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• Nd- and Ce-doped gels with Ln contents up to 30 mol% and good sphericity synthesised

• successful implementation of the dopant into 3UO3·2NH3·4H2O matrix of the gel

• CeIII more suitable than CeIV for the fabrication of doped UO2 by internal gelation

• single phases for U0.95Ln0.05O2±x to U0.7Nd0.3O2±x and U0.8Ce0.2O2±x obtained

• fabrication process for transmutation fuel or targets materials via IG improved
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Abstract

The sol-gel route via internal gelation was applied for the production of Nd- and Ce-doped uranium dioxide microspheres.

Trivalent and tetravalent Ce precursors were used and the influence of the precursors’ oxidation state on the fabrication process

and the final product was studied. The successful introduction of the dopant into the 3UO3·2NH3·4H2O matrix of the dried

gels, independent of the dopant and the oxidation state of its precursor, was demonstrated for Ln contents up to 30 mol%.

Densities of the dried gels were determined and the particle volume shrinkage during the thermal treatment was investigated.

X-ray powder diffraction analyses proved the presence of U1−yLnyO2±x single phase solid solutions for the sintered Nd-doped

microspheres and Ce-doped microspheres prepared using the tetravalent precursor. For Ce-doped compositions prepared with

the trivalent precursor, the presence of two solid solutions was observed for Ce contents > 15 mol%. The lattice parameters

determined for the single phase solid solutions follow Vegard’s law and show a decreasing lattice parameter with increasing

dopant content. In the case for the Nd-doped material different charge compensation mechanisms, depending on the dopant

content, were observed. The conditions applied in this study allow the usage of a solution containing the gelation agents,

resulting in a particle fabrication process for the production of Pu and/or minor actinide containing UO2 transmutation fuel,

which has benefits in terms of automating and remote handling, leading to a better implementation in glove boxes or hot cells.
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1. Introduction

The sol-gel route via internal gelation (IG) is a process that is currently explored for the production of minor actinide con-

taining transmutation fuel, which is required for the recycling of spent nuclear fuel, as envisaged by the scientific community

for closing the nuclear fuel cycle. The IG process offers the opportunity to convert a solution containing mixtures of different

metals into a homogeneous precipitate with a spherical geometry. The advantages of the process are avoidance of handling5

fine powder and facilitation of automation for the production of nuclear fuel precursors. Those precursors are thermally treated

and can be used as particle fuel [1] or compressed into the commonly used fuel pellets [2].

In the context of simulated nuclear fuel materials, lanthanides act commonly as surrogates for actinides. Ce and Nd are

used to simulate Pu and Am, respectively. The assignment of the surrogates is based on similar ionic radii [3]. Lundberg

and Persson [4] agree to use NdIII (rCN9 = 1.161 Å) as surrogate for AmIII (rCN9 = 1.157 Å) but suggest using NdIII or PrIII
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(rCN9 = 1.176 Å) as replacement for PuIII (rCN9 = 1.168 Å), instead of CeIII (rCN9 = 1.191 Å). However, one of the most stable

plutonium oxidation states is PuIV (rCN8 = 0.97 Å) and Ce as surrogate has the benefit of being used as CeIV (rCN8 = 0.96 Å).

Suresh Kumar et al. [5] tested the IG process for the production of bulk Ce-doped ammonium diuranate (ADU) gels, using

CeIII as dopant precursor. Moreover, IG studies to prepare CeO2 particles are available in literature, they use CeIV solution,

pre-neutralised with NH3 solution, as metal precursor [6–9]. Katalenich [10] compared the usage of CeIII and CeIV as metal15

precursors and came to the conclusion that strong Ce gels with a quick gelation time could be achieved using diammonium

cerium(IV) nitrate, whereas a CeIII nitrate feed solution did not lead to satisfying gels.

