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ABSTRACT  

Hypothesis  

The key to prepare a mesostructured porous material by a soft-template route coupled to a colloidal 

sol-gel process is to control the surfactant-colloid interface. In the case of tetravalent actinide ions, 

their high reactivity in aqueous media always leads to uncontrolled and irreversible condensation. 

The addition of a complexing agent to the sol may moderate these reactions and enhances the 

interaction between the colloids and the surfactant to in fine prepare a mesostructured nanoporous 

actinide oxide material. 
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 Experiments  

Several colloidal sols were prepared without and with formic acid as complexing agent by varying 

the molar ratios between thorium, carboxylic surfactant and pH. Small and Wide Angle X-ray 

Scattering were used to characterize the nature of the colloids, their interaction with the surfactant 

and the final ThO2 materials.  

Findings 

Depending on the colloid nature, hexagonal or worm-like hybrid mesophase is formed. The 

thermal treatment of the worm-like mesophase with a sufficient amount of Th-formic acid 

hexameric species coated at the surface of surfactant micelles generates micrometric ThO2 

nanofibers. This material having an accessible porosity opens new perspectives to be impregnated 

with minor actinide solutions offering a promising safety method for the fabrication of mixed oxide 

nuclear fuel and the minor actinide transmutation. 

KEYWORDS: colloidal sol-gel, actinide colloid, carboxylic surfactant, Small Angle X-ray 

Scattering  

INTRODUCTION 

Even if a wide variety of mesostructured porous oxide materials prepared with f-block 

elements are available in the literature [1-7], their colloidal sol-gel chemistry coupled to soft-

templating approach in aqueous solution is still poorly investigated. More particularly, the 

interaction between surfactant molecules and primary colloidal precursors formed with high 

density elements remains unknown. Indeed, the key to prepare a mesostructured porous material 
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by a soft-template route coupled to a colloidal sol-gel process is to control the surfactant-colloid 

interface[8].  

The use of such route is of interest for mixed oxide nuclear fuel preparation currently used 

and for the transmutation of minor actinides in Generation IV reactors. Indeed, mesostructured 

porous actinide oxides such as ThO2 or UO2, having accessible and connected pores can be easily 

impregnated by various concentrated actinide solutions. This simple process leads to the formation 

of nuclear fuels having a homogeneous distribution of actinides at a nanometric scale avoiding 

“hot spot” formation due to local accumulation of more fissile elements. More particularly, the 

combination of aqueous colloidal sol-gel process and surfactant-based soft-templating method for 

the preparation of mesostructured and porous actinide oxides is a promise way. This liquid route 

reduces the manipulations of radioactive powders comparing with the traditional metallurgical 

route leading to a safer fabrication. However, this type of synthesis route is still a big challenge 

due to the complex behavior of tetravalent actinides An(IV) in aqueous solution. Indeed, due to 

their high electron density and high valence, the tetravalent actinide ions An4+ have a high 

reactivity in aqueous media, which always leads to uncontrolled and irreversible condensation[9, 

10]. To form a well-defined precursor-surfactant hybrid interface and furthermore an ordered 

mesophase, the hydrolysis-condensation of actinide precursors has to be controlled and the 

interaction between An(IV) and the surfactants has to be enhanced[8, 11].  

Herein, we study the interaction between carboxylic surfactant with various thorium 

colloids for the synthesis of mesostructured nanoporous ThO2 materials by a colloidal sol-gel route 

coupled with soft-templating method. To reach this goal, we have used two colloidal strategies: 

one without controlling the Th colloidal species and another reducing the activity of Th species 

using Formic Acid (FA) as complexing agent as in our previous work[12]. To control the 
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mesostructure, a carboxylic surfactant belonging to the so-called AKYPO surfactant family was 

chosen for the high reactivity of the carboxylic acid termination enabling a strong interaction with 

inorganic precursors[13] and its remarkable stability in hard water and high salinity conditions[14, 

