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Abstract: A great variety of metal
oxide nanoparticles have been readily
synthesized by using alkali metal
oxides, M,O (M is Na or Li) and solu-
ble metal salts (metal chlorides) in
polar organic solutions, for example,

TiO,, SnO,, CeO,, Nb,Os, WO;, and
CoFe,O,) range from 1 to 6 and
remain invariable through the reactions
where good control of stoichiometry is
achieved. Metal oxide nanoparticles
are 1-30 nm and have good monodis-

persivity and displayed comparable op-
tical spectra. These syntheses are based
on a general ion reaction pathway
during which the precipitate occurs
when O?" ions meet metal cations
(M"*) in anhydrous solution and the

methanol and ethanol, at room temper-
ature. The oxidation states of the
metals in the resulting metal oxides
(Cu,0, CuO, ZnO, Al,0O;, Fe,0;, Bi,O3,

Introduction

Metal oxides play a very important role in many areas of
chemistry, physics, and materials science.' The unique
characteristics of metal oxides make them a very diverse
class of materials, with properties covering almost all aspects
of materials science and solid-state physics. Oxidic materials
exhibit fascinating electronic and magnetic properties, in-
cluding metallic, semiconducting, superconducting, or insu-
lating and ferro-, ferri-, or antiferromagnetic behaviors.

In technological applications, oxides are used in the fabri-
cation of microelectronic circuits,” capacitors,® sensors,”!
piezoelectric devices,'" fuel cells,"!! semiconductors,'>"
oxygen generators,'¥ organic synthetics,!>”! the manufac-
ture of engineered ceramics,?! coatings for the passivation
of surfaces against corrosion,?!! and as catalysts as both the

[a] Dr. L. Chen, Dr. J. Xu, R. Phelan, M. Van der Meulen,
Dr. J. D. Holmes, Prof. M. A. Morris
Department of Chemistry, University College Cork
Cork (Ireland)
Fax: (+353)21-490-4097
E-mail: m.morris@ucc.ie
[b] Dr. D. A. Tanner
Department of Manufacturing and Operations Engineering
and Materials and Surface Science Institute
University of Limerick, Limerick (Ireland)
Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800992.

WIWILEY

440 —— ) InterScience®

Keywords: metal oxides
thesis -+ nanoparticles

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

reaction equation is M"* + n/20%" —

meta- MO,,, (n=1-6).

support and active component.”>?!l However, nanoscale
metal oxides are particularly attractive to both pure and ap-
plied researchers because of the great variety of structure
and properties, especially those related to intrinsic size-de-
pendent properties.!"!:**27]

The preparation of metal oxide nanoparticles/nanocrystals
with different sizes is important for the continued develop-
ment of many fields of application, such as catalysis, photon-
ic devices, electronic devices, and sensors, provided materi-
als can be prepared at controlled size and reasonable cost.
However, preparation of dimension-controlled oxide nano-
particles is difficult because of the unavoidable conglomera-
tion trends of the nucleation and growth phase during hy-
drothermal, calcination, and condensation processes.

The precipitation of metal oxides from both aqueous and
nonaqueous solutions is less straightforward than the precip-
itation of their metal sulfides or oxy salts. Reactions for the
synthesis of metal oxides can generally be divided into two
categories: those that produce an oxide directly®™? and
those that produce what is best termed a precursor that
must be subjected to further processing (calcination, dehy-
dration, condensation, etc.).[**>8!

Most of the metal oxides can be prepared by precipitating
the corresponding metal hydroxide, carbonate, oxalate, and
even nitrate products, followed by their subsequent calcina-
tion, decomposition, or dehydration. High temperatures
(calcination) or high pressures (hydrothermal treatment) are
usually necessary for the reactions, and as such they are usu-
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ally high-energy processes and the stoichiometry is difficult
to control. Among these synthetic routes, the most promis-
ing one is the soft-chemistry route,* " especially nonaqu-
eous sol-gel preparation, in which good control from the
molecular precursor to the final product is achieved, offer-
ing high purity and homogeneity, and low processing tem-
peratures (200-300°C). In comparison to aqueous sol-gel
chemistry, the synthesis of metal oxide materials in organic
solvents under the exclusion of water provides some pecu-
liar features, which allow better control over particle size,
shape, crystallinity, and surface properties.””) However,
those syntheses mentioned above are neither direct nor
simple routes due to the hydrolysis/condensation steps in-
volved.