The gelation process is largely governed by the ratio (R) of the molar amounts of the gelation agents to the molar amounts

of the metals. Depending of the metal concentration in the sol, the R value has to be adjusted to ensure proper gelation. A

metal concentration of 1.3 mol L−1 and a concentration ratio R = 1.2 for both gelation agents was successfully applied for the20

fabrication of un-doped ADU gels in an earlier study [11]. The parameters are based on the suggestion by Vaidya et al. [12]

to form a single phase gel at gelation temperatures of 50 ◦C to 70 ◦C. Kumar et al. [13] investigated gelation parameters for

the fabrication of U0.47Pu0.53O2 particles and found R values ranging from 1.20 to 1.25 for both gelation agents suitable for a

metal concentration of 1.3 mol L−1, which make those conditions promising to introduce a dopant molar metal fraction up to

about 50 mol%.25

The feasibility of producing Nd-doped UO2 by internal gelation was successfully demonstrated in an earlier study [14]. In

the mentioned study, the sol was prepared by dissolving the solid gelation agents, urea and hexamethylenetetramine (HMTA),

in a concentrated metal blend solution (c(Mn+)sol = 2.5 mol L−1), which was subsequently gelled and thermally treated to form

U1−yNdyO2±x microspheres containing Nd molar metal fractions of up to 43 mol%. The R ratios for urea and HMTA were 1.8

and 1.35 respectively. The process proved successful for microspheres up to elevated Nd dopant levels, but the dissolution of30

solid gelation agents in the metal solution is a complicated step when envisaging automation.

In the current work, research to further improve the fabrication process of Nd-doped ADU gels, in terms of automating

and remote handling, was carried out. The mentioned gelation parameters of R = 1.2 for the gelation agents and a metal

concentration of 1.3 mol L−1 in the sol were tested. This is a significantly lower metal concentration, compared to the previous

study on the fabrication of Nd-doped particles using the IG process (c(Mn+)sol = 2.5 mol L−1, RHMTA = 1.35, Rurea = 1.8)35

[14], but allows the usage of a solution containing the gelation agents urea and HMTA, instead of dissolving them directly

in the sol. The modification has advantages for the particle production in a continuous process, since the R values and the

metal concentration in the sol can entirely be controlled by adjusting flow rates of two individual solutions. The impact of

this change on the IG process and the final product was studied. Additionally, the gelation parameters were tested to fabricate

cerium doped UO2 particles, using CeIII and CeIV as dopant precursors.40

2. Experimental

2.1. Chemicals

UO2+x (x = 0.06(1)) originated from a stock provided by AREVA and was depleted in 235
92U (0.3 g / 100 g U). Impurities

were analysed and have been found to be < 0.01 wt%. The trivalent lanthanide precursors, Nd(NO3)3·6H2O and Ce(NO3)3·

6H2O, were ordered from Strem Chemicals Inc. (≥ 99.9 wt%). Diammonium cerium(IV) nitrate ((NH4)2Ce(NO3)6, for45

analysis, 99.5 wt%), originated from Acros Organics and nitric acid (w(HNO3) = 70 wt%; ≥ 99.999 wt%; trace metals basis)
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The sol was prepared in two steps (sol preparation, figure 1). Firstly, a metal blend solution was prepared by mixing

the ADUN solution with the respective volume of the lanthanide nitrate solution. In the case of CeIV as dopant precursor,

(NH4)2Ce(NO3)6 was dissolved directly in diluted ADUN solution to end up with the desired metal ratios. Then, the metal

blend solution was cooled in an ice-bath and the pre-cooled solution containing urea and HMTA was added, as described in75

the previous section. The gelation of the sol and the post gelation treatment were also carried out as described in section 2.2.1.

The time between sol addition and gel removal from the column was for all doped compositions about one hour.

2.2.3. Thermal treatment

The gelled particles were calcined in Al2O3 crucibles at 900 ◦C in synthetic air, using a heating rate of 1.5 ◦C min−1 and a

holding time of one hour at 900 ◦C (Nabertherm, LT 9113/P330). The furnace was cooled to 150 ◦C with a rate of 10 ◦C min−1,80

then the crucibles were placed in a desiccator to allow them to cool down to room temperature.