15]. In a preliminary study devoted to uranium oxide, it has been demonstrated that the strong 

complexation between AKYPO and tetravalent uranium U(IV) leads to the formation of a stable 

organized mesophase with well-defined precursor-surfactant interface[16, 17], without producing 

any final material. In addition, the roles of the key synthesis parameters such as the molar ratios 

between each component (Th, AKYPO and FA), pH and the post-synthesis thermal treatment have 

been investigated to find out the optimal conditions for the consolidation of a robust ordered 

mesophase. Using Small and Wide Angle X-ray Scattering (SAXS/WAXS) and Scanning and 

Transmission Electron Microscopies (SEM and TEM), we evidenced the effect of the nature and 

of the size distributions of the colloids on their interaction with AKYPO and thus, on the final 

structure of the mesostructured nanoporous ThO2 materials.  

MATERIALS AND METHODS  

Materials 

AKYPO RO 90 VG (Polyoxyethylene(9) oleyl ether carboxylic acid, C16/18:1E9COOH, Mw = 722 

g/mol) labeled as AKYPO from Kao Chemicals was used as received. Thorium nitrate 

pentahydrate (Th(NO3)4.5H2O), formic acid (HCOOH) from Sigma Aldrich were used as received. 

Methods 

Thorium chloride solution (Th solution) was prepared by the dissolution of Th(NO3)4.5H2O in 4 

M HCl solution. The prepared solution was heated at 60 °C until the complete removal of water 

and the obtaining of a dry residue. Afterwards, this dry residue was dissolved in 4 M HCl solution 
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and this operation was repeated at least three times in order to completely remove nitrate from the 

solution. Then, the final dry residue was dissolved again in 4 M HCl solution. The concentration 

of the final solution was analyzed by ICP-AES and a concentration of [Th] = 0.37±0.01 M was 

obtained.  

Th-FA colloidal sols were prepared by indirect precipitation. For this, 2.5 mL of Th solution ([Th] 

= 0.37 M) was added dropwise into 2 mL of FA (formic acid) solution at various concentrations 

corresponding to the following ratio Th/FA: 0.05, 0.25 and 0.5. After each drop addition, the pH 

value of the colloidal dispersions was corrected by adding a solution of 10 M NH4OH to maintain 

the solutions at four fix pH values: 2.5, 3.5, 4.5 and 5.5. Th solutions with a concentration of 0.1 

M were prepared at the same pH values as references.  

Th-AKYPO and Th-FA-AKYPO sols were prepared by indirect precipitation[18]: Th solution was 

added dropwise into 5 mL of solutions with different concentrations of AKYPO and FA to obtain 

varied molar ratios of Th/AKYPO and Th/FA. After each drop, the pH value of the solution was 

maintained around pH = 3.5 by addition of 10 M NH4OH. Flocculation was observed upon the 

addition of Th solution. The obtained flocs were filtered, preheated at 80 °C and thermally treated 

at 450 °C for 5 h to remove organic components and obtain the final material.  

Characterizations 

Small-angle and Wide-angle X-ray Scattering (SAXS/WAXS) analysis were carried out in 

transmission geometry with a Xenocs setup equipped with a Mo anode (λ = 0.71 Å) using a 

MAR345 2D imaging plate detector. Such short wavelength allows the probing of a scattering 

range from few angstroms to 30 nm and at the same time. The collimation was ensured by a Fox2D 

multilayer mirror and by a set of scatterless slits that delimitated the beam to a square section (0.8 
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mm side length at the sample position). The distance from the sample to the detector was about 

750 mm and was calibrated using silver behenate powder. Sols were analyzed in glass capillaries 

of 2 mm of diameter. X-ray absorbing actinides powders were analyzed in glass capillaries of 1mm 

of diameter. Gel-like samples were analyzed between two foils of Kapton. Azimuthal averaging 

of 2D-data recorded by a MAR345 imaging plate detector was performed using the FIT2D 

software taking into account the electronic background of the detector, the empty cell subtraction 

and an intensity calibration. The scattered intensity in absolute scale (in cm-1) was expressed versus 

the magnitude of the scattering vector q = 
4πsin

θ

2

λ
, where θ was the scattering angle. Experimental 

resolution was Δq/q = 0.02. Scanning electron microscopy (SEM) and Transmission electron 

microscopy (TEM) were carried out for the analyses of final materials. SEM analyses were 

performed on a FEI QUANTA 200 ESEM FEG operating at 15 kV equipped with an Everhart-

Thornley detector. TEM analyses were performed at 200 kV on a Jeol200CX TEM equipped with 

a Photonic-Science camera.  