Combustion of metals in oxygen-containing air or elec-
trolysis of metals in electrolyte solutions can produce corre-
sponding oxides directly, but the process is also usually high-
energy-consuming and incontrollable. Moreover, stoichio-
metric control is another challenge when the oxygen envi-
ronment (concentration) varies on the surfaces of the
oxides. A few successful examples of the direct synthesis of
ZnO from organic solution at low temperature were report-
ed,P>¥41 for which expensive organometallic precursors
were chosen as a Zn source and long reaction times were
also necessary. However, the transfer of these procedures to
other elements has not generally been proved.

Metal sulfides, for example, MS,, can be made by
(NH,),S or Na,S reacting with soluble metal salts M, X, (M
are metal ions and X designate chlorides, nitrates, sulfates,
alkoxides and acetates, etc.) in aqueous solution at low tem-
perature.**% Can metal oxides be made in a similar way?
To the best of our knowledge, no relevant experimental re-
sults have been reported todate. However, the reaction goes
to completion providing that anhydrous polar solvents, such
as methanol, ethanol, THF, acetone, formamide, and glycer-
ol, are used instead of water, and that Na,O is used instead
of Na,S in the above reaction.

In previous work we achieved the direct synthesis of mono-
dispersed ZnO nanoparticles from ZnCl, in anhydrous al-
cohol and proposed the concept of “direct liquid phase par-
ticipation (DLPP)”.”! Herein we extend this method to a
great variety of metal oxide NPs/NCs that are also precipi-
tated directly in anhydrous solution by the DLPP pathway
at room temperature. The resulting products are confirmed
to have controllable oxidation state/stoichiometry in all
cases. The general process outlined herein is based on an
ion reaction pathway during which the precipitate occurs
when O* ions meet metal cations in the solution.

Results and Discussion

Almost all transition-metal precursors, including lanthanum
salts, can form corresponding oxides by the DLPP strategy.
In this work, different oxides were prepared for metals from
transition-metal groups Ig, Ilg, Il IV, Vg, VI, VI, and
main groups IIl,, IV,, and V,; for example, Cu,O, CuO,
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Zn0O, Al,O;, Fe,0s, Bi,O3, TiO,, Sn0O,, CeO,, Nb,Os5, WO;,
and CoFe,0,.

M,O-type oxides: Cu,O nanoparticles (~14 nm, calculated
by using the Scherrer formula, see Table 1) were synthesized
in methanol at room temperature, and the reaction time was
as long as 50 h, the longest for all of the syntheses described
herein. This was attributed to the low solubility of CuCl in
methanol, and the reaction did not go to completion. Be-
cause of the long reaction periods Cu' is slightly oxidized to
Cu" in air and forms Cu(OH), during the reaction
(Figure 1). X-ray photoelectron spectra display features typi-
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Figure 1. Powder X-ray diffraction pattern of M,O-type nanoparticles
(JCPDS 34-1354).

cal of univalent Cu2p. This is characterized by the absence
of satellite peaks at 940 and 945eV (Figure 2).4%%1 The
ratio of “Cu” to “O” stoichiometrically remains 1:2 as the
formula is Cu,O. Cu,0 is the only known binary p-type sem-
iconducting oxide;" it possesses a direct band gap of 2.0 eV
and a reasonably high room temperature hole mobility of
about 100 cm?’V~'s™!. The UV/Vis absorbance spectrum
(Figure 3) shows a sharp absorbance peak at 3.40eV and a

——Cu,0
--- Cuo

950 045 940 935 930 536 534 532 530 528

E,/eV

Figure 2. X-ray photoelectron spectra of uncapped copper oxides: two
oxidation states (Cu', Cu") of Cu element.
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Figure 3. UV/Vis absorbance spectrum (left) and photoluminescence
spectra of Cu,O nanoparticles (right) at excitation wavelengths of 300 nm
and 350 nm.

wide absorbance band at around 1.96 (1.98-2.17) eV. The
peak at 3.40 eV is attributed to an energy level splitting in
virtue of a quantum size effect of Cu,O NPs, whereas the
wide and flat bump at around 1.96 eV is the typical absorb-
ance band of bulk Cu,0.""! The photoluminescence (PL)
emission spectra at excitation wavelengths of 300 nm
(4.13eV) and 350 nm (3.54 V) show two sets of similar
emission features at 2.35, 2.56 and 2.68 eV respectively as
shown in Figure 3. The size-dependent blue-shift of absorb-
ance band gap of Cu,0O NPs was confirmed by these results.

