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Abstract

We report herein the size-controlled preparation of monodispersed cuprous oxide octahedron nanocrystals smaller than 100 nm. Th
method is based on the reduction of copper nitrate in Triton X-100 water-in-oil (w/0) microemulsignsriadiation. The average edge
length of the octahedron-shaped nanocrystals varies from 45 to 95 nm as a function of the dose rate. The quantum confinement effect w:
illustrated by the blueshift in the optical absorption. In addition, the growth process was also traced by absorption spectra.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction larger than 100 nm. Submicrosized cuprous oxide octahe-
dra (>2 pum) were also prepared by the capping reagent
Cuprous oxide has been the subject of much current poly(vinylpyrrolidone) (PVP)[13]. Since nanodevices or
research interest, since g is an important metal-oxide nanomachines are built of nanometer-sized blocks, the
p-type semiconductor and has a direct small band gap of preparation of cuprous oxide nanocrystals with different
2.2 eV[1-3], which makes it a promising material for the shapes is of both theoretical and practical importance.
conversion of solar energy into electrical or chemical energy ~ Understanding the growth history is technologically
[4,5]. Recently, its potential was demonstrated by the discov- important in the size- and shape-controlled synthesis of
ery that illuminated CgO could act as a stable photocatalyst nanocrystals and will make it possible to program the system
for the photochemical decomposition of water intg &d to yield building blocks with desired size and/or sh§pe].
Hz under visible light irradiatiorf6]. In some cases, the optical absorption spectrum is a powerful
It is well known that the shape and size of inorganic tool to help us understand the growth history,Owcrystals
materials have great effects on their widely varying prop- have high optical absorption coefficid@il] and the size of
erties[7,8]. So great efforts have been devoted to the syn- 3 crystal can alter the absorption edge gref8j. In addi-
thesis of nanoparticles with various shagés11] It is tion, the bottom of the conduction band and the top of the
noticed that CpO with different shapes has caught much yalence band have the same parity, so that the electric dipole
attention[12—-20} Recently, Gou and Murphid8] reported  transition between them is forbiddd@3]. Quantum size
the solution-phase synthesis of highly monodisperse cubiceffects on the optical properties of direct band gap semicon-
CwO with cetyltrimethylammonium bromide (CTAB) as  qyctors are phenomenologically different from those on the
thg protecting reagent. The dimensions of all the cuprous i,girect band gap semiconduct§e,25] Some works have
oxide cubes, however, vary from 200 to 450 nm, much peen focused on the optical absorption ohOwanocrys-
tals[21,26,27]
~* Corresponding author. Fax: +86-10-62759191. The well-dispersed water pool in the w/o microemul-
E-mail address: xshen@pku.edu.ofX. Shen). sion has been shown to be an ideal nanostructured reaction
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medium or microreactor, where ultrafine and monodisperse out being irradiated. The irradiated systems were dropped
nanoparticles can be formd@8,29] And the method of = onto a Formvar-covered copper grid placed on filter pa-
y-irradiation also provides us with a powerful means of per and evaporated in air before characterization by elec-
preparing nanopatrticles different from routine chemical re- tron microscopy. Before the powder X-ray characterization,

action[30,31] the samples were enriched by centrifugation-4000 rpm,
Thus, the research in the present paper is mainly fo- washed by acetone, and deposited on a piece of glass.
cused on the size-controlled preparation opOwanocrys- All the experiments were conducted at room temperature.

tals less than 100 nm in Triton X-100 microemulsions

by the y-irradiation method. Interestingly, the nanocrys-

tals formed mostly have an octahedral shape. Meanwhile,3. Resultsand discussion

CwO nanocrystals at different stages of formation were

explored by the absorption spectra. A blueshift was evi-  Many products initially generated from the radiolysis of
dently observed in the optical absorption spectra of@u  aqueous solutions by-rays are well understood:
nanocrystals of different sizes, which illustrated quantum radiated

confinement effects on this direct band gap semiconductor. H20 —— ¢z, H3O", H, Hz, OH, H20,. (1)

Some of them have reducing potential, while others have ox-
idating ability. In the present work, it should be the reducing
species, mainly hydrated electrons, that reduce the copper
ions to cuprous ions. Then the cuprous ions react with hy-
droxyl in the system to form cuprous oxide:

2. Materialsand methods
2.1. Materials

Triton X-100 (CP, Beiing Chemical Reagents Inc.), Cu*" + ez —> Cu', 2)
n-hexanol (AP, Beijing Kinglong Chemical Products Inc.), 1
cyclohexane, and copper nitrate (AP, Beijing Yili Fine Cu"+OH~™ —— Cu(OH)—— Cw,0+ éHzO- 3)
Chemical Products Inc.) were used as received. Deionized

and tridistilled water was used in the experiments. A nonnegligible fact, however, is the dismutation of cuprous

ions into copper atoms and copper ions. And the cuprous

29 Ingtruments ions can also be reduced further to form copper metal atoms:

2Cut —— CW’ + CuP, (4)

All the w/o microemulsions were irradiated in the field of CU™ + o= cl 5
a®9Co y-ray source. The absorption spectra were recorded U +eaq ' ()
by a Hitachi UV-3010 spectrophotometer. TEM images were It is well known that pH value can have a great effect on
obtained on a JEM-200CX transmission electron micro- the reactions taking place in aqueous systems. Cuprous ox-
scope, operating at 120 kV, while HRTEM images were ide could be obtained in aqueous systems containing SDS
taken on a Hitachi 9000 transmission electron microscope by the y-irradiation method, when pH was carefully con-
at 300 kV. The stereo shapes of the nanocrystals were ex-trolled in a small rang¢32]. If pH were out of this range,
plored by a FEI strata dual beam 235 nanoprocessing work-the metal phase of copper atoms would appear, mixed with
ing station. The powder XRD analysis was performed us- cuprous oxide. In our work, only the cuprous oxide was ob-
ing a Rigaku Dmax/2400 X-ray diffractometer with graphite tained, using the Triton w/o microemulsion without any pH

monochromatized CKix radiation ¢ = 0.15406 nm). adjustment of the salt solution in the water pool. In the aque-
ous solution of SDS, the mechanism of formation obOu
2.3. Methods nanoparticles is that the headgroups of many SDS molecules

are adsorbed on the surface of aOuarticle to confine its

A certain amount of copper nitrate was dissolved in growth. Obviously, the pH will influence the dissociation of
water to obtain a 0.02 mglL stock solution. To pre-  SDS and then its adsorption on £ particles. However,
pare microemulsions, Triton X-10@rhexanol, and cyclo-  in the w/o microemulsion of Triton X-100, the formation
hexane (according to the mass ratio Triton X-1B&xanol/ mechanism of the G nanoparticles is much different.
cyclohexane= 4/1/30) were first mixed, and then a certain First, the water pool of the microemulsion provides a real
volume of the stock solution of copper nitrate was added microcompartment or microreactor for the nanopatrticles to
with the molar ratio of water to surfactant fixed at 8.98. The be formed under the confinement of the surfactant interface.
mixtures were stirred mildly at room temperature until they Second, since Triton X-100 is a neutral surfactant, the pH of
became transparent. Before they were irradiated, the w/o mi-the water pool does not directly affect the function of Triton
croemulsions were ultrasonicated for 10 min, and bubbled X-100. Thus, it is very possible to obtain gD nanoparti-
with pure nitrogen for 30 min to remove oxygen. cles without adjusting pH.

After irradiation, the absorption spectra were recorded  Fig. lillustrates the effect of total dose on the formation
immediately with the standard of the identical systems with- of cuprous oxide, when the dose rate is kept at 40.0Giy
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Fig. 1. Evolution of the absorption spectra of 0.02 M Cu@y£in the Tri-
ton X-100 w/o microemulsioriw = 8.98) with increasing dose. The dose  Fig. 2. Powder XRD pattern of G® nanocrystals of the sample irradiated
rate is fixed at 40.04 Gymin, and yet the irradiation time is changed (from  under a dose rate of 22.72 k@yin and a total dose of 20 kGy.
1to 5: 10, 20, 24, 30, 40 min).

and the irradiation time is increased. There are mainly two 1.6

absorptions at~338 nm (peak 1) and-465 nm (peak 2).
When the time increases, at first the weak peak 1 becomes 1.2
stronger, and then turns weaker. Compared with the com-