RESULTS AND DISCUSSION 

Determination of Th species  

To determine how the presence of formic acid (FA) controls the speciation of Th, colloidal 

sols have been prepared and analyzed at different pH and Th/FA ratios. All the sols obtained were 

transparent except the sol with a molar ratio Th/FA = 0.5 at pH = 5.5 and the solutions without FA 

(Th solutions) from pH ≥ 3.5 which were translucent. The Th solutions became turbid from pH >

 3.5. The sols and Th solutions were analyzed by SAXS/WAXS and the results are presented in 

Figure 1.  



 7

For the Th solutions, the scattering intensity increases with pH (Figure 1 (a)). At pH = 2.5, 

the low scattering intensity in all q range (~ 0.2 cm-1) indicates that Th species at this pH are all 

soluble and undetectable by SAXS. These soluble species can correspond to Th4+ or ThCl3
+ as 

depicted by the speciation diagram of Th in chloride media presented in Figure S1 (a) and (b). 

When pH = 3.5, the SAXS pattern presents a Guinier-type regime around q = 0.4 nm-1 

characteristic of colloids in solution. These Th hydroxyl colloids Thx(OH)y
(4x-y)+ may correspond 

to a mixture of Th4+, Th2(OH)3
5+, Th2(OH)2

6+, Th4(OH)8
8+, Th6(OH)15

8+ and Th6(OH)14
10+ 

according to the speciation diagrams (Figure S1 (a) and (b)).  

When pH ≥ 4.5, the scattering intensity follows a power-law form varying from q-1.77 to q-

2 indicating the formation of Diffusion-limited Aggregation (DLA) typed fractal aggregates[19]. 

Indeed, at this pH the condensation of Thx(OH)y
(4x-y)+ and the aggregation of ThO2 nanoparticles 

(ThxOy(OH)z(am)) are favored[20-22] forming a gel. 

The SAXS patterns of the sols presented on Figure 1 (b) to (d) present a plateau from q = 

4 nm-1 except for the samples with Th/FA = 0.5 at pH = 4.5 and 5.5. For these two samples, the 

intensity reaches a plateau for lower q value (~ 0.2 nm-1). When pH = 2.5, whatever the Th/FA 

ratio, the SAXS patterns have a scattering intensity lower than 0.1 cm-1, indicating the low 

condensation degree of the system. Analogous to the Th solution, at this pH value, Th species may 

be in form of Th4+ and ThClx(HCO2)y
(4-x-y)+ (with x+y ≤ 3), that are not detectable by X-ray 

scattering. When pH > 2.5, the scattering intensity of the plateau increases with the pH but the 

magnitude of this increase is more and more moderate with the increase of FA concentration 

(Figure 1 (b) to (d)). Indeed, at the same pH, the scattering intensity decreases with Th/FA ratio. 

This underlines that the addition of FA inhibits the formation of Thx(OH)y
(4x-y)+ and prevents from 
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their aggregation as observed in Th solutions. This is mainly due to the formation of Th-FA 

complexes with a hexameric Th core and a shell of HCOOH/HCOO- [23-25] (Figure 1 (e)).  

To determine the distribution of these species, SAXS patterns have been simulated (Figure 

1 (e)) taking into account two types of objects: (i) Th-FA hexameric complexes simulated as a 

core-shell object and (ii) ThxOy(OH)z(am) colloids simulated as an ellipsoid having ThO2 

scattering length density. Since the size and the scattering length density (SLD) of FA are 

negligible compared with those of ThO2, it was not necessary to take into account FA as a shell 

for ThO2 object. The form factors of the Th species, their scattering length density differences 

(∆SLD) and their sizes for the simulation are presented in Table S1 to Table S3. These simulation 

results supplying the distribution of species in the solutions and the sols as a function of the pH 

and Th/FA are illustrated on the Figure 1 (e). 