Afterwards, the calcined particles were sintered under reducing conditions in custom made Mo crucibles (Linn High

Therm, HT-1800-Moly). Particles of each composition were heated up to 700 ◦C with 5 ◦C min−1 in Ar atmosphere. Then,

the gas atmosphere was changed to Ar:H2 (95:5) and Ar:O2 (99.5:0.5) with flow rates of 1428 mL min−1 and 72 mL min−1,

respectively. Those conditions correspond to an oxygen potential of about −420 kJ mol−1, which is required to prepare un-85

doped, UO2 at 1600 ◦C, with a deviation from stoichiometry smaller than 0.0005 [16, 17]. The temperature was held for 2 h

at 700 ◦C before it was further heated to 1600 ◦C with 5 ◦C min−1. An isotherm of 10 h was maintained and at its end the

atmosphere was switched back to Ar (1500 mL min−1). Then, the samples were cooled down to 200 ◦C with 5 ◦C min−1 and

subsequently placed in a desiccator to reach room temperature.

2.3. Characterisation90

All uncertainties in this study are given for a 95 % confidence level (2σ). Where appropriate, the concise notation was

used to report uncertainties, where the number in parentheses refers to the last digits of the quoted result.

2.3.1. Determination of U, Nd and Ce concentration

Metal concentrations of the ADUN solution and the trivalent Ln precursor solutions were determined via inductive coupled

plasma mass spectrometry (ICP-MS). An ELEMENT 2 system (Thermo Scientific) was calibrated with 1 ppb, 2 ppb, 5 ppb,95

10 ppb and 20 ppb U, Nd and Ce solutions, prepared from 1000 ppm single element standards (SPEX, CertiPrep) diluted with

a matrix consisting of ultrapure water and HNO3 (2 % V
V

). A dilution factor of 1:108 was applied to the sample solutions. In

addition, ICP-MS analyses of the dried gels were performed to determine the actual dopant content of the compositions. Two

microspheres of each composition (7.8 mg to 13.7 mg) were dissolved in 1 mL of HNO3 (w(HNO3) = 70 wt%), to prepare

samples. After dissolution, a volume of 9 mL ultra pure water was added and the solutions were further diluted (1:2000).100

Moreover, 10 µL of the sol was sampled during the synthesis, which were subsequently mixed with 990 µL of dilution matrix.

Those samples were further diluted with a factor of 1:5000. The directly measured mass concentrations have a relative

uncertainty of 10 % (2σ) and were converted into the molar concentrations to determine the molar metal fraction of each

composition. The propagation of the mass concentrations’ uncertainties led to relative molar metal fraction uncertainties (2σ)

ranging between 13.7 % (5 % dopant) and 11.1 % (30 mol% dopant).105
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2.3.2. Optical microscopy (OM)

OM analyses of the dried gels were performed with a HIROX MX-2016Z microscope and a magnification of 100×. Prior

to the particle analyses and afterwards, images of a calibration standard were recorded (Keyence OP-88141). A HI-SCOPE

Advanced KH-3000 system (HIROX) was used for the data acquisition, and data processing was done using the software

package Fiji (Version 1.52p) [18].110

Five particles of each composition were analysed. The individual particle masses were measured during the sample prepa-

ration (Mettler-Toledo AT201). Diameters were measured in four positions of each particle (90°, 45°, 0° and −45°), which

were averaged and the aspect ratio for each particle was determined ( dmax

dmin
). Moreover, the average diameter for each individual

composition was calculated. Densities were determined, dividing the particle masses by the particle volumes calculated from

the diameters, assuming a spherical geometry. The individual densities were also averaged for each composition.115

2.3.3. Scanning electron microscopy (SEM)

SEM investigations were carried out to study the shape, morphology and homogeneity of the prepared microspheres, using

a Jeol JSM 7100FA field-emission microscope, equipped with a secondary and backscattered electron detector. The working

distance ranged from 7 mm to 10 mm and an accelerating voltage of 15 kV was employed. Three sintered particles of each

composition were analysed via SEM. The data processing was carried out as described in the previous section for the OM.120

Diameters and aspect ratios were determined for each particle and average diameters were calculated for the compositions.