MO-type oxides: TEM (Figure 4) shows typical precipitation
examples of near monodispersed 0D oxide nanoparticles
from alkali metal oxides. The examples shown are oleic
acid-capped OLA-ZnO (=4.7nm) and OLA-CuO
(~3.6 nm) nanoparticles, respectively. The use of capping
reagents, for example, 1-dodecylamine and oleic acid helps
to make some oxide nanoparticles more uniform and mono-
dispersed, for example, OLA-ZnO (see Figure Sla in the
Supporting Information), whereas it makes little difference
to other oxide nanoparticles, for example, OLA-CuO (see
Figure S1b in the Supporting Information) in which the
OLA-CuO nanoparticles tend to agglomerate together and
form larger secondary particles of 10-20 nm (Figure 4,
middle). Examples of stoichiometric control are further de-
scribed in Figure 2 and 4, which show typical XPS data. For
as-prepared copper samples (targeted as CuO) the Cu2p
peaks (Figure 2) around 934 eV have binding energies typi-
cal of the expected products.[*¥! The assignment is confirmed
by the shape and intensity of the 2p satellite peaks around
942 eV.[* The Ols features observed show that these surfa-
ces are heavily hydroxylated with peaks at 529.8 (O*") and
531.7 (OH") eV. It is thought these are formed as a result of
atmospheric exposure during the drying process at low tem-
perature. Quantification of the Cu:O peak area ratio is con-
sistent with the targeted stoichiometry. For the ZnO materi-
al (Figure 4, bottom), the Zn2p3/2 feature (1021.8 eV) and
Ols features at 530.4 and 531.7 eV can be ascribed to Zn>™,
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Figure 4. Transmission electron micrographs (TEMs) of oleic acid (top,
middle) capped ZnO and CuO nanoparticles, and XPS profile of uncap-
ped ZnO nanoparticles (bottom).

0”7, and OH", and together with the Zn:O peak area ratio
are consistent with the assignment of this material as ZnO.
CuO and ZnO nanoparticles were synthesized with highly
crystalline particles as confirmed by X-ray diffraction
(Figure 5). ZnO normally has a hexagonal (wurtzite) crystal
structure and is a direct band gap n-type semiconductor
with E,=3.25eV."" To illustrate the use of Li,O as an O*
source, wurtzite (ZnO) was prepared by this route whilst
maintaining other experimental conditions. The photolumi-
nescence spectra of ZnO in Figure 6 show four emission
peaks between 2.54 and 3.21 eV (excited by 300 nm UV
light). Similar peak positions were observed for both bulk
and nanosized ZnO materials, and differences of emission
intensity can be attributed to excitonic photoluminescence
and mainly result from the relative quantities of surface
oxygen vacancies and defects.”!! UV/Vis absorbance spectra
of ZnO nanoparticles show an obvious blue-shift of absorb-
ance band gap from 3.25 (bulk) to 3.56 eV (nanoparticles)
due to the decrease in size of the ZnO materials. The band
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Figure 5. Powder X-ray diffraction patterns of MO-type nanoparticles
(ZnO, JCPDS 36-1451; CuO, 05-0661).
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Figure 6. UV/Vis absorbance spectra (left) and photoluminescence spec-
tra (right) at an excitation wavelength of 300 nm for both bulk ZnO and
nanosized uncapped ZnO.

gap of ZnO nanparticles is 3.56 eV (Figure 6) and is typical
of a wide-band semiconductor.*!

Besides transition-metal oxides, II, group oxides, for ex-
ample, CaO and BaO can be obtained. However, the oxides
are easily converted to the carbonates in air and it is there-
fore hard to obtain pure oxide materials under these experi-
mental conditions. A mixture of two phases is usually ob-
tained (oxides and carbonates). Ca(OH), was formed as a
product when laboratory methanol (the water content is less
than 2 wt %) was used instead of anhydrous methanol. The
sensitivity to water leading to hydroxide rather than oxide
products has also been reported before.””