Without FA and pH = 3.5, almost 70% of Th formed polydisperse ThO2 nanoparticles 

(ThxOy(OH)z(am)) with a size varying from 1.2 to 5.2 nm. When pH ≥ 4.5, the system formed 

fractal aggregates. The fractal dimensions increased from 1.75 to 1.95 as pH increased from 4.5 to 

5.5, corresponding to the Diffusion-limited Aggregation (DLA)[19]. Moreover, the gyration radius 

of the primary particles increases from 9.5 nm to 12 nm. This indicates that the increase of pH 

promotes the growth of ThO2 nanoparticles and leads to the formation of denser aggregates. When 

FA is added, a moderate condensation level is required for the formation of Th hexamer[26], here 

it occurs when Th/FA ≥ 0.25 or pH ≥ 3.5. The fraction of Th-FA hexameric complexes increases 

with the increase of pH and/or the increase of Th/FA ratio. When the system is at a high pH (pH 

= 5.5) or high Th/FA ratio (Th/FA = 0.5), the condensation of Th species are largely promoted 

leading to the formation of colloidal ThO2 nanoparticles. The size and polydispersity of these 

nanoparticles increase with pH.  
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Interaction between Th species and AKYPO  

Th-AKYPO systems: from colloidal micelles to hexagonal mesophase 

Before the addition of Th solution, the SAXS pattern of 0.1 M AKYPO solution (Figure 2 

(a)) corresponds to the scattering signal of core-shell objects as already observed in our previous 

work[17]. When Th is added to the sol, i.e. from Th/AKYPO = 0.14 (pH = 3), two changes can be 

noticed. First, the scattering peak shifts to higher q region indicating the shrinkage of core-shell 

micelles due to the dehydration of their head groups. Second, the scattering intensity increases 

between q = 2 nm-1 to q = 8 nm-1 due to the presence of Thx(OH)y
(4x-y)+ and ThO2 nanoparticles 

(ThxOy(OH)z(am)). According to the speciation diagram of Th in water at a concentration of [Th] 

= 0.03 M (Figure S1 (a)), Thx(OH)y
(4x-y)+ species at pH = 3 may correspond to Th4+, Th2(OH)2

6+ 

and Th2(OH)3
5+.  

The sol becomes more viscous when the Th/AKYPO ratio increases. This is associated to 

an increase of the concentration of polynuclear species complexed by the acidic function of 

AKYPO locating on the shell of micelles. This leads to the structural transition from core-shell to 

cylindrical micelles[27] by a decrease of the equilibrium area per head a0 and leading to the 

decrease of the packing parameter P0 (Figure 2 (b)). This is highlighted by the refinement of the 

shoulder at q = 1.5 nm-1 for the sol at Th/AKYPO = 0.2.  

From Th/AKYPO ≥ 1.25, a white floc is obtained at the bottom of the vial having similar 

SAXS patterns (Figure 2 (a) and Figure 3 (c)) presenting two scattering orders with q1:q2 = 1:√3 

that indicate the formation of a hexagonal structure. In water-AKYPO binary, the hexagonal phase 

is formed from 40 to 60 wt% with a characteristic distance of the first scattering order d10 

comprised between 7.3 and 6.5 nm. In this Th-AKYPO system, the hexagonal phase is formed at 

much lower AKYPO concentration (< 8 wt%) with a smaller d10 of 6.3 nm. These demonstrate 
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that the presence of Thx(OH)y
(4x-y)+/ThxOy(OH)z(am) dispersed between cylinders act as a “glue” 

to bridge partially adjacent cylinders as illustrated on Figure 2 (b). In addition, two sharp 

diffraction peaks corresponding to NH4Cl are observable at high q when Th/AKYPO = 0.2. They 

disappear when Th/AKYPO = 1.25 i.e when a phase separation occurs. This may be due to the 

solubilization of NH4Cl in the aqueous phase of the supernatant.   

