Synthesizing silver halide nanoparticles in supercritical carbon dioxide

utilizing a water-in-CO, microemulsion
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ITonic species can be stabilized in the water core of a water-in-
CO, microemulsion in supercritical fluid CO,; by mixing two
microemulsions containing Ag* and X~ ions separately,
silver halide (AgX) nanoparticles were synthesized in
supercritical CO,; the water-in-CO, microemulsion may
provide a reaction system for a wide range of nanoparticle
syntheses involving ionic species in supercritical CO,.

Reverse micelles and microemulsions formed in liquid and
supercritical carbon dioxide (CO,) alow high polar compounds
to be dispersed in this nonpolar fluidl A recent report
demonstrated that silver ions in the water core of a water-in-
supercritical CO, microemulsion could be reduced to nanosized
metallic silver particles by a reducing agent dissolved in the
fluid phase.2 The rate of formation of silver nanoparticlesin the
water-in-supercritical CO, microemulsion is fast, suggesting
the microemulsion is dynamic in nature3 By collision,
exchange of contents between two water-in-supercritical CO,
microemulsions probably would take place effectively. This
suggests the possibility of performing nanomaterials synthesis
in supercritical CO, by mixing water-in-CO, microemulsions
containing different ions in the water cores. The water-in-CO,
microemulsion system thus may function like a ‘ nanoreactor’
for awide range of chemical syntheses involving ionic species
as starting materials in supercritical COs.

Recently, Ida et al. found that theionic conductivity of silver
iodide increased significantly as the particle size decreased to
the nanometer-size range.# Silver chloride and silver bromide
areindirect gap semiconductors and silver iodideis adirect gap
semiconductor. Much attention has been paid to the changesin
band gap energies for small semiconductor particles as the
particle radius decreases.5 Rosseti et al. explained the particle
size dependence of the excited state electronic properties of
silver iodide and silver bromide as a conseguence of electron
and hole locdlization in the small crystallites.6 Water-in-ail
microemulsion technology has been used to synthesize avariety
of nanoparticles. Usually, nanometer-sized particleswith ahigh
degree of monodispersity can be obtained using this technol-
ogy.” Formation of nanoparticles in supercritical fluids offers
significant advantages over conventional liquid-phase systems
including rapid separation of solvent and the possibility of
depositing the particles in situ in porous materials utilizing the
unique properties of the supercritical fluid phase.2

Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) obtained
from Sigma, was purified using amethod described by Williams
et al.8 The perfluoropolyether—phosphate (PFPE-PQO,) received
from Ausimont has a general structure of CF;O[OCF(CF3)-
molecular weight of 870. The carbon dioxide, SFE grade, was
obtained from Oxarc.

Two homemade high-pressure vessels were utilized for the
synthesis. One vessel (9.5 ml volume) was equipped with a
fiber-optic system (5 mm pathlength) connected to a CCD array
UV-VIS spectrometer. The high-pressure fiber-optic spectros-
copy cell is described elsewhere.3 The other vessel wasa 15 ml
high-pressure view cell with sapphire windows.2 Each system
could beisolated from the other by Valco high-pressure valves.
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Fig. 1 Schematic diagram of the supercritical CO, microemulsion reaction
system.

A schematic diagram of the entire supercritical fluid system
used for this study is shown in Fig. 1.

The reverse micellar solutions were prepared by using
sodium bis(2-ethylhexyl) sulfosuccinate [AOT] (12.8 mM) and
the cosurfactant perfluoropolyether phosphate [PFPE-PO,]
(25.3 mM) at the water-to-surfactant ratio, W = [H,O]/[AOT]
= 12. The AgNO3 was made to 3.3 mM and Nal, NaBr and
NaCl were made to 6.6 mM. The silver nitrate solution was
aways placed in the 9.5 ml fiber-optic cell and the sodium
halide solutions were placed in the 15 ml view-cell. Each
solution was stirred for 1 h in the pressurized vessel to ensure
the formation of a homogeneous optically transparent micro-
emulsion. For the supercritical fluid carbon dioxide experi-
ments, the vessels were first both pressurized to 80 atm. At the
end of 1 h, the 15 ml vessel was pressurized to 200 atm and the
microemulsion containing the halide solution was pushed into
the fiber-optic cell by opening an interconnecting valve and the
spectra were recorded.

