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a b s t r a c t 

Thorium-uranium dioxide nanofibers were prepared in a three-step process. Green composite microfibers 

were electrospun from solutions composed of Th(IV) and U(VI) acetylacetonate complexes in different 

molar ratios, polyvinylpyrrolidone, and acetone/ethanol mixed solvents. The second step converted the 

green composite fibers by calcination in the air to mixed Th/U oxide fibers. In the final step, the heat 

treatment under forming gas provided the nanofibers with diameters of 28 −46 nm composed of solid 

solutions Th x U 1 −x O 2 ( x = 1, 0.75, 0.5, 0.25, 0). The XRD and STEM-EDS analyses of the prepared Th/U 

mixed oxide nanofibers attested to their atomic homogeneity. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Nanoscopic actinide materials, mainly thorium and uranium ox- 

des, attract attention due to their potential use as nanocrystalline 

aterial precursors for nuclear fuel in advanced heavy water re- 

ctors [1–3] . ThO 2 and UO 2 are isostructural, crystallize in fluo- 

ite lattice, and form solid solutions over the entire compositional 

ange. Nanocrystalline thorium-uranium mixed oxides are interest- 

ng candidates for nuclear fuel usage with advantages over tra- 

itional fuel [4–6] . The main reasons for research efforts in this 

rea are lowering the sintering temperature and enhancing ma- 

erial properties of the final sintered pellet, such as thermal con- 

uctivity, mechanical properties, plasticity, stress resistance, radia- 

ion damage resistance, and fission gas retention [7] . Most of these 

anomaterials are desired in the form of nanoparticles because of 

heir ideal spherical shape, which allows effective sintering [8] ; 

owever, the polycrystalline nanofibrous form could also be poten- 

ially valuable with its unique morphological properties [9] . 

Relatively high surface area and open fibrous structure pre- 

ict usability for heterogeneous catalysis and sorption [10–12] . 

anofibers are also well-known for their utility in preparing com- 

osites [13] . Purely inorganic nanofibers, when carefully han- 

led, should be safer than ultrafine particulate powders due to 
∗ Corresponding author. 

E-mail address: jpinkas@chemi.muni.cz (J. Pinkas) . 

ttps://doi.org/10.1016/j.jnucmat.2022.153731 

022-3115/© 2022 Elsevier B.V. All rights reserved. 
he flaky or bulky nature of nonwoven webs. Organic and inor- 

anic nanofibers are nowadays industrially produced via needle- 

ess electrospinning providing high volumes of materials [14] . 

There are several reported preparation methods for nanoscopic 

ixed oxides of uranium and thorium. Hydrothermal and ther- 

al decomposition of oxalates, prepared by coprecipitation of ura- 

ium(IV) and thorium(IV) solutions, was used in a sintering study 

nd mechanical analysis of pellets produced by the spark plasma 

intering technique [15] . In another study, mixed oxide nanocrys- 

als were prepared by hot injection of thorium acetylacetonate and 

ranyl acetate solutions into hot benzyl ether. Various shapes and 

orphologies of nanocrystalline oxides were obtained [16] . Pure 

horium and uranium dioxides and their solid solutions were pre- 

ared by the photochemical reaction of uranyl and thorium ni- 

rates in an aqueous solution of ammonium formate. For the de- 

omposition of mixed oxides, a mercury UV lamp was used [17] . 

Recently, we introduced the electrospinning route to nanofi- 

rous uranium [18] and thorium [19] oxides. Others used the same 

ethod to prepare nanofibers containing uranium carbide [20] . 

ased on the experience with electrospinning processing of tho- 

ia and urania, we present here a facile preparation route to atom- 

cally mixed ThO 2 /UO 2 oxides to enlarge the family of nanocrys- 

alline nuclear materials. 

https://doi.org/10.1016/j.jnucmat.2022.153731
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2022.153731&domain=pdf
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https://doi.org/10.1016/j.jnucmat.2022.153731
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Table 1 

Electrospinning solution compositions. 