2.3.4. X-ray powder diffraction (XRD)

The XRD analyses were carried out using a PANanalytical X’Pert Pro diffractometer. The device utilises a Bragg–Brentano

parafocusing geometry in a θ-θ configuration. A sintered, high purity silicon disc was used for zero point calibration. Weekly

validations were performed on a sintered alumina disc (NIST Standard Reference Material 1976b). Lattice parameter refine-125

ment of silicon was done to asses the instrument bias, which was found to be smaller than 2 × 10−5 relative (2σ). A copper

LFF X-ray tube was used as radiation source. The measurement of high-quality diffractograms with low axial divergence was

ensured by a combination of a fixed divergence slit, 0.02 rad soller slits and a copper beam mask in the incident beam path.

The sample was mixed with ethanol in a mortar and ground, the resulting suspension was dropped on a zero background

silicon single crystal holder. After evaporation of the ethanol, the specimen was mounted into the device and diffractograms130

were recorded. For the dried gels, a range from 10° to 80° 2θ with a step size of 0.017° 2θ was measured, while the sintered

particles were measured in the range from 20° to 143° 2θ, using the same step size.

Lattice parameters were determined using the unit cell refinement option of the software package HighScore Plus by

PANalaytical (Version 4.8), which applies the method described by Nelson and Riley [19]. For some compositions the pres-

ence of two phases was observed, the lattice parameter of those phases were determined applying the Rietveld refinement135

[20] option of the same software package, details on the approach followed for performing Rieveld refinement are given in

section 3.4. Detailed peak shape analyses of the biphasic compositions’ reflections were carried out using the application Fityk

(Version 0.9.8) [21].
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3. Results

3.1. Gelation, washing and drying140

Nd- and Ce-doped microsphes with Ln contents up to 30 mol% were successfully synthesised via internal gelation, using

trivalent Ln precursors. The actual dopant content in the sol (χ(dopant)sol, table 1) did not deviate significantly from the aimed

content (χ(dopant)aimed, table 1). Intact spheres were obtained and the spherical shape remained during the washing, ageing

and drying steps. No broken particles were observed for any of the compositions.

Table 1: Dopant molar metal fractions determined via ICP-MS in the sol (χ(dopant)sol) and for dissolved particles (χ(dopant)particle), as well as diameters of
the dried particles (ddried, OM) and sintered particles (dsintered, SEM), including the largest aspect ratio of each batch.

dopant χ(dopant)aimed χ(dopant)sol χ(dopant)particle ddried aspect dsintered aspect
precursor / mol% / mol% / mol% / mm ratio / mm ratio

– 0 1.51(3) 1.04 0.78(5) 1.01

NdIII

5 5.2(7) 5.3(7) 1.57(2) 1.03 0.78(3) 1.01
10 a 11(1) 1.54(2) 1.03 0.77(1) 1.01
15 16(2) 16(2) 1.89(4) 1.02 0.89(2) 1.02
20 20(2) 22(3) 1.58(7) 1.04 0.86(1) 1.01
25 26(3) 25(3) 1.79(8) 1.07 0.96(6) 1.02
30 31(3) 30(3) 1.59(2) 1.03 0.93(7) 1.02

CeIII

5 5.1(7) 5.1(7) 1.36(3) 1.02 0.75(5) 1.01
10 10(1) 10(1) 1.39(2) 1.01 0.78(4) 1.01
15 15(2) 16(2) 1.37(6) 1.02 0.77(5) 1.01
20 20(3) 21(3) 1.34(7) 1.05 0.78(1) 1.01
25 26(3) 25(3) 1.57(4) 1.02 0.90(1) 1.01
30 32(4) 31(3) 1.53(3) 1.04 b

CeIV

5 4.7(6) 4.8(7) 1.30(2) 1.02 0.88(4) 1.01
10 10(1) 10(1) 1.28(2) 1.12 0.88(5) 1.02
15 14(2) 14(2) c

20 20(2) 20(2) c

a
Not analysed, since a mistake occurred during the sampling of the sol.

b
No diameters determined, since particles broke apart during sintering.

c
No diameters determined, since no spherical geometry was obtained.

