
J O U R N A L O F

C H E M I S T R Y

Materials
Preparation and phase transformation of nanocrystalline copper

sul®des (Cu9S8, Cu7S4 and CuS) at low temperature

Xuchuan Jiang, Yi Xie,* Jun Lu, Wei He, Liying Zhu and Yitai Qian

Structure Research Laboratory and Laboratory of Nanochemistry and Nanomaterials,
University of Science and Technology of China, Hefei, Anhui 230026, P. R. China.
E-mail: yxie@ustc.edu.cn

Received 29th March 2000, Accepted 8th June 2000
Published on the Web 26th July 2000

Nanocrystallites of non-stoichiometric copper sul®des were synthesized via the reaction between [Cu(NH3)4]2z

and thiourea in sealed autoclaves at the low temperature of 60 ³C for 3 h. Thiourea played a key role in the

process of Cu9S8 nanocrystal formation. Through adjusting the redox atmosphere, Cu7S4 and CuS were

obtained from the freshly formed Cu9S8 nanocrystals. The products were characterized by means of X-ray

powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS), FT-IR spectroscopy and transmission

electron microscopy (TEM) techniques. The Cu : S atomic ratios for Cu9S8 and Cu7S4 were 9 : 8.08 and 7 : 4.05,

respectively, analyzed by inductively coupled plasma (ICP) spectroscopy. The possible mechanism of phase

transformation among copper sul®des (Cu9S8, CuS, and Cu7S4) was discussed. The optical properties of the

products were also recorded by means of UV±vis absorption, and photoluminescence spectroscopy.

Introduction

Transition metal chalcogenides including sul®des, selenides and
tellurides are often found in minerals and have attracted
considerable attention in recent decades due to the interesting
properties they possess.1 They have a number of commercial
applications in pigments, semiconductors, ¯uorescence devices
and even superconductors.2 Because of the effect of the 3d
electrons, transition metal compounds, such as cobalt sul®des,
copper sul®des, etc., have many different phase compositions.
It is known that copper sul®des are useful minerals, and their
mineralogical and technological properties have been studied
extensively.3 The compounds exhibit fast-ion conduction at
high temperature, and exist in a wide variety of compositions
ranging from Cu2S at the `copper rich' side to CuS2 at the
`copper de®cient' side, such as CuS,4 Cu1.96S,5±8 Cu1.94S,9

Cu1.8S,10,11 Cu7S4,12 and Cu2S.13,14

Traditionally, copper sul®des have been synthesized by solid-
state reactions15,16 and self-propagating high temperature
synthesis.17 Although CuS and Cu22xS (0.25¢x¢0.18) were
produced via the above methods, high temperatures (w500 ³C)
are required to initiate the reaction. If gaseous H2S is used to
prepare copper sul®des, the total process is dangerous and
highly toxic.18 Molecular precursors have also been used to
obtain copper sul®des. Paul et al. prepared CuS by decom-
posing the complex Cu(S6)(solv)2 at 500 ³C.4a Grijavala et al.
used [Cu(en)2]2z and thiourea to synthesise CuS;4b however,
the products were amorphous. In order to obtain crystalline
products, a post-treatment at relatively high temperature (250±
500 ³C) was necessary. Recently, Parkin and coworkers
reported a low-temperature synthesis route to copper sul®des
via Cu(s) and S(s) in liquid ammonia;5 however, only a mixture
of Cu1.8S, Cu7.2S4 and Cu1.96S was obtained. During their
experiments, several manipulations had to be carefully carried
out at 277 ³C in thick-walled glass vessels, and all operations
had to be conducted with care and behind a safety screen.

In this paper, we report a novel solvothermal reaction for the
fabrication of phase-pure Cu9S8, Cu7S4 and CuS nanocrys-
tallites in aqueous ammonia at 60 ³C. In our experiments,
thiourea was used as the sulfur source, because the release of
S22 from thiourea in aqueous ammonia can be controlled by
adjusting the pH value of the reaction system. It is concluded

that this process favors the synthesis of phase-pure Cu9S8.
Through adjusting the redox atmosphere, Cu7S4 and CuS were
obtained from the freshly formed Cu9S8. In comparison with
the other methods mentioned above, this route is relatively
mild and non-toxic. In order to fully characterize the materials,
optical absorption and photoluminescence spectra were
recorded, as well as X-ray diffraction patterns and transmission
electron micrographs to con®rm the morphology of the Cu9S8,

Cu7S4 and CuS nanocrystallites. The compositions of products
were accurately analyzed using inductively coupled plasma
(ICP) spectroscopy. A possible mechanism of formation for the
copper sul®des is discussed.