M,O;-type oxides: Crystalline Al,O; and Bi,0; are generally
not easily synthesized at room temperature. TEM shows the
formation of near monodisperse oleic acid capped Al,O;
nanoparticles with a diameter of 3.2 nm (Figure 7). X-ray
diffraction data (Figure 8) show that both Al,O; and Bi,O;
materials synthesized in this way display readily assignable
X-ray diffraction peaks and the line broadening indicates
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Figure 7. TEM image of oleic acid capped Al,O; nanoparticles.
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Figure 8. Powder X-ray diffraction patterns of M,Os-type nanoparticles
(ALO;, JCPDS 88-0107; Bi,0;, 74-1375).

that the nanoparticles are very small (as small as 3 nm in
the case of Al,O; and 12 nm for Bi,O; nanoparticles). The
X-ray photoelectron spectrum of the targeted Fe,O; shows
both Fe2p and O 1s features and good indications of its stoi-
chiometry (Figure 9). The Fe2p3/2 peak at 711 eV is typical
of Fe™. The O1s doublet shows resolved features at 530
(O*") and 531.7 (OH") eV that are typical of Fe,O5 exposed
to air (water).””

Fe,O; synthesized at room temperature is noncrystalline
and requires high temperature to form a crystalline phase.
However, it was found that crystalline Fe,O; can be ob-
tained in high boiling point solvents at 150°C. The resulting
material is magnetic and displays a strong attraction to a
magnet. These results indicate that middle row transition el-
ements (Fe, Co, and Ni) are difficult to make in crystalline
form at room temperature, and elevated temperature is nec-
essary for the formation of large crystal grains.

MO,-type oxides: Figure 10 shows the formation of oleic
acid capped monodispersed TiO, nanoparticles of about
3 nm, and CeO, and SnO, nanoparticles of about 4 nm ob-
served by TEM. These are consistent with the X-ray diffrac-
tion peak broadening in Figure 8. X-ray photoelectron spec-
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Figure 9. X-ray photoelectron spectra of metal oxides with higher oxida-
tion state.

Figure 10. TEM image of oleic acid capped TiO, (top), uncapped CeO,
(middle) and SnO, (bottom) nanoparticles.
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troscopy (Figure 9, CeO,) shows one sharp 3d5/2 peak at
882 eV and two smaller shoulders at 885eV and 888eV.
These results are typical of Ce'v . The signals at 529 and
531 eV are assigned to O*" and OH™ species, respectively.
The water absorbed on the surface of CeO, nanoparticles is
thought to arise from the washing process. Both SnO, and
TiO, are direct band gap n-type semiconductors and have
3.6 and 3.0 eV band gaps, respectively. CeO, is used as a
compound in the three-way catalyst for automotive ex-
hausts.

Figure 11 shows that TiO,, CeO,, and SnO, all have well-
resolved X-ray diffraction features and are small-sized parti-
cles (2-4 nm). SnO, and TiO, synthesized here were found

—
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Figure 11. Powder X-ray diffraction patterns of MO,-type nanoparticles
(TiO,, JCPDS 01-0562; CeO,, 01-0800; SnO,, 01-0625).

to exist as the cassiterite and anatase phase, respectively.
Photoluminescence spectra of the MO, nanoparticles have
three obvious emission peaks at around 2.5, 2.7, and 3.4 eV,
respectively (at excitation lengths of 250 to 350 nm). Similar
to that of ZnO nanoparticles, the photoluminescence of
CeO, and TiO, can be attributed to the surface oxygen va-
cancies and defects (see Figure S2 in the Supporting Infor-
mation). SnO, has lower intense photoluminescence reflec-
tions that indicate its wider band-gap in comparison to
CeQ, and TiO,.

The UV/Vis absorbance spectrum (see Figure S3 in the
Supporting Information) of CeO, nanoparticles shows an
absorbance peak at 3.85 eV. This is significantly larger than
any value previously reported™! and can be attributed to a
quantum size effect due to their small dimensions. The pho-
toluminescence spectra of TiO, and SnO, nanoparticles are
also shown in Figure S2 in the Supporting Information. The
photoluminescence peaks of TiO, (at both 250 and 300 nm
excitation) look similar to those of CeO, and probably
relate to the similarity of their crystal structures.