In the case of CeIV as Ln precursor, an incomplete gelation was observed for compositions with ≥ 10 mol% Ce, resulting145

in a minor fraction of agglomerated spheres for a Ce content of 10 mol%. For the compositions with Ce contents of 15 mol%

and 20 mol% no spherical shape could be obtained using the chosen gelation parameters. Therefore it was decided to not

further increase the Ce content for this precursor.

The Nd-doped gels shrunk significantly during the drying at room temperature, but no remarkable observations were made

during the washing of those particles. However, the Ce-doped gels prepared with CeIII changed their colour from yellow to150

a bright shade of green during the ageing in NH3 solution. For the Ce-doped compositions prepared with the CeIV precursor,

this colour change did not occur during the washing steps, but while drying in air the particles turned into dark-green.

The smallest batch mass of gels prior to the drying at 90 ◦C and 250 mbar was found for the 30 mol% Nd-doped compo-

sition (1.21 g), while the largest batch mass occurred for the 20 mol% Ce-doped composition (CeIV precursor, 1.95 g). The

individual masses are listed in the dataset of this study [22].155
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The incomplete gelation observed for the compositions prepared with the CeIV dopant precursor might be explained by the

fact that a sol containing the CeIV precursor has a lower initial pH compared to a sol containing the CeIII precursor. The pH

difference between the initial pH and the pH of the component precipitating at the highest pH value defines the amount of NH3265

needed to ensure a complete gelation. Thus, the incomplete gelation can be prevented by an increase in HMTA to generate

more NH +4 ions during the gelation, or by performing a pre-neutralisation of the sol with NH3 solution like it was done for the

synthesis of pure CeO2 particles (e.g. n(OH–)
n(Ce) = 0.5 [7]). Since we gel mixtures of metals, the latter approach might lead to a

precipitation of one of the metals already within the sol preparation step, which will adversely affect the product homogeneity.

Moreover, it adds complexity to the synthesis process, which is a disadvantage in terms of remote handling and automation.270

A better approach would be to investigate the effect of different R values and/or metal concentrations on the gelation process.

The conditions we applied during the gelation are comparable to those applied by Kumar et al. [13] for the fabrication of

U0.47Pu0.53O2 microspheres. The sol contained analogous amounts of metals and gelation agents, and similar temperatures

were applied during the gelation. Kumar et al. [13] did not describe the speciation of the Pu in their sol, but mentioned that

they used different Pu precursor solutions with n(NO –
3 )

n(Pu) ratios of 2.98 to 4.10, allowing us to conclude that the Pu was present in275

its trivalent and tetravalent oxidation state. The applied gelation parameters led to intact sperically shaped gels for the dopants

Ce and Pu using the trivalent precursors. If the different dopant levels are neglected, the results imply that CeIII resembles PuIII

and is a suitable substitute for trivalent Pu during the wet chemistry steps. For the tetravalent precursors, our results are not

transferable to the study of Kumar et al. [13]. A consequence of diammonium cerium nitrate as precursor is a n(NO –
3 )

n(Ce) ratio of

6, which causes a small lower pH and might adversely affect the stability of the sol due to a more likely protonation of HMTA280

compared to smaller n(NO –
3 )

n(M) ratios [28]. However, this should result in a premature gelation and not in an incomplete gelation

as observed by us, underlining the assumption that the amount of HMTA has to be increased to gel mixtures of uranyl and

tetravalent cerium.