Role of FA in the AKYPO mesophase formation  

To investigate the effect of the complexing agent and thus the effect of Th-FA hexameric 

complexes (Th6(OH)4O4(HCOO)12) on the structuration of Th-AKYPO mesophase, SAXS 

analyses have been performed on two systems Th-AKYPO and Th-FA-AKYPO with Th/AKYPO 

at pH = 3. To ensure of the formation of Th-FA hexameric complexes in Th-FA-AKYPO system, 

Th/FA = 0.1 (Figure 1 (e)).  The SAXS patterns of the flocs and the supernatants of these two 

systems with Th/AKYPO = 1.25 are shown in Figure 3 (a) and (b).  

The SAXS patterns of two flocs both present a hexagonal phase with sharp first scattering 

orders. The second scattering order of Th-FA-AKYPO system is sharper than the one of Th-

AKYPO, which is partially covered by the scattering shoulder of Thx(OH)y
(4x-y)+/ ThxOy(OH)z(am) 

around q = 2 nm-1. Furthermore, the SAXS pattern of the supernatant of Th-AKYPO system 

(Figure 3 (a)) presents a scattering oscillation around q = 1 nm-1 and a shoulder from q = 2 to 8 

nm-1. These two signals can be respectively assigned to the residual AKYPO micelles and 

Thx(OH)y
(4x-y)+ generated by the uncontrolled hydrolysis of Th. In the SAXS pattern of the 

supernatant of Th-FA-AKYPO system (Figure 3 (b)), only a signal of Thx(OH)y
(4x-y)+ species is 

observable. Considering the experimental conditions, this indicates that all AKYPO micelles 

interact with Th-FA hexameric species to form the hexagonal structure. The comparison of these 
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two systems reveals that the addition of FA promotes the interaction between Th species and 

AKYPO micelles.  

To further confirm the promoting role of FA in the interaction of Th and AKYPO, SAXS 

analyses have been carried out on the flocs obtained from these two systems varying Th/AKYPO 

ratio from 1.25 to  5 at pH = 3. The SAXS patterns of the flocs are shown in Figure 3 (c) and (d).  

For Th-AKYPO system (Figure 3 (c)), the increase of Th/AKYPO from 1.25 to 5 had no 

significant effect on the structuration of the mesophase. The flocs present a hexagonal phase with 

a characteristic distance of (10) plane d10 = 6.3 nm. In fact, in this system without FA, the 

interaction of Th and AKYPO micelles are always in competition with the hydrolysis-

condensation of Th species. The increase of Th/AKYPO cannot promote the interaction between 

Th precursors and AKYPO micelles. In this case, the structuration of hybrid mesophase does not 

depend on Th/AKYPO ratio but the charge matching[28] between the Thx(OH)y
(4x-y)+ species and 

AKYPO micelles.  

For Th-FA-AKYPO system (Figure 3 (d)), when Th/AKYPO ≤ 2.5, the flocs present a 

hexagonal phase with d10 = 7 nm. When this ratio increases to 5, this distance d10 reaches 4.7 nm 

with the disappearance of the second scattering order indicating a phase transition from hexagonal 

structure to entangled worm-like structure. Moreover, the increase of scattering intensity at low q 

following a power-law form of q-2.8 is characteristic of fractal surface[19] generated by Th-FA 

hexameric complexes accumulated at the surface of AKYPO micelles. The sharp diffraction peaks 

in high q range are assigned to the crystallization of ThClx(OH)y(HCO2)z. In this system, the 

addition of FA controls the Th speciation and benefits the formation of Th hexameric species. 

These polynuclear species have a better interaction with AKYPO than Thx(OH)y
(4x-y)+ favoring the 
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formation of a denser inorganic skeleton in the hybrid network when Th concentration increases. 

This is essential to form a rigid and consolidated structure. The rigidity of hexagonal phase 

(Th/AKYPO = 1.25) and entangled worm-like structure (Th/AKYPO = 5) has been studied and 

will be discussed in the following section.    

Consolidation of the mesophase 

To synthesize mesostructured materials, the consolidation of the mesophase is always a 

crucial  before the removal of surfactant[8]. To our best knowledge, no consolidation method has 

been proposed for any actinide oxide. Depending on the system (Th-AKYPO or Th-FA-AKYPO) 

and thus the Th species, different strategies have been used and the structures of final material 

obtained based on these strategies will be compared and discussed in the following section.  