A method developed by Kumar et al. is usually used to
determine the band gap of semiconductor materials based
on the measurement without obvious reflectance (absorb-
ance) peaks as seen in Figure S3 in the Supporting Informa-
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tion.*®! By using this method we determined values of 3.95
(3.0) eV and 4.02 (3.6) eV for the direct band gap of TiO,
and SnO, nanoparticles (see Figure S3 in the Supporting In-
formation), respectively. These are much larger than the
values (in parenthesis) of their corresponding bulk materials
reported by Pearton et al.”” It is reasonable to suggest that
this is again attributable to quantum size effects.

M,O;s-type and MO;-type oxides: Figure 12 shows 2 nm
sized WOj; nanoparticles formed by this method. The broad-
ening of the X-ray diffraction peaks (Figure 13) assigned to

WO

10 20 30 40 50 60 70 80 90
20/°

Figure 13. Powder X-ray diffraction pattern of M,Os-type (JCPDS 80-
2493) and MO;-type nanoparticles (JCPDS 88-0550).

Nb,Os and WO; nanoparticles is consistent with the small
sizes of the corresponding nanoparticles (1-2 nm). The X-
ray photoelectron spectra of Nb,Os and WO; have similar
real shapes as shown in Figure 9. Binding energies at 207 eV
and 210 eV are typical of Nb3d5/2 and 3d3/2 peaks, respec-
tively, and consistent with the targeted values. The intensity
of the Ols peak at 530 eV is about 2.5 times higher than
that of the Nb3d3/2 peak, which is assigned to Nb,Os. For
WO;, 4£7/2 and 4£5/2 peaks at 36 and 38 eV, respectively,
are typical of the expected values for this oxidation state
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(W®F) in oxides, and the intensity ratio of 3:1 for O1s and
W4£5/2 is also consistent with the stoichiometry of WO;.
The Ols peaks of both Nb,O5 and WO; show no splitting,
which indicates that the surfaces are not readily hydroxylat-
ed as seen for other samples.

Ternary metal oxides: In addition to the binary metal
oxides, ternary metal oxides can be synthesized by using the
method described herein. One example is CoFe,O, and
Figure S4 in the Supporting Information shows the well-re-
solved crystalline structure obtained and the sharp diffrac-
tion peaks indicate the formation of nanocrystals. Low prep-
aration temperatures, for example, room temperature do
not result in the formation of any well-resolved crystalline
structures even though CoFe,O, can be co-precipitated by
Co and Fe™ directly at such low temperatures. Elevating
the temperature to annealing temperatures gives rise to
transformation of the amorphous phase to the ordered
phase that belongs to the JCPDS 03-0864 system, as con-
firmed by the X-ray diffraction and TEM data. TEM/elec-
tron diffraction data (see Figure S4 in the Supporting Infor-
mation) shows Fe:Co=2:1 in the high energy level and
O:Fe+Co=4:3 in the lower energy level, which are consis-
tent with the formula of CoFe,O,. Such results show that
the methodology can be used to carefully control the stoi-
chiometry and hence the crystal phase in the structure-rich
materials. A trace amount of Fe,O; can be detected by X-
ray diffraction, which is thought to be from a slight excess
of Fe™ over Co" ions in the system. The Cu signal is attrib-
uted to the copper grids used as the sample holder in TEM
observation (see Figure S4 in the Supporting Information).

TEM data shows the formation of CoFe,O, nanocrystals
of the size 10-20 nm (Figure 14). The bright spots in the
dark field image imply the formation of small particles with
a well-developed crystalline wall. The electron diffraction
pattern consists of seven clear multicrystalline rings that can
exactly be assigned to the (111), (220), (311), (400), (422),
(511), and (440) crystalline planes, respectively, for the
JCPDS 03-0864 crystallographic system. Either the dark
field image or the selected area electron diffraction (SAD)
pattern confirms the materials are made of highly crystalline
CoFe,0, grains, that is, CoFe,O, nanocrystals. However, the
as-annealed CoFe,0O, sample also displays magnetic attrac-
tion to a magnet block.