Fig. 2 shows the UV-VIS absorption spectra of silver halide
nanoparticles observed in the supercritical fluid CO, experi-
ments. The spectra for silver iodide show a broad band in the
approximate range 410-450 nm. The peak wavelength of the
absorption band increased with time after the mixing, varying
from ca. 422 to 429 nm. About 30 s after the mixing, the peak
wavelength reached approximately a constant value at 429 nm
and the peak absorption intensity also became constant for the
remainder of the experiment. These spectra are consistent with
the UV-VIS spectra previously reported by Sato et al. for
nanosized silver iodide particles formed in an AOT/isooctane
reverse micelle system.® For silver bromide, we observed
shoulder peaks in the range 300—-350 nm. Again the observed
spectra are consistent with the previously reported observations
for silver bromide nanoparticles.® The spectra of silver chloride
showed an absorption threshold shorter than silver bromide,
also in agreement with the literature report.®

Thesize of the silver halide nanoparticles can be estimated by
first calculating the band gap energies for the semiconductors.
For direct alowed transitions, such as silver iodide, the
following equation has been derived by Ravich et al.10

ohv = K(hv — Eg)¥/2 (€0}
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Fig. 2 Absorption spectraof AgX nanoparticles synthesized in the water-in-
supercritical CO, microemulsion: (a) Agl, (b) AgBr and (c) AgCl.

and for indirect gap semiconductors, like silver bromide and
silver chloride,

ohv = K'(hv — E{)? 2

In these equations, o and hv are the absorption coefficient and
the photon energy, respectively, K and K’ are proportionality
constants, and Eg and E4 are the band gap energy and the
indirect energy transition threshold, respectively.

The average diameter of the nanoparticle, d, can be
estimated from the band gap energy, Eg,911

Eg = Egpun + (W212d2)[(1mg) + (1my)] — [(3-662)/(4ﬂ£dp()%)

where m, and m,, are the effective mass of an electron and ahole
in a semiconductor, respectively. In egn. (3), Egpuk is the
energy of the band gap of the bulk semiconductor, ¢ is the
dielectric constant of the semiconductor and eisthe charge of an
electron. The following parameters® were used for the calcula-
tions: for Agl, Egpux = 2.83€V, elgg = 4.91, and m*/my = 0.2;
for AgBr, Egpuk = 256V, elep = 4.62, my/mg = 0.645, and my/
my = 0.215. For the other symbols, & is the dielectric constant
of vacuum, mp is the rest mass of an electron and m* is
represented by the following equation, m* = [(Umg) +
(Vmy)] 2

The variation of Agl nanoparticle diameters with time during
synthesis in supercritical CO, can be calculated using egn. (3)
and the UV-VIS spectroscopic data. The results for silver
iodide showed a sharp increase in particle size in the first few
seconds until astablesize of ca. 3.4 nmin supercritical CO, was
reached. For silver bromide, we obtained a particle size ca. 3.0
nm. The size of the silver chloride particles could not be
calculated since the effective mass of a hole is not available.

A rapid expansion of supercritical solution (RESS) method2
was used to collect the synthesized silver halide particles. The
size distribution of Agl particles collected on a copper grid by
the RESS method is shown in Fig. 3. The particle sizes shown
in Fig. 3 (ca. 3-15 nm) are larger than the calculated Agl size
based on the spectroscopic method. Rapid expansion of the
water-in-CO, microemulsion apparently can cause agglomera-
tion of the Agl nanoparticles. Other methods of collecting the
synthesized nanoparticles in supercritical CO, with minimum
agglomeration are currently under investigation.