Experimental

Thiourea (NH2CSNH2, Tu) (A.R) was selected as the sulfur
source to control the slow release of S22 ions, and aqueous
ammonia (NH3?H2O, the concentration of NH3 is ca. 28%) as
the solvent and the Cu2z complexing agent; all of these were
purchased from Shanghai Chemistry Co. Ltd. Other chemicals
were all analytical grade and pretreated before use.

Preparation of nanocrystalline copper sul®des

The procedure included three steps. First, 10 ml 0.4 mol dm23

CuCl2 was mixed with 20 ml aqueous ammonia solution,
resulting in the formation of a blue solution of copper
ammonia complex. Second, 10 ml 1.0 mol dm23 thiourea
solution was titrated into the mixture at 0.5 ml min21 with
continuous stirring, whereupon the solution turned grayish and
a precipitate was formed. Third, the mixed solution was sealed
in an autoclave to heat at 60 ³C for 3 h in order to crystallize the
product. After being left to cool to room temperature, the
precipitate was ®ltered off, and then washed several times with
dilute HCl solution and distilled water. The ®nal products were
dried in vacuo at 25 ³C for 2 h. Phase transformation took place
via the addition of oxidant or reducing agent to the Cu9S8

systems.
Appropriate amounts of the freshly produced Cu9S8 and

KBH4 were introduced into a Te¯on-lined autoclave. The
autoclave was ®lled with aqueous ammonia up to 75% of the
total volume, maintained at 60 ³C for 3 h, and then allowed to
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cool to room temperature. The post-treatment of the
precipitate was the same as for Cu9S8. The preparation of
CuS was analogous to that for Cu7S4, except that SnCl4 was
used to substitute for KBH4.

Characterization

The three samples were characterized as follows. The XRD
analysis was carried out with a Japan Rigaku D/max-c rotation
anode X-ray diffractometer, using Ni-®ltered Cu-Ka radiation
at 25 ³C. A scanning rate of 0.05³ s21 was applied to record the
patterns in the 2h range 10±70³. The re¯ection data were
collected at 25 ³C. The TEM images were taken with a Hitachi
H-800 transmission electron microscope at an acceleration
voltage of 200 kV. Powdered Cu9S8, or Cu7S4, or CuS was
ultrasonically dispersed in absolute ethanol, then one droplet of
solution was absorbed on a copper grid for measurement.
Infrared analyses of these samples were conducted on a Magna
IR-750FT spectrometer in the range 400 to 4000 cm21 at 25 ³C
using the KBr wafer technique. The electronic binding energy
of the copper sul®des was examined by X-ray photoelectron
spectroscopy (XPS) on an ESCALab MKII instrument with
Mg-Ka (hn~1253.6 eV) radiation as the exciting source with
an energy resolution of 1.0 eV. The compositions of copper
sul®des were measured via measuring the concentrations of
copper ions remaining in supernatant solutions using induc-
tively coupled plasma (ICP) spectroscopy with a Seiko
Electronics SPD 1200A ICP emission analyzer with a pump
¯ow of 1.85 ml min21 and a ¯ow rate of the auxiliary gas (Ar
99.99%) of 0.5 l min21. The UV±vis absorption spectra were
recorded using a Schimadzu UV-240 spectrophotometer, and
the photoluminescence (PL) spectra were recorded using a
Hitachi 850-¯uorescence spectrophotometer.

Results and discussion

The phase-transformation reactions of different copper sul®des
are listed in Table 1. Here, the phase-pure copper sul®des were
obtained under different conditions. CuS was obtained after
adding SnCl4 oxidant into the Cu9S8 aqueous ammonia system,
while the addition of a reducing reagent (KBH4) led to the
production of Cu7S4. The anionic effects of SO4

22, ClO4
2, Cl2

and NO3
2 on the products in reaction A (Table 1) were

investigated, and it was found that they had no in¯uence on the
composition and purity of Cu9S8.