Absorbance

plex change of peak 1, the situation for peak 2 is relatively 0.8 5
simple—it becomes stronger and stronger. As all the absorp-
tion spectra show, there is no characteristic absorption of 0.4 1

copper metal nanocrystals. Systematic wi#g] has illus-

trated a shift in the absorption towards higher energy with 0.0

decrease in the size of cuprous oxide nanocrystals. The max- w ; ' r '

imum absorption of C20 nanoclusters having average di- 300 400 500 600 700 800

ameters from D+ 0.5 to 450+ 5.0 nm shifted from 368 Wavelength (nm)

to 584 nm. So we speculate that in our case, first very finite

CwO nanoclusters with diameters close to their Bohr exci- Fig. 3. The dos_e rate effect on the al_)sorption of thQG)_:ua_noparticles.

tation radii (~7 A).are formed, and then due to high surface tTohg: tf;i'_gsoysgez'_szfl'?(?g_g; ,220'_‘&3f’2";h7"§ /g‘;] f°se rate is different (from 1

energy and chemical activity, the small nanoclusters become

larger ones by the diffusion mechanism or the aggregation

mechanism. tion from 460 nm to 482 nm). According to the systematic
F|g 2shows the typica| powder X-ray diffraction (XRD) StUdy[ZZ] on the blue shift with the decreasing size OfQQJ

patterns of the as-prepared £usamples, when the total ~nanocrystals, we speculate that the size of@unanocrys-

dose is 20 kGy, and the dose rate is 22.72/@W. Inter- tals in our case could be controlled by applying a different

planar distances calculated for (110), (111), (200), (220), dose rate to the system.

and (311) from XRD patterns match well with standard data ~ To substantiate our speculation, the morphologies of the

confirming the formation of a single cubic phase,Owvith samples studied iRig. 3were characterized by transmission

a cuprite structure. No other diffraction peaks arising from electron microscopy (TEM) as shownfiig. 4. By compar-

metal Cu or CuO appear in the XRD patterns, which is in ison of the nanocrystal sizes, the effect of dose rate on the

good agreement with the observationgig. 1 formation of CyO nanopatrticles is confirmed: the higher the

The dose rate also influences the formation ob@u  dose rate, the smaller the nanoparticles. When the dose rate
nanoparticles, which is illustrated Fig. 3. The total dose  is highest, only rounded nanoparticles:é8 nm but no other
is chosen at 20 kGy to ensure that all the copper ions are re-shaped nanoparticles can be seen (1A and Fgr4). Most
duced to form cuprous oxide. When the dose rate is largestCuO square-shaped nanocrystals with edge lengt 85
(curve 1), there is only one obvious absorption~&38 nm 55+ 5, 65+ 5, 954+ 10 nm can be seen frorig. 4(2)
and an unconspicuous shoulder one~a50 nm, which to Fig. 4(5), respectively. Even the superlattice of the self-
means most of the cuprous oxide is in very tiny form. Then assembly of nanoparticles due to the small distribution of
as the dose rate decreases, the absorption3ad8 nm be- the nanoparticles can be seerfFig. 4(3). The relationship
comes weaker and weaker, and yet absorption occurs beyondetween the dose rate and the size of the@unanoparti-
440 nm. Carefully studying the spectra of dose rate effect cle can be seen clearly froRig. 5. It should be pointed out
can reveal that the peak of absorption is shifting to lower here that the absorption wavelength of about 482 nm for the
energy when the dose rate goes down (maximum absorp-CuwpO nanoparticle with diameter 95 nm seems not to agree
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Fig. 4. Micrographs of C¢O nanoparticles of the same samples studideidgn 3.

well with that in the literaturd22], where the reported ab- 100 °

sorption wavelength for G® nanoparticles with diameter

of 45 nm is 584 nm. Two reasons can be used to explain the 801

discrepancy. First, the shape of inorganic nanoparticles may N

cast great influence on their properties. It is postulated here =3 601 °

that the special octahedrons of {Qunanoparticles have dif- < °

ferent properties from the round-shaped ones. Second, the I 407

absorption of nanoparticles or nanoclusters can be changed @

greatly by the media surrounding them. For instance; Ag 201

nanoclusters absorb light at the wavelengths of 331, 271, 0 °
310, and 476 nm in Nr, Kr, aqueous solution, and photo la- 0 30 60 90 120 150

tex, respectively33].