DLPP mechanism: Clear solutions form when alkali metal
oxide, for example, Na,O (3 mmol) and metal chlorides (an
equivalent amount) are completely dissolved in anhydrous
methyl alcohol. In this solution, liquid-phase precipitation is
thought to proceed as given in Equation (1):

MCl, + n/2Na,0 — nNaCl + MO, | (n=1-6)
(1)
In some nonaqueous solutions, this reaction is driven by

the formation of either alkali metal halides or metal oxides.
In our cases, a small amount of NaCl formed is totally dis-
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Figure 14. TEM (top) and dark field (bottom) images of CoFe,O, NCs
annealed at 500°C for 10 h and its corresponding SAD pattern (inset).

solved in a large quantity of ethanol and exists in the ion
state in alcoholic (methanol or ethanol) solution. Thus, the
reaction is only driven by the formation of thermodynami-
cally stable metal oxide precipitates. In other words, the re-
action, in fact, is completed as a simple ion reaction as
shown in Equation (2):

M™ 4+ /20> = MO,,, | (n=1-6) 2)

Metal hydroxides can be formed if the solvents used are
not strictly anhydrous or NaOH is used as the starting mate-
rial instead of Na,O and the hydroxides obtained under the
conditions are (thermodynamic) stable enough to be detect-
ed by X-ray diffraction. The absence of hydroxides and
other detectable precipitates under anhydrous conditions
eliminates the possibility that the formation of the above
oxides is derived from the decomposition of the intermedi-
ate products such as hydroxides and carbonates.

All experimental results as listed in Table 1 show that
oxygen from solute molecules (e.g. Na,O) rather than sol-
vent molecules or ambient substances (O, or CO, in air) is
the only oxide (O*7) ion source, and the supposed inter-
mediate products are not be formed under the present con-

Table 1. Synthesis conditions for metal oxides.

Oxides  Precursors Solvents Synthesis Reaction Nanocrystal
temperature time size
[oc][m] [h][h] [nm][c]
Cu,O CuCl EtOH  RT (60) 2.5 - (14)
CeO, (NH,),Ce(NO;)¢ EtOH  RT (60) 4 42 (2.0)
TiO,!4 TiCl, MeOH RT (60) 3 3.0 (4.1)
Nb,Os4 NbCl; MeOH RT (60) 1 -(1.0)
WO, WCl, MeOH RT (60) 3 2.0 (1.0)
Fe,0; FeCl, MeOH RT (60) 3 -
CuO CuCl, EtOH  RT (60) 5 3.6 (4.8)
AlLO; AlCl, MeOH RT (60) 3 32(29)
SnO, SnCl, EtOH  RT (60) 6.5 4.0 (2.1)
Bi,0; BiCl, EtOH  RT (60) 35 -(13)
ZnO ZnCl, MeOH RT (60) 3 4.7 (5.9)
CoFe,0, CoCl,, FeCl, MeOH RT (500) 29 15 (16)

[a] Room temperature (RT) is 19-28°C and the value shown in parenthesis
indicates the drying/annealing temperature. [b] Usually, products were aged
for longer times than were needed for reaction completion. [c] Nanocrystal
size was measured by TEM, and the data in parenthesis was estimated from
X-ray diffraction data by using the Scherrer formula. [d] Precipitation did
not start until the solvent volatilized and reached a certain concentration.

ditions. More detailed work is underway to explain this
mechanism.

