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Abstract: An artificial oil/water inter-
face was created in normal microemul-
sions. Various well-dispersed inorganic
nanoparticles were successfully fabri-
cated at this micelle interface, and a

to the large solubility of the source ma-
terials in the water phase, the colloidal
nanoparticles can easily be prepared
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on a large scale. Compared with tradi-
tional reverse-microemulsion methods,
the method reported here yields larger
amounts of colloidal particles but with
the same quality.

“hot liquid annealing” process was
used to crystallize the products. Owing

Introduction

The emergence of a new concept or method in science and
technology always forces the advancement of the concerned
subjects and accelerates the spread of related applications.
Looking at the history of chemical synthesis, the discovery
and development of sol-gel, hydrothermal, metalorganic
chemical vapor deposition (MOCVD) techniques, and so
forth, have provided an abundance of functional powders,
glasses, films, and artificial crystals, which have greatly pro-
moted scientific research and social manufacture. Things are
the same for the recently arisen field of nanoscience, in
which some important synthetic methods, such as the pyrol-
ysis of organometallic compounds,!'™! liquid-solid—solution
(LSS) strategy,® vapor-liquid-solid (VLS) growth,” and
reverse microemulsion,'>" were established to produce
high-quality and size-tunable nanoparticles and nanowires,
thus pushing the entire area of nano research to a higher
level. It is interesting to find that all of these methods in-
volve reactions occurring at an interface, such as organic/in-
organic, vapor/liquid, liquid/solid, and water/oil interfaces.
Inspired by the special interface activity, we designed an oil/
water interface-controlled reaction in normal microemul-
sions (water/surfactant/hexane) to produce dispersive colloi-
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dal nanocrystals. Owing to the large solubility of the source
materials in the water phase, the colloidal nanoparticles can
easily be prepared on a large scale; this should yield consid-
erably larger amounts compared with the traditional re-
verse-microemulsion method. According to the solubility
product constant (Kgp) of each specific reaction, the crystal-
linity of the products is controllable, and “hot liquid anneal-
ing” was applied to make crystalline colloidal nanoparticles.
It is believed that this general method will lead to a better
understanding of the flexible manipulation of the interface

hexane water+ethanol

Figure 1. Empirical phase diagram of the H,O/EtOH/NaLA/LA/hexane
microemulsions. The composition is described using volume fractions.
The water/ethanol ratio is always 1:1. The NaLA/LA molar ratio is
always 2:3, and the total volume of LA is considered as the surfactant
volume. The phase diagram is determined by gradual addition of hexane
to a one-phase H,O/EtOH/NaLA/LA mixture with a constant volume
fraction. For instance, we start from point A, and reach a critical point C
where the solution begins to exhibit a two-phase character.
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in the multiphase system, and it will be advantageous in sup-
plying a large amount of product for current magnetic,'**!
optical,®? catalytic,”?! battery,®>* and biologicall®"¥
applications.

Results and Discussion

Firstly, the phase behavior of the system was studied to
obtain the appropriate microemulsions. Figure 1 shows the
empirical phase diagram for the water/ethanol/sodium lino-
leate (NaLA)/linoleic acid (LA)/hexane mixtures at room
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Figure 2. TEM images, ED patterns, and related EDS analyses of
a) Ag, b) Cu, c) Ag,S, d)PbS, e) CdS, f)ZnS, g) CdSe, h) PbSe,
i) Ag,Se, j) CaF,, k) YF;, 1) NdF;, m) PrF;, n) CePO,, o) HoPO,,
p) BaCrO,, and q) PbCrO, colloidal nanocrystals.

temperature (293 K). NaLA, LA, and EtOH were used to
stabilize this oil-in-water microemulsion. Because of the
complexity of the five-component system, the phase diagram
was simplified to an empirical ternary phase diagram, which
is composed of total LA (including the part to generate
NaLA with NaOH), water plus ethanol, and hexane.