Solution parameter A B C D E 

Th/U ratio (molar) 1:0 3:1 1:1 1:3 0:1 

Th(acac) 4 [g] 1.00 0.80 0.57 0.31 0 

UO 2 (acac) 2 [g] 0 0.20 0.43 0.69 1.00 

PVP [g] 1.00 

EtOH [g] 18.0 

Acetone [g] 10.0 
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. Experimental procedures 

.1. General 

Polyvinylpyrrolidone (PVP, M w 

= 360 kDa) was purchased from 

igma Aldrich and used as received. Uranyl acetylacetonate was 

ynthesized according to the literature [21] , and the typical pro- 

edure was already described in the previous study [18] . Tho- 

ium acetylacetonate was synthesized according to the literature 

22] from thorium nitrate tetrahydrate (98%, Lachema, CZ). Ace- 

one and ethanol (absolute) were purchased from Penta Chemicals 

CZ) in a p.a. quality and used without further workup. Forming 

as with a composition of 5% of H 2 in N 2 was used for reductions.

.2. Preparation of electrospinning solutions and electrospinning 

Thorium acetylacetonate, uranyl acetylacetonate hydrate, and 

VP were dissolved in a mixture of acetone and ethanol in various 

ass ratios (solutions A − E, Table 1 ). The solutions were stirred for 

 h, characterized, transferred to a syringe pump, and electrospun. 

he solutions were prepared based on different ratios of the tho- 

ium/uranium content. The actual compositions and corresponding 

hemical and physical characteristics of the electrospinning solu- 

ions are shown in Table 1 . 

The process was conducted on a custom-designed set-up 

18] based on two high-voltage power sources capable of an out- 

ut of 0 to + 25 kV and 0 to −15 kV and on a New Era Scientific sy-

inge pump. The syringe with a blunt-tip needle of 1 mm diameter 

as used as a carrier of the spinning solution. A negative-charge 

ource was connected to the collector electrode, a circular metal 

late with a diameter of 200 mm. Fibers were collected on the col- 

ector covered by aluminum foil which helped the manipulation 

f the samples. Experiments were performed in a fume hood in 

n air-conditioned laboratory with a fixed temperature of 296 ± 2 K 

nd relative humidity of 40 ± 10%. Electrospinning parameters are 

resented in Table 2 . 

.3. Calcination and reduction treatment 

After the electrospinning process, in which green composites 

f thorium and uranyl acetylacetonates and PVP polymer were 

ormed, the calcination step was performed to obtain purely inor- 

anic fibers. A muffle furnace set to 773 K with an ambient air at- 

osphere was used for oxidative treatment. In all cases, the heat- 

ng rate was set to achieve the maximum calcination temperature 

n 4 h, followed by another 4 h dwell time, and finished by spon-

aneous cooling down to an ambient temperature. After the heat 
able 2 

lectrospinning parameters. 

High voltage ( + ) 

[kV] 

High voltage ( −) 

[kV] 

Flow rate 

[ μl min −1 ] 

Electrode distance 

[mm] 

15.0 ± 0.1 −10 ± 0.1 50 150 

l

c

t

t

w

(

w

2 
reatment, calcined materials were collected and analyzed. A hori- 

ontal tube furnace equipped with a quartz tube was used for a re- 

uction treatment. The same maximum temperatures and heating 

rogram were used as in the case of calcination in air. The reduc- 

ion was performed on materials peeled off from the aluminum 

oil support. A continuous H 2 /N 2 gas flow was delivered from a 

as cylinder and controlled by a silicon oil bubbler attached to the 

uartz tube at the outlet. Two different maximum temperatures 

ere selected (873 and 1073 K). The heating ramp of 4 h with an- 

ther 4 h dwell time was used, and the process was completed by 

ooling down to ambient temperature. 

.4. Characterization 

The prepared nanofibrous materials were characterized by scan- 

ing electron microscopy (SEM) and transmission electron mi- 

roscopy (TEM). The samples for the TEM measurements were dis- 

ersed in methanol, and 4 μl of the suspension was placed on a 

uantifoil copper grid and allowed to dry by evaporation at ambi- 

nt temperature. TEM characterizations were performed on an FEI 

ecnai G2 microscope at 200 kV equipped with a 4k CCD camera 

EI Eagle. Micrographs were analyzed by the ImageJ software for 

he fiber diameter and size distribution. 