For Th-AKYPO system, the condensation of Th species (Thx(OH)y
(4x-y)+/ ThxOy(OH)z(am)) 

between the cylindrical micelles was promoted by increasing the pH of the sols from 2.3 to 8 (see 

Figure 4 (a) and (b)).  

As highlighted by the Figure 4 (a), the scattering patterns are strongly influenced by the 

pH. The origin of the phenomenon comes from the interactions between AKYPO and the various 

Th species existing in solution. Indeed, as presented in the speciation diagram of Th in Figure S1 

and Figure 1 (e), the predominant species in solution varied as a function of pH due to the 

modification of the hydrolysis-condensation reaction. When pH is between 2.3 and 3, the 

predominant specie is Th2(OH)2
6+. When pH > 4, the saturation index of amorphous thorium oxide 

becomes positive[29, 30], therefore the predominant species at pH = 8 are ThxOy(OH)z(am) having 

various size. When the pH increases from 3 to 8, the first scattering order shifts to high q region 

with the disappearance of the second scattering order. Furthermore, the increasing scattering in 
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low q region follows a power-law of q-1.95, indicating the formation of fractal aggregates of 

ThxOy(OH)z(am). The sharp peaks in wide angle region are due to the crystallization of NH4Cl 

during the adjustment of pH. These results highlight that the increase of pH promotes the 

condensation of Th species that modifies the mesophase. Indeed, the increase of pH favors the 

growth of ThxOy(OH)z(am) wrapping around AKYPO micelles. Therefore, the configuration of 

hybrid Th-AKYPO interface needs to modify due to the charge matching principle[28]. This leads 

to a phase transition from hexagonal phase to entangled worm-like structure. For hexagonal arrays, 

the distance between two adjacent cylinders h is a characteristic parameter to have an insight to 

their rigidity (see Figure 2 (b)). For the AKYPO-water binary system, h decreases from 2.4 nm to 

1.2 nm when the mass fraction of AKYPO increases from 40% to 70% (Figure S2 (b)). In Th-

AKYPO system, h decreased from 1.2 nm to 0.5 nm when pH increased from 3 to 8 proving the 

consolidation of the hybrid mesophase.  

For Th-FA-AKYPO system with Th/FA = 0.1, the consolidation of the mesophases can be 

done by the increase of Th/AKYPO from 1.25 to 5. This is confirmed by studying the thermal 

stability of two samples, Th/AKYPO = 1.25 and 5, after a preheating of 80 °C for 2 h (Figure 4 

(c)).  After the preheating of the sample prepared at Th/AKYPO = 1.25, the first scattering order 

shifted from q = 0.9 nm-1 to 1.2 nm-1, indicating the shrinkage of the structure due to a dehydration 

of the head groups of AKYPO. This shrinkage goes with the loss of the second scattering order 

and the appearance of three sharp peaks from q = 4 nm-1 to q = 7 nm-1 probably characteristic of 

the crystallization of Th-FA hexameric complexes. The equilibrium distance between two adjacent 

cylinders h decreases sharply from 2.1 nm to 0.2 nm. These modifications deformed the cylindrical 

micelles, converting the hexagonal mesophase to a bicontinuous phase with entangled worm-like 

micelles. Unlike the sample with Th/AKYPO = 1.25, the SAXS pattern of the sample prepared at 
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Th/AKYPO = 5 only had a slight shift of the scattering peak from q = 1.3 nm-1 to q = 1.4 nm-1 

after the preheating. The distance related to the first scattering peak had a slight decrease of 0.2 

nm. Indeed, the mesophase synthesized at Th/AKYPO = 5 was embedded by more Th-FA 

hexameric species and contained less water compared to the one prepared at Th/AKYPO = 1.25. 

This leads to a more rigid inorganic network remaining stable during its preheating. These results 

confirm that for Th-FA-AKYPO system, the entangled worm-like structure formed at Th/AKYPO 

= 5 is more rigid than the hexagonal mesophase prepared at Th/AKYPO ≤ 2.5.  