The one-phase/two-phase envelope extends from the
point of pure H,O+EtOH to the point at 28.17% H,0+
EtOH, 57.75 % hexane, and 14.08 % LA, and the two-phase
part is located in the lower LA region. According to the
phase diagram measurement, it can be concluded that with
an increase of the ratio of LA/(H,O+EtOH), more hexane
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can be dissolved into their mixtures to form a thermostable
system. Because we were focusing on the oil-in-water micro-
emulsion, more attention was paid to the right-bottom
region. The actual point we used is marked (point B) in the
phase diagram, and is located in the normal microemulsion
region.

Typical transmission electron microscopy (TEM) pictures,
electron diffraction (ED) patterns, and energy dispersive
spectroscopy (EDS) results are presented in Figure 2. Only
the peaks representing the elements of the expected prod-
ucts and Cu, C, and O environmental impurities are found
in each EDS spectrum, indicating that the colloidal particles
are highly pure. All the products are made up of small parti-
cles with average sizes of 2 to 13 nm and were well spread
over the copper-grid-supported carbon films. Generally,
high-energy electron irradiation at large magnifications
causes the evaporation and decomposition of the organic
solvent and surfactant, which leads to some slight aggrega-
tion. This phenomenon is especially common in the case of
amorphous particles.

From the TEM observations, all the colloidal particles can
be classified as crystalline or amorphous, which is foreseea-
ble chiefly according to the change in the Gibbs free energy
(AG) of each reaction. Small AG values (or small Kgp of the
precipitate) lead to crystalline products, such as Ag, Cu,
Ag,Se, Ag,S, PbS, and PbSe particles. They all have regular
spherical shapes and clear electron-diffraction rings. Elec-
tron beam irradiation had little effect on the TEM observa-
tion. On the contrary, relatively large AG (or Kgp) values
result in particles with poor crystallinity or amorphous char-
acteristics. The small particles commonly have irregular
shapes and pale ED patterns. Irradiating the samples with
an electron beam over a longer period of time further in-
creased the irregularity of the morphologies. Of course, the
actual system is much more complicated than that described
here and other factors will also affect the crystallinity, such
as the coordination strength between the metals and surfac-
tants.

In addition to the difference in TEM analyses, these two
types of nanoparticle are also distinguished by their XRD
patterns. Figure 3 shows the XRD patterns of all of the pow-
ders that were produced as precipitates from hexane by
adding enough ethanol. The patterns of the crystalline parti-
cles have characteristic peaks that match well with the
JCPDS cards. The others patterns consist of two to three
broad peaks shielding a group of separate peaks, which
shows that the products are amorphous. Regardless of the
kind of peak present in the pattern, all the peaks are seri-
ously broadened, indicating that the particles are fairly
small according to the Debye—Scherrer formula.

Because the amorphous characteristics of the products
discussed in this paper may limit their application, a “hot
liquid annealing” technique was used to effectively solve
this problem. We shall describe the treatment of BaCrO, as
a typical example (for consistency, this will also be used as
the example in the Experimental Section). Before the post-
treatment, the microemulsion was transferred to a stainless

Chem. Eur. J. 2006, 12, 6552-6558

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

il [

10 20 30 40 50 60 70
20/ degrees

||IH “ .,y“, I E

CePO,

Lh I‘ | Ln
10 20 30 40 50 60 70
20/ degrees

Figure 3. XRD patterns for the sulfide, selenide, metal, fluoride, phos-
phate, and chromate nanoparticles.

steel Teflon-lined autoclave and heated at 140°C for 24 h.
The sealed autoclave provides a high-temperature environ-
ment for the annealing of BaCrO, amorphous nanoparticles
for which you do not need to worry about the evaporation
of the solvent. After 24 h of aging, the autoclave was cooled
down to room temperature and the samples deposited at the
bottom were washed with ethanol and re-dispersed in
hexane. TEM images and ED patterns of the products are
shown in Figure 4, which proves that the amorphous irregu-
lar particles have been gradually assembled into short crys-
talline BaCrO, nanorods. When ethanol was substituted
with methanol, spherical crystalline BaCrO, nanoparticles
formed instead.