The STEM-EDS measurements were performed on an FEI Titan 

hemis instrument with a combination of a spherical aberration 

mage (Cs) corrector, a monochromator system, sensitive ChemiS- 

EM technology, and a high-end GATAN GIF Quantum energy fil- 

er for EELS and EFTEM with a new enhanced piezo stage, FEI 

nd GATAN software, and an FEI Ceta 16-megapixel CMOS cam- 

ra. STEM-EDS figures were processed by the Velox software. The 

istribution of elements is illustrated based on the signal intensity. 

Thermogravimetric, differential scanning calorimetry (TG/DSC), 

nd differential thermal analysis in reducing atmosphere of form- 

ng gas (TG/DTA) were performed on a Netzsch Jupiter STA 449 

nstrument with a heating rate of 10 K min 

−1 and a maximum 

emperature of 1273 K. The measurements in air were performed 

sing a DSC holder with a Pt/Rh sensor while the measurements 

n the atmosphere of forming gas were done with a DTA holder 

ith a W/ Re sensor. Reducing atmosphere was purified by passing 

hrough a deoxygenation cartridge and by a Zr getter. 

X-ray powder diffraction (XRD) measurements were per- 

ormed on an Empyrean diffractometer (PanAnalytical) with a Co 

 λK α = 1.79030 Å) X-ray lamp at room temperature. The phase com- 

osition was determined by the Rietveld computation with the 

valuation of crystalline size by the Scherrer equation with High- 

corePlus 4.0 (PanAnalytical) equipped by a model from the ICSD 

atabase. 

. Results and discussion 

For the synthesis, acetylacetonate complexes of Th(IV) and U(VI) 

ere selected due to their excellent solubility in organic solvents 

nd good compatibility with polyvinylpyrrolidone (PVP). The mix- 

ure of acetone and ethanol was used as a solvent. Five electro- 

pinning solutions were prepared with different thorium/uranium 

atios. The solutions A and E represent precursors for pure thoria 

hO 2 and urania UO 2 , respectively, and the solutions B, C, and D 

ave the Th/U ratios of 3:1, 1:1, 1:3, respectively. After the disso- 

ution of both PVP polymer and inorganic precursors, slightly vis- 

ous solutions with a range of colors from off-white (solution A) 

o bright orange (solution E) with different shades of yellow in be- 

ween (solutions B, C, and D) corresponding with uranium content 

ere obtained. 

The electrospinning of the precursor solutions delivered white 

solution A) and yellowish (solutions B-E) paper-like materials, 

hich were collected on aluminum foil and analyzed by SEM (Fig. 
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Fig. 1. TEM images of calcined fibers at 773 K with various molar ratios of Th and U: A (1:0), B (3:1), C (1:1), D (1:3), E (0:1). 

Table 3 

The average diameter [nm] of prepared Th/U oxide fibers. 

Sample A B C D E 

Nominal composition ThO 2 Th 0.75 U 0.25 O 2 Th 0.50 U 0.50 O 2 Th 0.25 U 0.75 O 2 UO 2 

Green fibers 184 ± 95 181 ± 87 190 ± 61 203 ± 68 225 ± 100 

Oxidized at 773 K 36 ± 13 47 ± 17 56 ± 18 67 ± 22 99 ± 36 

Reduced at 873 K – 46 ± 19 28 ± 18 45 ± 25 46 ± 24 

Reduced at 1073 K – 29 ± 12 30 ± 18 48 ± 19 45 ± 18 
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S, 2S in the Supplementary materials) and TG-DSC analysis (Fig. 

S). The analysis of obtained micrographs provided average diam- 

ters of green fibers, which are shown in Table 3 . 

In all cases, the electrospinning provided smooth organic-based 

ubmicron fibers with a relatively broad distribution of diameters; 

owever, the moderate trend of the increase of the mean diame- 

er with the addition of uranyl acetylacetonate could be observed. 
3 
istograms of fiber diameters are presented in the Supplementary 

aterials (Fig. 2S). 