Final materials 

Morphology and structure 

To remove organic components, all flocs were thermally treated at 450 °C for 5 h under air 

with a ramp of 5 °C/min based on our previous work[16]. The powder obtained have been analyzed 

by SAXS, SEM and TEM. The results are presented on Figure 5.  

The SAXS patterns of the final materials from all systems present a broad scattering peak 

from q = 0.3 nm-1 to q = 3 nm-1. These broad scattering peaks are characteristic of a loose packing 

of ThO2 nanoparticles with a bicontinuous interparticular porosity. Such broad scattering peaks 

have been already shown in the SAXS analyses of other mesoporous materials such as biomass 

derived absorbent[30], biochar[30] and mesoporous oxides[31, 32]. The presence of these 

nanoparticles is also attested by the two diffraction peaks at q = 19.6 nm-1 and q = 22.5 nm-1 present 

on the SAXS patterns associated with the crystalline planes (111) and (200) of the fluorite-type 

structure of ThO2[33]. The average sizes of the crystallites deduced from the Scherrer equation are 

comprised between 2.5 and 6 nm (Table S4). In addition, the SAXS patterns of Th-A-1.25-8 and 

Th-F-A-5 follow a power-law around q-2 in low q region (q = 0.2 to 0.4 nm-1) indicating the 
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presence of aggregates with fractal surface corresponding to characteristic distances between 6 and 

30 nm.  

All of these results are consistent with the TEM images shown on Figure 5 presenting two 

different morphologies: (i) a bicontinuous nanoporous assembly of ThO2 nanoparticles (Figure 5 

(b), (c) (d), (e) and (g)) and (ii) rod-like assemblies of ThO2 nanoparticles (Figure 5 (e) and (i)). 

This last morphology is also observable at a microscale as attested by the SEM image of the 

material Th-F-A-5 (Figure 5 (j)) showing a set of micrometric fibers. These fibers present a porous 

volume of 0.22 cm3.g-1 and two types of pores, micropores and mesopores as attested by water 

adsorption-desorption isotherms using dynamic water vapor sorption (DVS) (see Figure SI3). The 

micropores may correspond to interparticular voids between ThO2 nanoparticles forming the 

cylindrical wall and the mesopores can be assigned to the porosity generated by the AKYPO 

templating. The presence of these mesopores makes easy the microporosity accessibility to water.  

Such experiment highlights the accessibility of the porosity to an aqueous phase and suggests the 

possible impregnation of ThO2 with actinide solutions. 

How the interactions between colloids and AKYPO drives the mesostructuration in the final 

materials 

The formation of these two morphologies are related to the rigidity of the mesophases 

before the thermal treatment. Indeed, the first morphology is obtained when the amount of Th 

species in the mesophase is insufficient and/or their sizes are not homogenous. This is the case 

when pH < 8 for the system without or Th/AKYPO ≤ 2.5 when FA is present. The second 

morphology is obtained when the Th species amount is sufficient and their size homogeneous (Th-

F-A-5). Without FA, even if the condensation of Th species is promoted as at pH=8 forming 



 16

nanoparticles of ThxOy(OH)z(am) in the hybrid network, the interaction between AKYPO 

molecules and Th species with various size and condensation degree are still not sufficiently 

enhanced to provide a robust inorganic network for the complete conservation of the cylindrical 

arrays during the thermal treatment. This leads to a mixed morphology of (i) and (ii) (see Figure 

5 (e)). In presence of FA, Th-FA hexameric complexes with homogenous size and condensation 

degree are formed and the interaction between these colloidal precursors and AKYPO molecules 

are optimized. Therefore, if their amount are sufficient to align along the worm-like micelles 

(Th/AKYPO = 5), they maintain the cylindrical mesostructure during the thermal treatment. In 

that case, only rod-like assemblies of ThO2 nanoparticles presenting micropores and mesopores 

are obtained.  

CONCLUSION  

For the first time, we have shown how the nature of the actinide colloid influences the 

surfactant-colloid interaction and ultimately, how this behavior impacts the mesostructure of final 

actinide oxide material.  