From the results above, the developed method was con-
firmed to be a successful manipulation of the interface in
the oil/water system, and a mechanism based on the “inter-
face-controlled reaction” was proposed to describe the for-
mation of all of the nanoparticles (Figure 5) as follows:
First, the transparent oil-in-water normal microemulsion
forms after all the components are added according to the
designed volume ratio. When metal cations such as Ba®*
were added to the solution, they were absorbed around the
oil core due to the Coulomb attraction between Ba’* and
LA". Because the ions also have strong solvation properties
in polar solvents, they will prefer to stay at the oil/water (O/
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Figure 4. TEM, XRD, and ED analyses of crystallized BaCrO, nanorods
and nanoparticles produced by hot liquid annealing in ethanol- and
methanol-composed microemulsions, respectively (XRD and ED results
are for the nanorods).
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Figure 5. Proposed mechanism for the synthesis of colloidal nanoparticles
with the interfacial manipulations in normal micelles.

W) interface, so that they are stabilized by both the polar
solvent and the surfactant molecules. However, the injection
of anions such as CrO,*~ will destroy this balance by the “in-
terface reaction” with Ba®*. Considering the low solubility
of these inorganic compounds, the original cations will
quickly combine with the anions to produce small particles
at the O/W interface. As the major phase in a normal micro-
emulsion is water and ethanol, the whole process will be as
fast as that in the common aqueous solutions. Actually, the
precipitation occurs within seconds in most cases. The inter-
face reaction may occur through two pathways. One is that
the anions react with the cations located in the region close
to a single micelle interface. The other may occur through
the random collisions of two micelles, in which case the
anions react with the cations from both interfaces. But re-
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gardless of the path it takes, the formed particles have a
neutral electric charge, which makes them unable to be as
stable as the original cations at the interface. Because the
particles were capped with surfactant, it is reasonable to
predict a “phase transfer”, that is, that the particles move
from the O/W interface to the inner oil core. Following this,
the normal micelles recover owing to the supply of certain
surfactant molecules free in the water phase, making them
prepared for the next “interface reaction”. The dynamic “re-
action transfer” process happens alternatively and frequent-
ly, inducing the production of nanoparticles in a large
amount and at a fast rate. Finally, hexane was added to de-
stroy the single-phase status of the system, which is illustrat-
ed in the phase diagram (Figure 1, point B to point D). The
products extracted from the upper organic phase were
washed with ethanol and re-dispersed in a nonpolar solvent.

The difference between this normal microemulsion and
the traditional reverse microemulsion lies in the microscale
mechanisms. Generally, in a typical reverse microemulsion,
the small size of the micelles subjects them to continuous
Brownian motion. Collisions between micelles will lead to
the formation of a short-lived (~100 ns) dimer. When two
reverse micelles composed of cation A and anion B are
mixed together, they will exchange the content of the aque-
ous cores through the dimers, resulting in the eventual equi-
librium distribution of all content. Then the reactions are
performed inside the micelle cores, and particles will have
nearly uniform size and shape due to the confinement of mi-
celles.”**! In our normal microemulsion process, reactions
were taking place at the interface of the normal micelles.
Because of the polarity inverse caused by the neutralization,
the particles were transferred to the oil phase. In the hot
liquid annealing process, the amorphous particles in the oil
core reorganized and crystallized to give larger particles due
to Ostwald ripening. The shape and size may also be con-
trolled by the confinement of micelles, which is similar to
the situation in reverse microemulsions.

Conclusion

In conclusion, an interface-controlled reaction in a normal
microemulsion was designed to fabricate various inorganic
nanoparticles that are small and have good dispersibility in
nonpolar organic solvents. This method has its natural merit
in yielding nanoparticles in a large amount and with high
productivity. A “hot liquid annealing” process was used to
make crystalline products, which provide abundant nanoma-
terials for catalytic, photoelectric, and biological applica-
tions.

Experimental Section

Materials: All the reagents used in this work, including NaOH, linoleic
acid (LA, C;;H; COOH), C,HsOH, n-hexane, and the various source re-
actants listed in Table 1 were of A.R. grade from the Beijing Chemical
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Table 1. Summary of the source materials, Kgp, size, and crystallinity for all products.