The TG-DSC analysis in the air provided insight into the cal- 

ination process and established a proper temperature to remove 

rganic polymer completely and leave purely inorganic oxidized 

bers. In all samples, mass loss occurs at temperatures between 

50 and 800 K (Fig. 3S). In some cases (samples C, D, and E), 
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Fig. 2. XRD analysis of calcined fibers with various molar ratios of Th and U: A (1:0), B (3:1), C (1:1), D (1:3), E (0:1). 

Fig. 3. XRD analysis of reduced fibers at 873 K in forming gas atmosphere with various molar ratios of Th and U: A (1:0), B (3:1), C (1:1), D (1:3), E (0:1). 
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he calcination process showed two conspicuous exothermic mass 

osses, while the rest of the samples (A, B) displayed only one. In 

he case of sample D, exothermic mass loss occurs at 573 K, fol- 

owed by a slight mass loss at approximately 700 K after which it 

eaches a constant mass. For sample E, the final constant mass was 

chieved above 773 K, which was the highest value, and thus it was 

elected as the calcination temperature for the subsequent calcina- 

ion treatment. 

The calcination treatment of bulk green fibers was performed 

n a muffle furnace under air at 773 K in alumina crucibles, where 
4 
bers on the aluminum foil were placed. After burnout, the sam- 

les were collected as white (sample A), yellowish (samples B − D ), 

nd greenish (sample E) brittle layers deposited on aluminum 

heets. The samples were analyzed by the SEM (Fig. 4S), TEM ( Fig. 

 ), and XRD ( Fig. 2 ) methods. Average diameters of calcined fibers

re presented in Table 3 , and corresponding histograms are shown 

n the Supplementary materials (Fig. 5S). 

The SEM analysis (Fig. 4S) provided the average diameters of 

bers. There is a considerable decrease in fiber width after calci- 

ation, the most profound for ThO . The fiber diameter increases 
2 
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Fig. 4. Dependence of the cell parameter on uranium dioxide content in mixed ThO 2 /UO 2 nanofibers and their crystallite size. Samples reduced at 873 K ( �) and 1073 K ( ♦ ). 

Molar ratios of Th and U: A (1:0), B (3:1), C (1:1), D (1:3), E (0:1). 

Fig. 5. TEM analysis of reduced Th x U 1 −x O 2 nanofibers. Samples reduced at 873 K (B − D 873 K) and 1073 K (B − D 1073 K). 
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ith increasing uranium content. While pure ThO 2 (sample A, Fig. 

SA) resulting from oxidation of the green composite has a diam- 

ter in the nanoscopic range (36 nm), its counterpart consisting 

f pure uranium oxide (sample E, Fig. 4SE) provides substantially 

hicker fibers of 99 nm; however, their thickness is still mostly un- 

er 100 nm. In mixed Th/U oxide fibers, we observed a steady in- 

rease in fiber diameter corresponding with increasing uranium 

roportion. While the morphology of the fibers inspected by SEM 
5

eems in all cases similar, the TEM analysis ( Fig. 1 ) provided in-

ight into the inner morphology, which differs fundamentally for 

ifferent com positions. Pure ThO 2 (sam ple A, Fig. 1 A) and ura- 

ium oxide (sample E, Fig. 1 E), as already described in our pre- 

ious studies [ 18 , 19 ], show internal porosity. Thoria consists of ho- 

ogeneously porous matter, while uranium oxide shows a partially 

ollow character of the fibers. With the addition of uranium (sam- 

le B, Fig. 1 B), the character of observable porosity changed into 
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Fig. 6. STEM-EDS analysis of mixed oxide ThO 2 /UO 2 nanofibers, HAADF mode, and chemical mapping mode (Th – green; U – red), the atomic percentage in the form of 

Th/U ratio. Molar ratios of Th and U: B (3:1) top, C (1:1) middle, D (1:3) bottom. 
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e

ake-like grains. The sample consisting of thorium and uranium in 

:1 and 1:3 ratios (sample C, D, Fig. 1 C, D, respectively) lost the

haracter of the previous sample, and the fibers consisted of ultra- 

ne grains. 