The XRD patterns for Cu7S4 (a), Cu9S8 (b), and CuS (c) are
shown in Fig. 1; all their re¯ection peaks were indexed. The cell
parameters and particle sizes of products after re®nement are
listed in Table 2. The cell parameters calculated were close to
those in the JCPDS ®les. The average sizes of particles for CuS,
Cu9S8, and Cu7S4 were calculated by using the Scherrer
formula.19 The results are in good agreement with the
observations from TEM images (Fig. 2). All the re¯ection
peaks were used to calculate the cell parameters in each XRD
pattern. Note that the pattern of Cu9S8 nanocrystals is very
similar to that of CuS, but the cell parameters and re¯ection
indices are different. The re¯ection intensities of Cu9S8 and
Cu7S4 are in agreement with their powder patterns, whilst for
CuS, the (103) re¯ection peak weakens and the (110) peak
strengthens, which corresponds to the (111) re¯ection peak of
Cu9S8. This change probably results from the structure of

Cu9S8, since CuS is obtained from hexagonal Cu9S8. The Cu7S4

obtained in our work is hexagonal, rather than orthorhombic
as reported by Koto and Morimoto.12 According to the
literature,20 hexagonal Cu7S4 is the metastable form of
digenite. The structure CuxS (1.96¢x¢1.86) transforms to
digenite between 50 and 70 ³C. In our experiments, the
temperature of the reaction systems is 60 ³C, which is favorable
for the formation of the metastable hexagonal structure of
Cu7S4.

TEM images for the products are shown in Fig. 2. The
morphologies of as-prepared products were different. The
spherical Cu7S4 nanocrystallites (a) and sheet-like Cu9S8

nanocrystallites (b) are shown, with diameters of ca. 24 and
27 nm, respectively, while CuS crystals are needle-like ®bers of
size 26 nm6110 nm, as shown in (c).

The IR spectra of the samples do not show any characteristic
thiourea N±H peaks, indicating that thiourea is at most weakly
bonded to the surface of copper sul®des and can readily be
removed by washing with distilled water.

From X-ray photoelectron spectra (XPS), the binding energy
values are 931.9 eV for Cu2p in Cu9S8 and 932.1 eV for Cu2p in
Cu7S4, and are 933.5 eV for Cu(II)2p in CuS and 932.5 eV for
Cu(I)2p in Cu2S.21 From the relationship between the Cu2p
and S2p peak areas of phase-pure Cu9S8, and Cu7S4, the
quanti®cation of peaks gives the atomic ratios of Cu to S as
9 : 8.40, and 7 : 4.48, respectively. The Cu : S atomic ratio was
also examined by a chemical analysis method.22 The samples
were dissolved in 3.0 mol dm23 HNO3 aqueous solution and
the post-treated solution was subjected to ICP measurement.
The Cu : S atomic ratios for Cu9S8, Cu7S4, and CuS are 9 : 8.08,
7 : 4.05, and 1 : 1.03, respectively.

In the case of the formation of Cu9S8, the reaction and its
possible reaction mechanism may be described as follows:

SC(NH2)2zOH{?OC(NH2)2zSH{ (1)

SH{zOH{?S2{zH2O (2)

9�Cu(NH3)4�2z
z8SC(NH2)2z8OH{z10e{?

Cu9S8z36NH3z8OC(NH2)2z4H2 (3)

In the process of forming Cu9S8, S22 ions are released from
thiourea through hydrolysis in aqueous ammonia [eqn. (1),
(2)]. The concentration of S22 ions is a crucial factor for

Table 1 The reaction parameters of phase transformation for the synthesis of copper sul®desa

Reaction Precursors Solvent Molar ratio Cu : S : NH3 Product

A Cu2zzTu Aqueous ammonia 1 : 2.5 : 36 Cu9S8

B Cu9S8zSnCl4 Aqueous ammonia 1 : 2.5 : 36 CuS
C Cu9S8zKBH4 Aqueous ammonia 1 : 2.5 : 36 Cu7S4

aAll the reactions were performed at 60 ³C for 3 h.