Compound Source materials Kqp Size [nm] Crystallinity

CdS Cd(NO;)," Na,S!! 8.0x107 2.0-4.0 poorly crystalline
ZnS Zn(NO3)," Na,St! 2.5%x1072 2.5-4.5 poorly crystalline
AgS AgNO,;" Na,St! 6.3x107 9.0-13.0 crystalline

PbS PbAc, Na,St! 13x107% 2.5-3.0 crystalline

CdSe CdA(NO,)," Na,SeSO,! 6.3x107% 2.0-3.0 poorly crystalline
Ag,Se AgNO,;" Na,SeSO,* 2.0x107% 8.0-10.0 crystalline

PbSe PbAc, Na,SeSO,l*! 7.9%10~% 4.0-6.0 crystalline

CaF, CaCl,"? NaFU! 2.7x107M 2.0-3.0 amorphous

YF, Y(NO,), NaFl! 6.6x1078 3.0-4.0 amorphous

PrF, Pr(NO;), NaF' 7.1x107Y 1.5-25 amorphous

NdF, Nd(NO,),® NaF! - 1.5-2.0 amorphous
HoPO, Ho(NO;);" NaH,PO," - 2.0-3.0 amorphous
CePO, Ce(NO;),l NaH,PO," - 3.0-5.0 amorphous
PbCrO, PbAc,” K,Cro 2.8x107" 3.0-4.0 amorphous
BaCrO, Ba(NO;),t K,Cro, 1.2x107"° 2.0-4.0 amorphous

Ag AgNO, N,H, - 6.0-8.0 crystalline

Cu Cuso, N,H, - 2.0-3.0 crystalline

[a] 0.5 mmol. [b] 1.0 mmol. [c] 1.5 mmol. [d] 80%; 1.0 mL. [e] 80 %; 3 mL.

Factory, China. The Na,SeSO; solution used as the selenium source was Acknowledgement

prepared by placing selenium powder (5 mmol) and Na,SO; (5 mmol) in
distilled water (50 mL) under reflux for 1 h.

Synthesis: A designed microemulsion was used to fabricate various col-
loidal nanoparticles, such as sulfides, selenides, metals, fluorides, phos-
phates, and chromates. As an example of a typical process, the synthesis
of BaCrO, nanoparticles is described.

BaCrO, nanoparticles: NaOH (200 mg) was dissolved in a mixture of
water (10 mL) and ethanol (15 mL), followed by the addition of linoleic
acid (3.7mL) and hexane (2mL); this formed a transparent solution.
Then, two separate aqueous solutions (2.5 mL) of Ba(NOs), (0.5 mmol)
and K,CrO, (0.5 mmol) were added to the above microemulsion one
after the other, under vigorous stirring, to generate a bright yellow trans-
parent solution.

A post-treatment based on extraction (see Figure 1 in the Supporting In-
formation) was adopted to ensure the required rate of production. After
several minutes of reaction time, hexane (15 mL) was added to destroy
the one-phase solution. According to the phase diagram, the system
moves from point B to point D, which is located at the two-phase region.
This two-phase mixture gradually forms a clear boundary, above which
should be the hexane region and part of the ethanol region. At the same
time, the hydrophobic colloidal BaCrO, nanoparticles are also extracted
into the upper layer. With precipitation by additional ethanol, and high-
speed centrifugation, the products were re-dispersed in hexane to bring
out a concentrated solution of BaCrO, in hexane (0.1 molL ™). This gen-
eral manipulation is also effective for many other inorganic compounds.
The corresponding experimental parameters are summarized in Table 1,
and photographs of the products, which all present high stability and
good dispersibility, are shown in Figure 2 of the Supporting Information.

Characterization: The samples were characterized by using a Bruker D8
Advance X-ray diffractometer (XRD) with Cug, radiation (A=
1.5418 A). The size and morphology of the nanoparticles were obtained
by using a JEOL JEM-1200EX transmission electron microscope and a
Tacnai TF20 high-resolution transmission electron microscope. The EDS
data were also obtained by using the high-resolution microscope.
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