The XRD analysis ( Fig. 2 ) of samples A and E provided diffrac-

ograms of pure cubic thoria and uranium oxide U 3 O 8 , respectively. 

horia adopts a CaF 2 -type structure, while uranium oxide is in the 

orm of U 3 O 8 as the stable oxidation state. The samples B, C, and D

dopt the CaF 2 structure, which indicates solubility of uranium in 

he fluorite lattice of ThO 2 and a transition to the amorphous char- 

cter of Th/U oxides in the samples. With the increased uranium 

ontent in the samples, individual diffractions are broader and less 

ntense. This tendency culminates in the diffractogram of sample D 

 Fig. 2 D). 

The transformation of the calcined fibers to the final state of 

h x U 1 −x O 2 solid solution was accomplished by a reduction treat- 

ent. To establish a proper reduction temperature, we analyzed 
6 
he samples by the TG-DTA method in forming gas (Fig. 6S). All 

amples were treated at a steadily increasing temperature of 10 K 

in 

−1 up to 1273 K. In all cases, except the sample A of pure tho-

ia, the mass decrease was observed below 10 0 0 K. In the cases of

ure uranium oxide and the sample D with a 1:3 ratio of Th/U 

Fig. 6SE and D, respectively), the final mass was reached at ap- 

roximately 900 K. In the samples with a lower uranium content 

Fig. 6SB, C), the mass decrease was completed at even lower tem- 

erature of 800 K. Based on these observations, two reduction tem- 

eratures were selected at 873 K and 1073 K to compare their po- 

ential influence on the fiber diameter and morphology. The re- 

uction treatments were performed in a tube furnace under the 

ontinuous forming gas flow. After reduction, gray powdery ma- 

erials were collected and analyzed by the SEM (Fig. 7S, 8S), XRD 

 Fig. 3 , 873 K, and Fig. 9S, 1073 K), TEM ( Fig. 5 ), and STEM-EDS ( Fig.

 ) methods. Obtained micrographs (Fig. 7S) were compared to the 

ffects of different reduction temperatures and various Th/U ele- 
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ental ratios. Average diameters of the fibers were measured, and 

orresponding histograms are shown in Fig. 8S. 

All prepared materials appear similar except for pure UO 2 sam- 

les (Fig. 7SG, H), where the crystalline character of fibers is more 

ronounced than in other cases, which have relatively smooth sur- 

aces. All fibrous samples are comparable in their average diameter 

 Table 3 ) and size distributions (Fig. 8S), where most of the fibers

ave a diameter lower than 50 nm. 

The XRD analysis provided diffractograms of prepared materials 

here the trend in the Th/U atomic ratio is observable on individ- 

al diffractions shifts from pure thoria to pure urania. The sample 

 reduced at 873 K ( Fig. 3 A) consisting of pure thoria (ICSD-67413)

as not treated in forming gas due to its final oxidation state and 

s presented for comparison. In mixed samples of urania and tho- 

ia ( Fig. 3 B −D), broad diffractions of the fluorite structural type are

resent. Compared with calcined samples ( Fig. 2 ), it is possible to 

ee more intense signals due to the higher crystallinity of the pre- 

ared solid solutions. The pure urania (ICSD-29086) sample ( Fig. 

 E) features narrower signals than other samples from the series. 

Similarly, analysis of the Th x U 1 −x O 2 nanofibers at 1073 K (Fig. 

S) provided identical diffractions patterns with the main differ- 

nce of narrower signals due to the higher treatment temperature 

hat resulted in the growth of crystallites. 

The analysis of XRD patterns provided the lattice constants and 

article sizes displayed in Fig. 4 and tabulated in the Supplemen- 

ary materials (Table 1S). The lattice parameters reveal dependence 

n the Th/U content, and the obtained data approximately follow 

egard’s law [ 23 , 24 , 25 ], except for higher uranium-containing sam-

le D with a smaller cell parameter which correspond with the 

tudy on micro-and nanoparticles of the same material [15] . The 

eviation from the law is explained by partial oxidation of the 

amples in the air. Additional possible reasons could be partial 

hase separation of UO 2 from the Th x U 1 −x O 2 solid solution, de- 

ect formation, and deviation from an ideal oxygen stoichiometry. 

t the other end of the series, pure thoria ( Fig. 4 , point A) also

iffers from the reported values ( a = 5.5975 Å). The possible expla- 

ation could be the impurities remaining in the structure after the 

xidation process of PVP. 