To obtain more information on the mechanism of silver
halide nanoparticle formation in supercritical CO,, the ab-
sorbance vs. time for the products Agl, AgBr and AgCl were
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Fig. 3 TEM micrograph of the Agl particles collected on acopper grid using
the RESS method.

investigated at 426, 325 and 300 nm, respectively. Thetimethat
required for the absorbance-time curve to reach a plateau was
used as a measure of the completion of the reaction. The
reaction time followed the order Agl (16 s) > AgBr (28 5) >
AgCl (40 s). Similar experiments by mixing water/AOT/hexane
microemulsions (containing Ag* and |- separately) would
require ca. 3 min to reach the plateau for the formation of the
Agl nanoparticles. The formation of silver halide nanoparticles
in the water-in-CO, microemulsion system involves several
processes including collision, intermicellar exchange and
reaction between silver ion and halide ion as shown in the
graphical abstract. The intermicellar exchange process involves
the distribution of silver nitrate and sodium halide from water
droplets to the surfactant phase. This process should depend on
the hydrophobicity of sodium halide, i.e. Nal > NaBr > NaCl.
The observed reaction speed follows the order of hydro-
phobicity of sodium halide, suggesting that the most hydro-
phobic species probably reside close to the interface and
exchange faster. The reaction between Ag* and |- is expected
to be very fast because of the large Ky, valuesfor all AgX. The
rate-determining step for the formation of silver halide
nanoparticles in the water-in-supercritical CO, probably is the
intermicellar exchange process.

Notes and references

1 J. L. Fulton, D. M. Pfund, J. B. McClain, T. J. Romack, E. E. Maury,
J.R. Combes, E. T. Samulski, J. M. DeSimone and M. Capel, Langmuir,
1995, 11, 4241; K. P. Johnston, K. L. Harrison, M. J. Clarke, S. M.
Howdle and M. P. Heitz, Science, 1996, 271, 624.

2 M. Ji, X. Chen, C. M. Wai and J. L. Fulton, J. Am. Chem. Soc., 1999,
121, 2631.

3 F. Hunt, H. Ohde and C. M. Wai, Rev. i. Instrum,, 1999, 70, 4661.

4 T. Ida, H. Hamada and K. Kimura, Surf. Rev. Lett., 1996, 3, 41; T. Ida
and K. Kimura, Solid Sate lonics, 1998, 107, 313.

5 A. L. Efros, Sov. Phys. Semicond., 1982, 16, 772; A. |I. Ekimov and
A. A. Onushchenko, Sov. Phys. Semicond., 1982, 16, 775; L. Brus,
J. Phys. Chem,, 1986, 90, 2555; A. Henglein, Top. Curr. Chem., 1988,
143, 114.

6 R. Rossetti, R. Hull, J. M. Gibson and L. E. Brus, J. Chem. Phys., 1985,
83, 1406.

7 J. B. Nagy, D. Barette, A. Fonseca, L. Jeunieau, Ph. Monnoyer, P.
Piedigrosso, |. Ravet-Bodart, J. P. Verfaillie and A. Wathelet, in
Nanopartices in Solids and Solutions, ed. J. H. Fendler and |. Dekany,
Dordrecht, 1996, pp. 71-129.

8 E. F. Williams, N. T. Woodberry and J. K. Dixon, J. Colloid ci., 1957,
12, 451.

9 C. H. Chew, L. M. Gan and D. O. Shah, J. Dispersion i. Technol.,
1990, 12, 593; K. P. Johansson, A. P. Marchetti and G. L. McLendon,
J. Phys. Chem., 1992, 96, 2873; H. Sato, T. Hirai and |. Komasawa,
J. Chem. Eng. Jpn., 1996, 29, 501.

10 1. Y. Ravich, B. A. Efimovaand I. A. Smirnov, Semiconducting Lead
Chalcogenides, Plenum Press, New Y ork, 1970, pp. 52-53.

11 T. Hirai, Y. Tsubaki, H. Sato and |. Komasawa, J. Chem. Eng. Jpn,
1995, 28, 468.

12 R. D. Smith, D. W. Matson, J. L. Fulton and R. C. Peterson, Ind. Eng.
Chem. Res., 1987, 26, 2298.



