.8S phase (JCPDS card

number 47-1748) rather than Cu1.97S. The key differ-

ence in distinguishing the Cu1.97S phase from Cu1.8S is

the peak at*37�. However, the additional diffraction

peaks at lower 2h values (indicated as * in Fig. 4c) and
peaks at 42� and 51� for sample from EN (Fig. 4b)

appearing with appreciable intensity might be due to

the presence of trace amount of impurity phase of

covellite (CuS) (Zhao et al. 2009). So, the careful

investigation of the XRD spectra obtained from

different solvents leads to a conclusion that the change

in composition of the copper(I) sulfide can be prepared

in this precursor route by simple variation of solvent

keeping other reaction conditions constant.

The morphologies of copper(I) sulfide nanoparti-

cles obtained from different solvents were investi-

gated by SEM (Fig. 5). In Fig. 5a, b, the SEM images

of sample obtained from EG at 180 �C show Cu1.97S

microstructure composed of irregular hexagonal par-

ticles. As shown in Fig. 5c, d, the morphology of the

samples obtained from EN at 180 �C is predominantly

large plates with smooth surfaces. It can be assumed

that each large plate comprised a large number of

stacked hexagonal-shaped small platelets of Cu1.97S

NCs with high degree of internal void space. In

Fig. 5e, f, the SEM images of the sample obtained

from HH at 180 �C shows a flower-like microstructure

composed of hexagonal platelets of Cu1.8S NCs with

internal grooves and void spaces. The presence of

grooves in the surfaces of microstructures and the

internal space between agglomerated stacked hexag-

onal platelets ascertained the high catalytic reactivity

through coarse surface of Cu1.8S. The details of the

surface activity study are discussed later.

The energy-dispersive X-ray spectrum (EDX) was

carried out during SEM analysis in EG solvent which

shows the Cu:S ratio 2.1:1 which indicates nearly

Cu2S stoichiometry in the sample as shown in Fig. 6.

The presence of oxygen in EDX spectrum shows the

adsorption of air on the porous groove of the particles

N
N

CH3

H3C

SPhH2CS N
N

H3C

CH3

S SCH2Ph

Cu CuCl2
-SCH2Ph (123.20) N

N

CH3

H3C

SPhH2CS N
N

H3C

CH3

S
Cu CuCl2

N
N

CH3

H3C

SS N
N

H3C

CH3

S
Cu CuCl2-CH2Ph (91.13)

Cu2S3

(All organics)
Mol. Wt. 722.8 Mol.Wt. 600.6 Mol. Wt. 509.5

Mol. Wt. 223.3

Scheme 1 Thermal decomposition pattern of SP

Fig. 4 Powder XRD pattern of copper(I) sulfide NCs synthe-

sized from a EG, b EN, and c HH
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or the presence of little oxidized copper sulfide

species.

The morphologies and size of the synthesized

copper(I) sulfide NCs were carried out by transmission

electron microscope (TEM). Spherical morphologies

with average diameter of 15–18 nm were observed in

the sample obtained from EG and EN. Figure 7a, b

shows the nearly spherical images of copper(I) sulfide

NCs synthesized from EG at 180 �C. Figure 7c, d also

indicates the spherical morphology of the nanoparti-

cles obtained from EN at 180 �C. A magnified view in

Fig. 7d of a spherical particle clearly demonstrated the

presence of the lattice fringe with a spacing 0.33 nm

corresponding to (110) lattice plane of hexagonal

Cu1.97S. Figure 7e, f shows the hexagonal platelets of

the samples obtained from HH with average length

60 nm which are greater than the sample size obtained

from EG and EN (Table 1). The statistical average

diameter and length of the synthesized copper(I) sul-

fide NCs are shown in Fig. 8. The formation of a

hexagonal crystal structure of Cu2-xS (x = 0.03, 0.2) is

reasonable because the reaction temperature is higher

than its phase transition temperature (103.5 �C), at
which metastable low chalcocite (monoclinic) under-

goes a phase transition to high chalcocite Cu2S.

Etching in the surface of NCs is observed in the

samples when HH is used as solvent. This phe-

nomenon is common for the particles when HH is used

in the thermolysis of the precursor (Fig. S1). The

reason may be due to the higher corrosive nature of

HH. The size and morphology of the copper-deficient

copper(I) sulfides (Cu2-xS, x = 0.03, 0.2) are depen-

dent both of the SP’s structure and the solvent. The SP

helps to form only copper(I) sulfide and the solvent

polarity and coordination pattern influence the stoi-

chiometry and morphology. Being strong coordinating

solvents, EN and EG effectively circumfuse the

particles facilitating the formation of spherical shape

where weakly coordinating solvent HH weakly covers

Fig. 5 SEM images of copper(I) sulfide NCs: a, b from EG; c, d from EN and e, f from HH

Fig. 6 EDX spectrum of copper sulfide NCs prepared from EG

at 180 �C
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Fig. 7 TEM and HRTEM of copper(I) sulfide NCs: a, b from EG; c, d from EN and e, f from HH solvent at 180 �C

Fig. 8 Statistical diameters of copper(I) sulfide NCs fromTEM images: a, b fromEG; c, d fromEN and length of copper(I) sulfide NCs

e, f from HH solvent at 180 �C
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the surface of the seed particles leading to grow

anisotropically to hexagonal Cu1.8S.

