JIAIC[S

COMMUNICATIONS

Published on Web 12/09/2006

Synthesis of Colloidal Uranium —Dioxide Nanocrystals

Huimeng Wu, Yongan Yang, and Y. Charles Cao*
Department of Chemistry, Usérsity of Florida, Gainesille, Florida 32611
Received November 6, 2006; E-mail: cao@chem.ufl.edu

In the past half-century, uraniunoxides have become important
materials for technological applications. Enriched uraniutioxide
is the major component of the fuel materials for nuclear reaétors.
Depleted uraniumoxides can be used for radiation shieldirand
they are also highly efficient and stable catalysts for the destruction
of chlorine-containing organic pollutants at moderate temperafures.
In addition, uranium-dioxide is a material with a high Seebeck
coefficient? which is potentially important to thermopower ap-
plications.

Because nanomaterials can exhibit solution processability as well
as size-dependent physical and chemical propettias ability to
synthesize high-quality, colloidal uraniunexide nanocrystals

would create a new opportunity to facilitate uranidoxide-based 3
. . . . . (o]
applications. However, less is known about the synthesis of colloidal =
uranium-oxide nanocrystals at high quality-lerein, we report an @
organic-phase synthesis method for producing nearly monodispersed £
UO; nanocrystals as well as the mechanisms for controlling the - - o
nanocrystal formation. T ? Flng 833 §:5 ¢s8
The uranium-oxide nanocrystals were synthesized by thermal I [N S s e S |
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decomposition of uranyl acetylacetonate (UAA) in a mixture 26 (Degree)

solution of oleic acid (OA), oleylamine (OAm), and octadecene Figure 1. (a) A TEM image of UQ nanocrystals made in the typical
(ODE). In a typical synthesis, UAA (0.4 mmol) was dissolved in synthesis. The scale bar is 30 nm. (b) XRD pattern of the kiDocrystals.

a solution of OA (1.0 g) and ODE (1.0 g) at 15Q.¢ After the The standard diffraction peak positions and relative intensities of bulk cubic
solution was cooled to room temperature, OAm (1.0 g) was added, Y02 &€ indicated. The inset shows a HRTEM image (6.5r8.5 nm)

. . of the nanocrystal sample.
and then the resulting mixture was degassed under vac ( the synthesis exhibits very stable nanocrystal formation kinetics
mTorr) at 100°C for 10 min. Under Ar flow, the reaction solution y y y '

was heated to 295 at a rate of 35C/min and aged at the same Among different syntheses experiments (with the same conditions),

. : the typical deviations of experimental data (in terms of final
temperature for 5 min, and then the solution was cooled to room

i t Th tal ivitated f th " nanocrystal size and size distribution) are less than 3.0%. Such a
emp.era ure. .e nanqcrys als were precipitated from the reac Ionhighly reproducible synthesis allows a detailed mechanistic analysis
solution by adding a mixture of hexane and acetone (1:4), and the

o ) ) i of nanocrystal formation by comparing experimental data from
black nanocrystal precipitate can be easily re-dispersed in nonpolardifferent experiments

organic solvents, such as hexane. ] To understand the functions of OA and OAm in uranium
Transmission electron microscopy (TEM) shows that the urafium  gj5i4e nanocrystal formation, we systematically investigated how

oxide nanocrystals are nearly monodispersed, spherical particlesya molar ratio between OA and OAm affects the size of final
with a diameter of 5.4 nm and a standard deviation of 2.6% (Figure nanocrystals (Figures 2& and 3a). A series of synthesis experi-
1a). X-ray powder diffraction (XRD) shows that the nanocrystals ments was carried out with nine different OA/OAm ratios, but with
consist of uraniumdioxide (Figure 1b). The XRD pattern of the e same amount of OA OAmM (4.0 g), ODE (1.0 g), and UAA
nanocrystal sample exhibits the highly crystalline peaks that can (0.4 mmol). With the increase of the OA/OAm ratio, the size of
be indexed to nearly all the Bragg reflections corresponding to the tne final nanocrystals increased, and a maximum size was obtained
standard face-centered cubic (fcc) structure of,WEm3m, a = when the ratio was 1:1. Then the size of final nanocrystals decreased
0.5468 nm). These Bragg reflections are quite distinguishable from with a further increase of the molar ratio (Figures-2aand 3a).
those of the typical crystal structures of other uranitorides such However, the reaction yield was not significantly changed with the
as U0g and UQ.8 Moreover, this structural assignment is consistent increase of the OA/OAm rati®.Taken together, these results
with high-resolution TEM (HRTEM) observation (inset of Figure indicate that a minimum number of stable nuclei were formed at
1b). A HRTEM image of the nanocrystal sample shows the the OA/OAm ratio of 1:1, and the increase of either OA or OAm
characteristic cross-fringe pattern of the fcc crystal structure viewed |ed to an increase of stable nueléiut a decrease of final
along the [011] zone axis. The ordered distance of 0.32 nm shown nanocrystal sizé.