The size of crystallites brought significant insight into the pro- 

ess. The smallest crystallites could be found in the pure thoria 

ample ( Fig. 4 , point A) after the reduction treatment at both 873 

nd 1073 K with a slight increase at higher of these two tempera- 

ures. Crystallites of mixed-oxide samples B, C, and D, are similar 

nd nearly twice as big as in pure thoria samples. Pure uranium 

ioxide ( Fig. 4 , point E) has a much larger crystallite size due to

he absence of size stabilizing effect of thoria lattice as in other 

amples. The comparison of the crystallite sizes ( Fig. 4 ) shows the 

ifference of the reduction processes at 873 and 1073 K for sample 

. While the samples B and C with relatively high thorium content 

emain similar in crystallite size at both temperatures, the sizes of 

roducts differ substantially in sample D. The sample D processed 

t 873 and 1073 K has crystallite sizes 10 and 24 nm, respectively. 

horia lattice acts as a stabilizing structure during the reduction 

rocess, while in the case of low thoria content, the stabilizing ef- 

ect is weaker at higher temperatures, and crystallites are enlarged. 

he sample E consisting of pure urania shows even larger but sim- 

lar sizes at both reduction temperatures. 

The approximate estimation of crystallite size from the Scherrer 

quation based on the XRD measurement was compared with the 

EM analysis ( Fig. 5 ). In all cases, polycrystalline structures were 

bserved with ultrafine nanofiber-forming particles. Samples pre- 

ared at 873 K have a similar crystallite size smaller than 10 nm in

iameter ( Fig. 5 B −D 873 K). By reduction at 1073 K, the crystallite

ize is slightly enlarged in the case of samples B and C ( Fig. 5 B,

 1073 K). The case of sample D ( Fig. 5 D 1073 K) reduced at 1073 K

orresponds closely to the Scherrer equation result ( Fig. 4 D 1073 K) 
7

here substantially enlarged crystallites were detected. The ob- 

erved particles are much more distinct than in the case of the 

ample reduced at 873 K. 

We performed the STEM-EDS analysis to prove the homogeneity 

f element distribution and inner structure of the prepared mixed 

xide Th x U 1 −x O 2 nanofibers ( Fig. 6 ). Thorium/uranium ratios cal- 

ulated from atomic fractions from the EDS analysis are presented 

n Fig. 6 in corresponding elemental mappings. Visualization of 

he analysis of samples B, C, and D is divided into three sections, 

.e., HAADF, thorium, and uranium chemical mapping visualized in 

reen and red color, respectively. All samples display a homoge- 

ous character of the fibers; however, with different inner mor- 

hology, corresponding with the previous inner structure of unre- 

uced precursors. Sample B has apparent inner porosity, which is 

iminished in sample C and completely disappears in sample D. In 

he same cases, hollow fibers are observable ( Fig. 6 D, HAADF). The 

lemental ratios of thorium and uranium calculated from the EDS 

nalysis correspond with the nominal compositions of the electro- 

pinning solutions. 

. Conclusion 

For the first time, nanofibers of solid-solution thorium-uranium 

ioxide were prepared by the electrospinning method. The prepa- 

ation relies on a three-step process where electrospinning of poly- 

er solutions containing a mixture of precursors of thoria and ura- 

ia was followed by oxidative calcination of green fibers and their 

urther reduction treatment at elevated temperatures to monopha- 

ic Th x U 1 −x O 2 ( x = 1, 0.75, 0.5, 0.25, 0). Trends in the fiber diameter

uring the preparation were observed. The electrospinning process 

rovided relatively thick fibers that were converted by oxidative 

reatment to fibers in the nanoscopic range. A further reduction 

rovided even thinner fibers of mixed Th x U 1 −x O 2 oxides with a 

ean diameter less than 50 nm for all examined Th/U ratios. The 

RD and STEM-EDS analysis proved chemical and phase composi- 

ion, which allowed constructing a diagram with Vegard’s law de- 

endence of the lattice parameter on the Th/U content. The pre- 

ared materials enlarge the family of nanoscopic nuclear materials, 

hich could find usability in the nuclear industry, heterogeneous 

atalysis, or as a matrix for the sorption of highly active materials. 
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