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Abstract

Nanostructured uranium oxides have been prepared in ionic liquids as templating agents.  

Using the ionic liquids as reaction media for inorganic nanomaterials takes advantage of 

the pre-organized structure of the ionic liquids which in turn controls the morphology of 

the inorganic nanomaterials.  Variation of ionic liquid cation structure was investigated to 

determine the impact on the uranium oxide morphologies.  For two ionic liquid cations, 

increasing the alkyl chain length increases the aspect ratio of the resulting nanostructured 

oxides.  Understanding the resulting metal oxide morphologies could enhance fuel stability 

and design.
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1. Introduction

Ionic Liquids (ILs) are a class of solvents with ionic character and have been found 

to be useful, or at least produce unexpected and interesting results, in many aspects of 

scientific research.  The use of ILs in synthesis of inorganic nanostructured materials is a 

relatively new application.  One of the direct benefits of using ILs in low temperature 

synthesis of metal oxides is that these materials provide a solvation environment 

completely different from aqueous or ordinary organic solvents that are more commonly 

used in the synthesis.  The recent developments in the use of ILs as reaction media take 

advantage of the structure of the ILs to template porous inorganic nanomaterials,[1, 2]

iridium and gold nanoparticles,[3] titanium dioxide nanocrystals,[4] mesoporous silica,[5]

and cobalt-platinum nanorods.[6] It is proposed that the intrinsic high charge and 

polarizability of the IL creates an electrostatic and steric stabilization for nanoparticles.

The uranium oxide systems have been heavily studied due to their use in 

commercial fuel fabrication.  In aqueous solutions, the U(VI) oxidation state predominates 

the chemistry through the stabilizing trans-oxo ligands forming the uranyl cation UO2
2+.  In 

the solid state there is minimal energy difference between the IV and VI oxidation states;

hence, both oxidation states are present in U3O8.[7] Most uranium oxides, especially on

the scale required for nuclear fuel manufacture, are prepared by calcination and sintering of 

uranium-bearing material (e.g., uranyl oxalate, uranyl nitrate hexahydrate, etc.).  The 

preferred uranium oxide system for nuclear fuels is UO2 as it has the highest fissile density

of the oxide matrices.  Other uranium oxide systems (e.g., U3O8 and UO3) can be prepared, 
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although their use in fuel fabrication is generally avoided due to less favorable fissile 

densities.

In addition to nuclear fuel, other applications for uranium oxides include reactions 

with organic compounds (e.g., acetaldehyde),[8] desulfurization,[9] and selective reduction 

of nitrogen oxide (NO).[10]

Uranium oxides nanoparticles exhibit numerous compositions and morphologies as 

revealed by new synthesis methods including electrochemical deposition,[11] self-

assembly in porous host matrices,[12] and hydrothermal synthesis.[13]  Thus, the interest 

in developing new methods for preparing uranium oxides stems from both the use of new 

particle morphologies for nuclear fuel fabrication, and in catalysis where templating 

reaction media could also be used.

Here, we use 1-octyl-3-methylimidazolium tetrafluoroborate and 1-dodecyl-3-

methylimidazolium tetrafluoroborate in the synthesis of uranium oxide nanoparticles.  

Using relatively low reaction temperatures, uranium oxide products with different 

morphologies were obtained and highlight the versatility of the synthesis route.

2. Materials and Methods

2.1 Chemicals

All ionic liquids were used as received from IoLiTec (Tuscaloosa, AL).  Reagent

grade depleted uranyl acetate dihydrate (Merck) was used without additional purification.  

All other chemicals were used as received from Sigma Aldrich, and used as received.
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2.2   Oxide Synthesis

Uranyl acetate dihydrate, ionic liquid, and sodium hydroxide were weighed and 

subsequently ground using a mortar and pestle.  The mole ratio of uranyl acetate dihydrate 

to sodium hydroxide was 1:2.  The mole ratio of uranyl acetate dihydrate to the IL was 

1:3.5.  Each mixture was transferred into an open top glass vial and placed in a vented 

reaction vessel.  The reaction vessel was closed and heated via heat tape wrapped around 

the outside of the vessel. The samples were heated to 150 oC for 48 hours.  During the 

synthesis, the headspace was constantly purged by flowing air through the vessel.  After 48 

hours, the samples cooled to room temperature and were subsequently washed with water 

and isopropanol.

2.3 Characterization and instrumentation

Powder XRD analyses were performed with Bruker D8 Advance powder X-ray 

diffractometer. Samples for TEM analysis were prepared by placing a small amount of 

product in a glass vial and adding 8 mL of 2 wt % sodium dodecyl sulfate in water.  The 

solutions were sonicated for 15 seconds to disperse the solids within the solution.  A drop 

of the sonicated solution was placed on a 3 mm copper grid and the water allowed 

to evaporate.  TEM analysis was performed using a JEOL 2010 JEM transmission electron 

microscope operating at 200 kV.

3. Results

Syntheses were performed using two different ILs; 1-octyl-3-methylimidazolium 

tetrafluoroborate ([C8mim][BF4]) and 1-dodecyl-3-methylimidazolium tetrafluoroborate 

([C12mim][BF4]).  Bulk powder XRD analysis of the product from the [C8mim][BF4] 
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synthesis corresponded to sodium uranium oxide hydrate (Na2U2O7•6H2O).  The electron 

diffraction pattern acquired during TEM analysis of individual particles identified UO2.  