Fig. 1 XRD patterns of nanocrystalline copper sul®des: (a) Cu7S4, (b)
Cu9S8, (c) CuS.
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forming non-stoichiometric copper sul®des, which is similar to
the reaction mechanism for Co3S4.23 We also used other sulfur
sources, such as CS2, Na2S, Na2S2O3 and Et2NCSSNa, to
substitute for thiourea, but no Cu9S8 was obtained. This fact
shows that thiourea is a good sulfur source for the synthesis of
Cu9S8. This process can be controlled via adjustment of the
concentration of OH2 ions with 4.0 mol dm23 NaOH solution,
thus affecting the concentration of S22 in the reaction system
and the nucleation of copper sul®de crystallites. Perea24 also
reported that the formation of copper sul®de (djurleite)
Cu1.934S from native copper (Cu0) under anoxic (reducing)
conditions was enhanced by the availability of dissolved H2S in
the groundwater (pHw7.8), showing that the concentration of
S22 does affect the composition of copper sul®des.

Through adjustment of the redox atmosphere, phase
transformations between the different forms of copper sul®de
took place. In reaction B (Table 1), CuS was obtained by
adding SnCl4 oxidant to the Cu9S8zaqueous ammonia system,
corresponding to eqn. (4). The SnS by-product was removed by
dissolution in dilute HCl.

Cu9S8zSnCl4z2S2{?9CuSzSnSz4Cl{ (4)

When the reducing reagent KBH4 was added to the
Cu9S8zaqueous ammonia system, Cu7S4 was precipitated.
Here, KBH4 was selected to reduce Cu9S8 to Cu7S4, since the
pH value and temperature of the reaction system determines its
hydrolysis rate. In the reducing process, the solution (pH 10)
delayed the hydrolysis of KBH4 and its reducing ability
decreased so that no Cu2S was obtained in the end. The
reaction took place as shown in eqn. (5).

7Cu9S8z40KBH4z120H2O?9Cu7S4z20K2S

z40B(OH)3z140H2 (5)

From eqn. (4) and (5), phase-pure copper sul®des can be
obtained from Cu9S8 via adjustment of the redox atmosphere.

The optical properties of the products can be described as
follows. Fig. 3a shows the absorption spectra of the samples.
The samples of Cu9S8 (curve 1) and Cu7S4 (curve 2) have
absorption peaks in the range 400±700 nm, which are assigned
to the optical transition of the ®rst excitonic state,25 whilst CuS
has no absorption in the wavelength range studied (curve 3). In
contrast to the absorption spectra, the photoluminescence

spectra (Fig. 3b) of the copper sul®des show emissions at
440 nm for Cu7S4 and 443 nm for Cu9S8, suggesting a near
band-edge emission. CuS has no emission in the range 400±
800 nm, consistent with literature reports.26 The ¯uorescence
bands of Cu7S4 and Cu9S8 are indicative of typical inhomo-
geneous broadening.27 In this case, the structures of Cu9S8 and
Cu7S4 can be considered as containing domain-like structures,
with both copper-rich and copper-poor regions,11 which may
result in the hetero-structure and new photochemical proper-
ties emerging.

Summary

The phase-pure copper sul®des Cu9S8 and Cu7S4 were
synthesized via the controlled release of S22 ions from thiourea
at the low temperature of 60 ³C. TEM images con®rmed the
morphologies of the resulting copper sul®des. The Cu : S
atomic ratios for Cu9S8 and Cu7S4 were 9 : 8.08 and 7 : 4.05,
respectively, as determined by ICP spectroscopy. A possible
phase-transformation mechanism between the copper sul®des
has been proposed. This is signi®cant for the synthesis of phase-
pure nonstoichiometric copper sul®des.
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Table 2 The cell parameters and particle size of copper sul®des

Cell parameters/AÊ

Product Calculated Theoretical Crystal system JCPDS Size/nm

CuS a~3.643¡0.034 a~3.792 Hexagonal No. 6-464 26.8
c~16.128¡0.083 c~16.344

Cu9S8 a~3.781¡0.048 a~3.800 Hexagonal No. 36-379 27.4
c~67.11¡0.095 c~67.269

Cu7S4 a~15.423¡0.056 a~15.475 Hexagonal No. 23-958 25.3
c~13.272¡0.045 c~13.356

Fig. 2 TEM images of the nanoparticles of (a) Cu7S4 and (b) Cu9S8,
and (c) CuS nano®bres.

Fig. 3 (a) The UV absorption spectra for (1) Cu9S8, (2) Cu7S4, and (3)
CuS. (b) The PL spectra for Cu7S4 (curve a) and Cu9S8 (curve b).
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