We have evidenced that the addition of a complexing agent plays an important role on the 

structuration of Th-based mesophases. This results are consistent with the findings cited in the 

review of Sanchez et al. for transition metals and other high valence elements[8, 34]. We have 

shown that Th-FA complexes having uniform size and condensation degree have strong interaction 

with soft-template molecules. This leads to the formation and the conservation of sufficiently rigid 

mesophase after the thermal treatment. The findings provide an useful preliminary guidance for 

synthesis of mesoporous materials from transition metal[34-36] to lanthanides[2-6] and actinides 

with higher density. However, one property still need to be measured: the charge of the colloidal 

precursors, i.e. the zeta potential. Indeed, it has been demonstrated that the matching of charge 
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density at the precursor/surfactant interfaces pilots the self-assembly process [37, 38]. This can be 

controlled by adjusting the pH of the solution to influence the charge of the precursors.  

In addition, the final material prepared in this work presents a sufficient accessible porosity. 

The impregnation of these pores with minor actinide solutions is a promising safety method for 

the fabrication of mixed oxide nuclear fuel. Comparing with the conventional metallurgical 

route[39-41], this liquid route reduces the manipulations of radioactive powders leading to a safer 

fabrication. Furthermore, the high homogeneity of actinides distribution avoids “hot spot” 

formation within the nuclear fuel. Further impregnation experiments using Hf(IV) solution as 

surrogate of Pu(IV) solution are ongoing to fabricate mixed oxide material. This material will be 

then analyzed by Energy-dispersive X-ray spectroscopy coupled to transmission electron 

microscopy to confirm the homogenous distribution of actinides at a nanometric scale.  
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Figure 1. Experimental (dots) and simulated (lines) SAXS patterns at various pH values of (a) the 

Th solutions at [Th] = 0.1 M, the sols at (b) Th/FA = 0.5, (c) Th/FA = 0.25 and (d) Th/FA = 0.05. 

(e) Distribution of species in the Th and Th-FA systems as a function of pH and Th/FA molar ratio 

obtained from the SAXS data simulations.  
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Figure 2. (a) Experimental SAXS patterns of Th-AKYPO sols/floc with various Th/AKYPO 

ratios. The floc and the supernatant are respectively referred as f and s. (b) Schematic illustration 

of the phase transition upon the addition of Th solution. d10 is the characteristic distance of the first 

order of scattering and h is the distance between two adjacent cylindrical micelles. 
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Figure 3. Experimental (dot) and simulated (line) SAXS patterns of the flocs and the supernatants 

of (a) Th-AKYPO system and (b) Th-FA-AKYPO system with Th/AKYPO = 1.25 and Th/FA = 

0.1 for Th-FA-AKYPO. SAXS/WAXS patterns of the flocs with different Th/AKYPO ratios for 

(c) Th-AKYPO system and (d) Th-FA-AKYPO system (Th/FA = 0.1). 
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Figure 4. (a) SAXS/WAXS patterns of Th-AKYPO systems at different pH values; (b) schematic 

illustration of phase transition of Th-AKYPO upon the increase of pH; (c) SAXS/WAXS patterns 

of Th-FA-AKYPO flocs (Th/FA = 0.1) before and after preheating at 80°C; (d) schematic 

illustration of the phase transition during the preheating presenting the case of worm-like structure 

formation (further confirmed by TEM analysis of the final material). 
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Figure 5. (a) SAXS patterns and TEM images of (b) Th-A-1.25-3, (c) Th-A-2.5-3, (d) and (e) Th-

A-1.25-8; (f) SAXS patterns and TEM images of (g) Th-F-A-1.25, (h) Th-F-A-2.5 and (i) Th-F-

A-5; (j) SEM image of Th-F-A-5. Th-A-X-Y stands for the final material of Th-AKYPO system 

prepared with Th/AKYPO = X at pH = Y. Th-F-A-X stands for the final material of Th-FA-

AKYPO system prepared with Th/AKYPO = X and Th/FA = 0.1 at pH = 3. 
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