Conclusion

Metal oxides including the binary MO,, (n=1-6) oxides
and the ternary CoFe,O, oxide were synthesized by the
DLPP strategy in a simple step at room temperature.
Amongst them, Cu,0O, ZnO, TiO,, SnO,, and Nb,Os are sem-
iconducting oxides whose band properties and band gaps
can be characterized by photoluminescence and UV/Vis ab-
sorbance spectra, whereas Fe,O; and CoFe,O, are magnetic
oxides. As the only known binary p-type semiconducting
oxide, Cu,0O was prepared from methanol solution and a
blue-shift of its band gap by UV/Vis absorbance was ob-
served. ZnO, SnO,, and TiO,, which are common wide-band
semiconducting oxides, were made with band gaps of 3.56,
3.95, and 4.02 eV, respectively, due to the small sizes of the
nanoparticles. In the case of ZnO nanoparticles, a blue-shift
of absorbance band gap of 0.31 eV was obtained. Al,O; and
WO; particles, 2-3 nm in size, were directly precipitated in
solutions. The addition of capping reagents, such as oleic
acid makes the nanoparticles more uniform and monodis-
persed. In addition, 10-20 nm CoFe,0, nanocrystals of strict
stoichiometric ratio were also synthesized by using the strat-
egy described herein, and the highly developed crystalline
walls contribute the strong magnetic attraction.
Nanoparticles/nanocrystals of several nanometers were
synthesized by using the general strategy at room tempera-
ture. Almost all metal oxide nanoparticles in the periodic
table can be formed by this strategy. Ion precipitation
makes it easy to synthesize small nanoparticles/nanocrystals.
No calcination, no solvothermal treatment, and no electric
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field application (electrolysis) were required in the DLPP
method. This makes it a unique method to synthesize metal
oxide nanoparticles with the expected oxidation state of
each element and the defined stoichiometry for each oxide.
Lower dependence on equipment requirements combined
with cheaper precursors (compared with organometallic syn-
theses under similar conditions) also makes this strategy a
good candidate for the mass-production of metal oxide
nanoparticles.

Experimental Section

Chemicals: Sodium oxide (97 %), sodium peroxide (97 %), and lithium
oxide were purchased from Aldrich. Other reagent sources were defined
below: CuCl, ZnCl,, BaCl,, FeCl;, BiCl;, SnCl,, (NH,),Ce(NOs)s, NbCls,
WCl,, 1-dodecylamine, oleic acid, methyl alcohol, ethyl alcohol, acetone,
THF (Aldrich); CuCl, (BDH); CaCl, (Timstar Laboratory Suppliers);
MgCl, (Alfa); AlCl,, glycerol, chloroform (Riedel-de Haén); TiCl,, octyl-
amine, hexadecylamine, formamide (Fluka). All chemicals were either
water-free as-received or following treatment under vacuum above the
relevant dehydration temperature of the materials. Formamide and ace-
tone were stored over dry 3 A molecular sieves for three days prior to
use, whereas THF, glycerol, methanol, ethanol, and chloroform were
bought as anhydrous solvents.

Syntheses: In typical syntheses, anhydrous metal salts (3 mmol), for ex-
ample, metal chlorides (MCl,, n=1-6) were dissolved in anhydrous
methanol (80 mL) to produce solutions 1. To accelerate the dissolution
process, sonication in a bath (Cole-Parmer 8891) was sometimes per-
formed. Following this, an equivalent amount of Na,O was dissolved by
sonication in another portion of anhydrous methanol (20 mL) to give so-
lution 2. Solutions 1 and 2 were mixed under rigorous stirring for 1-12 h.
All reactions were conducted in sealed vessels at room temperature. The
resulting precipitates were aged in the mother liquor at room tempera-
ture for 12-36h until complete precipitate separation occurred. To
obtain monodispersed nanoparticles in some cases, alkylamines and oleic
acid were added to solution 1 before the addition of solution 2; the
molar ratio of metal cations to alkylamines and oleic acid was set at
1:1:0.5. The final products were collected by filtration using a filter paper
(Whatman, grade 1) and washed several times with methanol and subse-
quently acetone for rapid drying. The wet products were dried at 60°C
overnight.

Analyses: Powder X-ray diffraction (XRD) patterns were recorded on a
Phillips Xpert MPD diffractometer by using Cuy, radiation and a work-
ing voltage of 40 kV. Transmission electron micrographs (TEMs) were re-
corded on a JEM-2011 electron microscope operating at 200 kV. Oleic
acid capped nanoparticles were dispersed into toluene before use and
one or two drops of the above solution were placed on a holey carbon
film on copper grids under dry ambient atmosphere at room temperature
and left overnight. Powder X-ray photoelectron spectra (XPS) were re-
corded on a high performance AXIS 165 X-ray photoelectron spectrome-
ter. Photoluminescence (PL) and UV/Vis absorbance spectra were ob-
tained by using a Perkin Elmer LS50B fluorescence spectrometer and a
Cary 50 UV-visible spectrophotometer, respectively. A small quantity of
oxide nanoparticles (without capping reagents) was dispersed into etha-
nol, and solutions were placed in a quartz cell for optical analysis.
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