The chemical state and composition of the sample

Cu2S were determined by X-ray photoelectron spec-

troscopy (XPS). The value of binding energy was

calibrated by C(1 s) peak (281.69 eV) as the internal

standard. Figure 9 shows the typical survey spectrum

of copper(I) sulfide NCs obtained from EG at 180 �C.
The core peaks of Cu 2p appear at *950 eV (2 p1/2)

and *930 eV (2 p3/2). The Cu 2p signals reach its

maximum value at a binding energy of 930 eV with a

split orbit of 20 eV which is indicative to the presence

of Cu(?1) or Cu(0) rather than Cu(?2) in the sample.

Another survey on S 2p region shows the presence of

doublet peaks at *160 eV which can be assigned to

the Cu–S– form. The features of XPS spectrum prove

the presence of Cu(?1) in the sample.

The optical absorption spectra of the samples are

shown in Fig. 10. A broad peak in the visible region is

observed with a trail in the long wavelength direction

that can be turned to cover the whole visible range.

The absorption never reaches to zero intensity but rises

to the longer wave length. The sample obtained from

EG (Fig. 10a) reaches a minimum around 650 nm and

then it rises for longer wavelength which is stronger

than the samples obtained from EN and HH due to free

carrier intraband absorption [40]. However, the rises

are not so sharp for the samples obtained from EN and

HH. The optical band gap is determined using Tauc’s

equation (aht)n = A(ht–Eg), where a is the absorption
coefficient, ht is the photon energy, A is a constant, Eg

is the band gap, and n is either 1/2 for an indirect

transition or 2 for a direct transition. Thus, a plot of

(ahm)2 vs (hm) for direct band gap copper sulfide gives a
straight line whose intercept on the energy axis refers

the energy gap (Eg). As shown in Fig. 11, theEg values

1.87, 2.04 and 2.5 eV for the samples synthesized

from EG, EN, and HH, respectively, indicate quantum

confinement effect in structure.

It is interesting to note that spherical morphology is

common when Cu(II)-smdtc (where smdtc = H2-

NNH-C(S)SCH3) (Bera et al. 2010) and Cu(I)-mdpa

(where mdpa is methyl 3,5-dimethyl-pyrazole-1-car-

bodithioate) (Mondal et al. 2015) were thermolyzed in

chelating solvents like EN and EG. Both the Cu(II)-

smdtc and Cu(I)-mdpa produce methane thiol (CH3-

SH) fragment during thermolysis. It may be concluded

that thermodynamic spherical morphology of copper

sulfide NCs is common in the solvothermal decom-

position of SPs derived from smdtc and sbdtc. But a

tendency for an anisotropic growth is resulted with

fewer passivation of the fragments (RSH) and less

wettability of the solvent used in the thermolysis. The

hexagonal morphology of the nanoparticles in the

present study with HH can be attributed by the

combined effects of less surface passivation by

PhCH2SH and shorter wettability of HH than bivalent

solvents like EN and EG. Being a larger thiol,

PhCH2SH provides lesser surface passivation than

CH3SH. So, larger size of nanoparticles is thus quite

expected when SP contains –SCH2Ph moiety. The

mechanistic pathway is shown in Scheme 2.

Fig. 9 XPS spectrum of copper(I) sulfide NCs prepared from

SP using EG solvent at 180 �C

Fig. 10 UV–Vis absorption spectrum of copper(I) sulfide NCs

and corresponding band gap energy prepared from a EG, b EN,

and c HH solvent
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In textile industries, various dyes are used, which

are very stable organic aromatic compounds, low

biodegradable and major portion are environmental

pollutants. The waste water from textile mills con-

taining these dyes causes serious contamination on

natural water. These dyes not only impart colors to

water sources but also damage living organisms by

stopping the re-oxygenation capacity of water, block-

ing sunlight, and therefore disturbing the natural

growth activity of aquatic life (Song et al. 2010; Wang

2008; Partain et al. 1983). Thus, the color removal of

textile waste water is a major environmental concern

(Khehra et al. 2005). Certain semiconducting NCs

having band gap values 1.8–2.5 eV show photocat-

alytic activities. The NCs decompose the harmful

organic molecules into small benign one. Semicon-

ducting materials when irradiated in visible light

absorb photon energy greater than their band gap;