As illustrated by a typical high-resolution transmission
electron microscopy (HRTEM) image of a nanocrystal in Fig. 5. The relationship between the dose rate and the size of t#@ Cu
Fig. 6, the visible lattice fringes in this image show that nanoparticles studied ifigs. 3 and 4

Dose rate (kGy/min)
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Fig. 6. HRTEM (left) and SAED (right) images of an individual £
nanooctahedron of sample 5 studiedFig. 3 The scale bar is 35.8 A.

the nanoparticle is a single crystal. The interplanar spacing
is about 2.468 A, corresponding to the {111} plane of cu-
bic CpO. But the selected area electron diffraction (SAED)
in ordinary TEM demonstrates the smallest cuprous oxide
nanoparticles are the mixture of polycrystals and monocrys-
tals (seeFig. 41A)). The formation of the single crystal
phase of the C4O nanocrystals can also be confirmed.

A puzzle is why there is difference in the grayness for
the different nanocrystals, and even in a single crystal. Dif-
ferent grayness of the different part of a single crystal can
be clearly seen in the nanoparticles marked with circle (see
Figs. 4(2) and 4(9) that is, the equatorial part is darker
than the polar part. So we speculate that the nanocrystals
are neither square nor cubic, for TEM images can only pro-
vide projected shape information on the samples, no matter
what the real shapes of the samples are in three dimensions.
Scanning electron microscopy (SEM) can help us know the
exact shape of samples. From the SEM imagésign 7, it
can be seen clearly that the nanocrystals are actually octa-
hedra, which confirms our speculation. The difference of the
grayness in the TEM images can be explained in terms of
the different orientations of octahedron nanocrystals and the
different thickness in a single octahedral nanocrystal.

As is well known, two completely different mechanisms Fig. 7. SEM images and schemes of sample 2 studiéiin3
are usually used to explain the formation of single crystals
and polycrystals. A diffuse mechanism originally suggested competitive conditior[17]. In other words, the nucleation
by Lamer[34,35]is now generally accepted to explain the process is accompanied by diffusion as well as aggregation.
formation of monodispersed single crystals. According to Competition between the two mechanisms is believed to ex-
this scheme, the precipitation process begins with a shortist in our work. As discussed above, the cuprous oxide is
burst of nuclei once critical supersaturation of the particle- derived from copper ion reduced by hydrated electrons. And
forming species is reached. The nucleation stage is thenall the experiment conditions are identical to each other ex-
followed by diffusion of the constituent complexes to these cept the dose rate. So it is speculated that when the dose
primary particles until the supply is exhausted. On the other rate is high, the aggregation mechanism overwhelms the dif-
hand, the aggregation mechanif36—40]could be used to  fusion mechanism, so GO forms mainly polycrystals; in
explain the formation of monodisperse polycrystals. This contrast, when the dose rate becomes lower, thgGiin-
mechanism indicates that uniform particles formation usu- gle crystals are formed.
ally proceeds in several stages. In the initial induction stage,
solutes are formed to yield a supersaturated solution, leading
to nucleation. The nuclei then grow by diffusive mechanism 4. Conclusion
to form crystalline subunits, which in turn aggregate to form
the large polycrystalline assemblages. Cw0O octahedral nanocrystals smaller than 100 nm have

Differences in two mechanisms have been discussed re-been prepared successfully in Triton X-100 w/o microemul-
cently. These two mechanisms are believed to coexist, in-sions using they-irradiation method. And the size of the
fluencing the morphologies of the €D particles under  nanocrystals could be controlled by the dose rate. The ab-

100 nm

100 nm
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sorption spectra have been applied to explore the quantum13] X. Zhang, Y. Xie, F. Xu, X.H. Liu, D. Xu, Inorg. Chem. Commun. 6

confinement effect of the semiconductor, in which an evident
blueshift of the absorption was observed. And it was sug-

gested that competition between the diffusion mechanism
and the aggregation mechanism occurred in our case. In ad-

(2003) 1390.
[14] Z. Chen, E. Shi, Y. Zheng, W. Li, B. Xiao, J. Zhuang, J. Cryst.
Growth 249 (2003) 294.
[15] W.Z. Wang, G.H. Wang, X.S. Wang, Y.J. Zhan, Y.K. Liu, C.L. Zheng,
Adv. Mater. 14 (2002) 67.

dition, the growth process was also traced by the absorption[i6] S.J. Chen, X.T. Chen, Z.L. Xue, LH. Li, X.Z. You, J. Cryst.

spectra, demonstrating that at the selected dose rate, small

CwO nanoparticles were formed first, then larger nanocrys-
tals.
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