Product morphologies were determined using TEM and elemental composition determined 

using electron dispersive spectroscopic analysis.  Figure 1 shows TEM images and electron 

diffraction patterns of uranium oxide products from synthesis with ([C8mim][BF4]).  

Nanoparticles in both A and A2 are composed of U and O.  In A, the particles are 50 –

300 nm wide and 100 – 700 nm in length and the electron diffraction pattern is a close 

match with UO2 (cubic, ao = 5.47Å).  The diffraction pattern from the solids in A2, also 

identified as UO2, is shown in A2-1.

Figure 2 shows the TEM images for the products obtained from synthesis using 

[C12mim][BF4].  The solids contain uranium and oxygen.  Bulk XRD analysis of the 

products revealed sodium diuranate.  However, TEM identified both UO2 and amorphous 

solids.  The rods are amorphous and show no spots in the electron diffraction pattern (B-1).  

The TEM image in Figure 2 part B2 is the minor product from the [C12mim][BF4] 

synthesis.  The electron diffraction pattern (B2-1) reveals the solid to be cubic UO2.

4. Discussion

The liquid structure of the ILs has been postulated to be micro-structured with polar 

and nonpolar regions with hydrogen-bonded networks.[14]  One of the most widely 

studied IL families contains the 1-alkyl-3-methylimidazolium cation in combination with 

the hexafluorophosphate anion.  The IL cations are composed of a polar aromatic head 

group, where most of the electrostatic charge is located, and a nonpolar alkyl side chain.  

(B)

(B2)
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Neutron scattering results from 1-alkyl-3-methylimidazolium hexafluorophosphate ILs 

show anions and charge-bearing imidazolium cations associated through Coulombic 

attraction and the anions are located above and below the imidazolium ring.[15]  Changing 

the length of the alkyl chain on the imidazolium cation has little effect on the coordination 

environment around the IL cation or anion.[15] Although the neutron diffraction results do 

not necessarily support an alkyl chain dominated aggregation to form alkyl-chain channels

in the 1-alkyl-3-methylimidazolium hexafluorophosphate ILs, fluorescence data supports 

selective solvation of fluorescent probe molecules in the hydrophobic region of an 1-alkyl-

3-methylimidazolium bis(trifluoromethylsulfonyl)imide IL and some degree of alkyl chain 

alignment.[16]

Bulk analysis vs. single particle analysis provided different answers regarding

product composition.  Although samples were washed with water and isopropanol before 

XRD analysis, TEM samples were further “washed” by sonicating in water with a 

surfactant.  Furthermore, the sample could have dehydrated in the low vacuum used in 

TEM analysis.

From TEM analysis, the oblong UO2 nanoparticles comprise the majority of the 

product formed from the reaction in [C8mim][BF4].  In addition to the individual UO2

nanoparticles in Figure 1 (A), star shaped crystals (A2) were grown from multiple 

nucleation sites.  Both the oblong and star-shaped solids were present in the product.  The 

disk and rods grown from [C12mim][BF4] suggest different growth mechanisms, especially 

since the rods are amorphous and the disk is UO2.
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In comparison to the synthesis of zinc oxide in 1-alkyl-3-methylimidazolium-based

ILs, the UO2 products have very small aspect ratios.[17, 18]  Zinc oxide nanorods prepared 

in 1-ethyl, 1-butyl, 1-hexyl, and 1-octyl substituted 1-alkyl-3-methylimidazolium ILs have 

an aspect ratio that decreases from nominally 40 to 5 as the alkyl chain length increases.  

With the octyl and dodecyl substituted ILs used here, the decreasing aspect ratio trend 

continues and the uranium oxide products are essentially two dimensional.  Although the 

rod-shaped nanoparticles contain U, they are likely a byproduct of the synthesis reaction.

A proposed growth mechanism for uranium dioxide in [C8mim][BF4] and 

[C12mim][BF4] likely involves direct interaction with the IL cation.[19]  The oblong, star, 

and disk-shaped nanoparticles are formed in ionic regions within the IL, likely via oxygen 

interacting with the C-2 proton on the imidazolium ring.  Other metal oxides have been 

prepared in ILs and FTIR analysis shows interaction between the H-C at the C-2 position 

on the imidazolium ring and a corresponding weakening in the H-C stretching vibration 

band.[20]  Considering the basicity of the IL-NaOH mixtures, the mechanism for UO2

formation in these ILs could involve formation of a carbene intermediate.  Further 

decomposition of the carbene intermediate would provide a reducing atmosphere and keep 

UO2 from oxidizing to form UO3 or U3O8.[19]
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5. Conclusions

Uranium oxides nanostructures from ellipse- to disk- to star-shaped have been 

successfully prepared in ILs using a low temperature synthesis route.  The structure of the 

IL utilized in these syntheses has little impact on the final product, possibly due to the use 

of ILs with long alkyl chains.  These initial results show the utility of ILs as a novel route 

for actinide oxide preparation.  Further work to optimize the synthesis parameters is 

warranted.
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Figure 1:  TEM Images (A, A2) and Electron Diffraction Pattern for Uranium 
Oxide Synthesized in [C8mim][BF4] (A2-1).

Figure 2:  TEM Images (B, B2) and Electron Diffraction (B-1, B2-1) for Uranium Oxide 
Synthesized in [C12mim][BF4].