consequently, electron–hole pairs are produced which

subsequently transfer to the surface of the crystal. This

electrons (ē) and holes (h?) react with H2O and

molecular O2, producing �OH and �O2̄ radicals,

respectively. These free radicals are responsible for

catalytic decomposition of organic dyes. In the

present work, we chose organic dyes Congo Red

(CR) and Methylene Blue (MB) to testify the photo-

catalytic activity of the synthesized semiconducting

Cu2-xS (x = 0.03, 0.2) because these fluorescence

dyes are commonly used in textile, photographic, and

photochemical industries. The experiment was carried

out by using aqueous solution of CR and MB solution

under visible light with out and with Cu2-xS

(x = 0.03, 0.2) NCs. It is observed that the absence

of catalyst under visible light irradiation as well as the

presence of catalyst in the dark indicates no appre-

ciable degradation of both the dyes even after 1.5 h. In

the presence of catalyst and light, the system

shows *87 % degradation of dye molecules. Fig-

ure 12 shows the time-dependent UV–Vis spectral

change of CR and MB solution in the presence of Cu2-

xS (x = 0.03, 0.2) NCs under the irradiation of light

for 90 min and 80 min, respectively. All the exper-

iments were carried out with 50 mL aqueous solution

of each 6.2 9 10-5 (M) CR and 5.0 9 10-5 (M) MB

taken in a 100 mL beaker with 15 mg Cu2-xS

(x = 0.03, 0.2) under a 250 W indoor fluorescent

lamp as visible light source. The solutions were stored

in dark place for 30 min to reach adsorption desorp-

tion equilibrium and then initial absorption was

measured in UV–Vis spectrophotometer. The absorp-

tion of the sample was again measured after exposi-

tion in visible light at 10-min interval by taking 3 mL

of solution with constant stirring followed by

centrifugation.

The characteristics absorption peaks that appeared

at 480 nm and 650 nm for CR and MB, respectively,

gradually decreased without giving any additional

absorption peak. The % of degradation of dyes is

calculated using following relationship: D (%) = (C0

- Ct)/C0 9 100, where C0 and Ct are the concentra-

tions at initial and any time t of the dyes, respectively.

A maximum degradation of CR (85 %) is observed

after 90-min visible light irradiationwhere themaximum

degradation ofMB (87 %) is recorded after 80 min. The

photodegradation profile picture is given in Fig. 13.

The dye degradation follows first-order kinetics and

obeys the rate equation ln (Ct/C0) = kt, (k is rate

constant) in both the cases. The rate constant values

are 14.74 9 10-3 and 16.91 9 10-3 min-1 for CR

and MB dyes, respectively, and the corresponding

figures are provided in the supplementary information

(Fig. S2).

Fig. 11 Plot of (ahm)2 vs (hm)
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Scheme 2 Proposed formation mechanism of hexagonal-shaped copper(I) sulfide NCs

Fig. 12 UV–Vis spectral change during photodegradation of a CR and b MB, both samples are prepared from EG solvent
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Conclusions

A pyrazolyl-derived thiolate NS-chelate is used to

synthesize air-stable Cu(I) complex [Cu(bdpa)2][-

CuCl2], where bdpa is benzyl 3,5-dimethyl-pyrazole-

1-carbodithioate. The complex is used as single-

source precursor (SP) for the selected synthesis of Cu2-

xS (x = 0.03, 0.2) nanocrystals (NCs) following

thermal decomposition in ethylene glycol (EG),

ethylene diamine (EN), and hydrazine hydrate (HH).

The ?1 oxidation state of the SP facilitates the

selective formation of copper-deficient Cu2-xS

(x = 0.03, 0.2) NCs of size 15 nm. Chelating solvents

such as EN and EG have stronger interaction with the

nucleated surface of seeded crystals than nonchelating

HH which leads to spherical shape of Cu1.97S NCs.

The hexagonal plate morphology of Cu1.8S is resulted

when the SP is decomposed in the HH solvent. As is

observed in the SEM, the porous architecture of the

product might have been effective photocatalyst for

organic molecules. Optical band gap values

1.8–2.5 eV of the sample are indicative of quantum

confinement effect. The Cu2-xS (x = 0.03, 0.2) NCs

are found to be an excellent catalyst for photodegra-

dation of organic dyes Congo Red (CR) and

Methylene Blue (MB). Further studies on heterocy-

cle-based precursor for the selective synthesis of low-

valence metal sulfide nanoparticles can be explored to

establish the structure and activity relationship

between precursor complexes and derived particles.
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