in the high-resolution imagecorresponding to the lattice spacing Moreover, the size of nanocrystals from the synthesis with OA/
of the (111) faces in the fcc US-is in good agreement with the  OAm ratio of 1:1 is larger than that of the final particles from the
result from the XRD measurement. original synthesis (6.2 vs 5.4 nm). The difference between these

The formation of uraniumdioxide indicates that reduction of  two syntheses is only the total amount of GAOAm (4.0 vs 2.0
U(VI) to U(IV) is included in the nanocrystal synthesis. The reaction g). This result may indicate that increasing the amount of the OA/
yield of the typical nanocrystal synthesis is about 78%. In addition, OAm mixture at the ratio of 1:1 can lead to larger final nanocrystals.
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Figure 2. (a—c) TEM image of UQ nanocrystals from synthesis with OA/
OAm ratios of 1:3, 1:1, and 3:1, respectively. (d) A TEM image of the
nanocrystals from a synthesis with UAA (0.4 mmol), ODE (1.0 g), OA (10
g), and OAm (10 g). The scale bar is 10 nm.
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Figure 3. (a) A plot of nanocrystal size in diameter as a function of OA/
OAm molar ratio from various syntheses. (b) A plot of nanocrystal size in
diameter as a function of the amount of additional solvents added into the
original synthesis: black squares for the mixture of OA and OAm at a
molar ratio of 1:1, red triangles for OOA, and blue dots for ODE.

1]

To examine the generality of this conclusion, we carried out five
further synthesis experiments with various additional amounts of
the OA/OAmM mixture® Indeed, the size of the final nanocrystals
increased with the increase of the amount of the OA/OAmM mixture,
and 8-nm particles were produced when the amount is 18 g (Figures
2d and 3b). Thus, a fundamental question is raised on how the
amount of the OA/OAm mixture can affect the final nanocrystal
size.

results provide unambiguous evidence that it is GOWt the
mixture of OA and OAm-that plays the major role in controlling
the formation of UQ nanocrystals.

Furthermore, to identify whether the amide functional group or
the hydrocarbon chain on OOA generates the effect on, UO
nanocrystal formation, we carried out five syntheses based on the
conditions used in the original synthesis but with different amounts
of additional ODE. The results show that additional ODE leads to
an opposite effect on Uhanocrystal formation, a decrease of the
size of the final products (Figure 3b). Therefore, the amide
functional group on OOA should generate the major effect on the
formation of UQ nanocrystals.

Interestingly, IR analysis of purified UOnanocrystals shows
conclusive evidence that OOA is not on the nanocrystal surface,
but the nanocrystals are passivated by OA through chelating
bidentate interactioh. Therefore, the effect of OOA on the
nanocrystal synthesis is likely achieved through tuning the reactivity
of the intermediate states (or active monomers) in the formation of
UO; particles. Such an effect could lead to a decreased number of
stable nuclei and then an increased size of final nanocrystals.

In conclusion, we have developed an organic-phase synthesis
method for making high-quality, colloidal Uanocrystals. These
UO; nanocrystals are potentially important to applications such as
nuclear fuel materials, catalysts, and thermopower materials.
Second, we have mapped out the functions of the solvents (OA,
OAm, and ODE) in the synthesis, and we found that G&A
product of the condensation of OA and OAtoan substantially
affect the formation of U@nanocrystals. Importantly, these results
provide fundamental insight into the mechanisms of,Utano-
crystal synthesis. In addition, because a mixture of OA and OAm
has been widely used in synthesizing a variety of high-quality metal
or metal-oxide nanocrystats!? the results herein should also be
important for understanding the detailed mechanisms of these
syntheses.
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IR analyses show that UManocrystal formation is accompanied
by the formation ofN-(cis-9-octadecenyl)oleamide (OOA) due to
the condensation reaction of OA and OAnfhis result suggests
that the OA/OAmM mixture may affect Uhanocrystal synthesis
through the condensation reactiold NMR analyses further
indicated that the condensation reaction can be nearly complete
before the nucleation of Uhanocrystal$;therefore, the products
of the condensation reaction should play significant roles in
controlling the formation of U@nanocrystals.

Two major products of the condensation reaction are water and
OOA. To test the effect of water, we carried out YJ&nthesis
while adding water during the experimefitslowever, the results
show that water does not significantly affect the size of the final
products’ thus indicating that OOA should affect the formation of
UO; nanocrystals.

To examine the detailed effect of OOA, we first synthesized
OOA according to a literature meth8drhen, six UQ synthesis
experiments were carried out on the basis of the original synthesis
(UAA, 0.4 mmol; OA, 1.0 g; OAm, 1.0 g; and ODE, 1.0 g) but
with various amounts of additional pure OGAhe results from
these experiments show that the size of final particles does increas
with the amount of additional OOA (Figure 3b). Significantly, the
effect of OOA almost perfectly matches that of the mixture of OA/
OAm at the molar ratio of 1:1 (the red line in Figure 3b). These
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