4.2. Thermal treatment

During the thermal treatment, a significant shrinkage of the microspheres was observed. Figure 8 shows the ratios of285

the dried particles’ volume and the sintered particles’ volume. The volumes were calculated using the diameters determined

via OM for the dried particles and by SEM for the sintered particles. Additionally, a data series for the Nd-doped gels [23],

prepared with c(Mn+)sol = 2.5 mol L−1, RHMTA = 1.35, Rurea = 1.8, is included in the plot.

We can observe significant shrinkage variations for the different compounds prepared within this study. The volume of

the dried, un-doped particles was found to be 7.55 times higher than the volume of the sintered, un-doped particles. For290

compounds doped with up to 15 mol% Nd, a decrease in volume in the range of 8 to 9 was observed during the thermal

treatment, while higher Nd contents resulted in less shrinkage. The compositions doped with 20 mol% and 25 mol% Nd

showed a volume loss of a factor of about 6.2, and in the case for the 30 mol% Nd-doped compositions it was about 5. The

Ce-doped compositions prepared with CeIII decreased in volume in the range of 5 to 6 during the thermal treatment, while

the compositions prepared using CeIV showed a shrinkage factor of about 3.1. Despite the high shrinkage ratios, a good295

sphericity was maintained in the Nd-doped particles (table 1), while the less significant shrinkage in the Ce-doped particles

(CeIII precursor) resulted in a large fraction of broken particles for higher dopant contents. This might be related to the

occurrence of both, trivalent and tetravalent cerium [29], whereas neodymium is known to not change its oxidation state.

The volume shrinkage factors, determined for the Nd-doped microspheres from Schreinemachers [23], are notably smaller
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oxygen potential applied during the sintering in reducing atmosphere, hypo-stoichiometric solid solutions are expected for all

doped products. The oxygen deficiency decreases with increasing dopant content, which is also anticipated for U1−yPuyO2±x

solid solutions. However, less oxygen deficiency is expected for Pu-doped UO2 compared to Ce-doped UO2 [42], pointing out355

that the thermal treatment conditions have to be adjusted for Ce to simulate Pu.

5. Conclusion

Nd- and Ce-doped microspheres with a good sphericity and Ln contents up to 30 mol% were successfully synthesised

via internal gelation, using trivalent Ln precursors, while an incomplete gelation was observed for gels prepared with CeIV

precursors and Ce contents of ≥ 10 mol%. The density of the dried gels depends not only on the gelation conditions but also360

on the dopant and the oxidation state of its precursor. Comparable densities were determined for un-doped material and Nd-

doped gels, while the density for Ce-doped gels was found to be higher. The usage of CeIV as precursor led to gels with higher

densities than those prepared with CeIII. The XRD patterns of the dried gels indicate a successful introduction of the dopant

into the 3UO3·2NH3·4H2O matrix, independent of the dopant and the oxidation state of its precursor. For the material prepared

with the trivalent precursors, the Nd-doped particles underwent a more pronounced shrinkage during the thermal treatment365

than the Ce-doped particles, while the shrinkage determined for gels prepared with the CeIV precursors are about a factor of

0.5 smaller than the ones of the microspheres prepared with CeIII. Despite the high shrinkage ratios, a good sphericity was

maintained for the Nd-doped particles, while the less significant shrinkage in the Ce-doped particles (CeIII precursor) resulted

in a large fraction of broken particles for higher dopant contents. XRD analyses proved the presence of U1−yLnyO2±x single

phase solid solutions for the sintered Nd-doped particles and the sintered Ce-doped particles (CeIV precursor). For Ce-doped370

compositions prepared using the trivalent precursor, two solid solutions were observed for Ce contents > 15 mol%, which

relates to the physical stability of those sintered particles, i. e. the large fraction of broken particles. The lattice parameters

determined for the single phase solid solutions follow Vegard’s law and show a decreasing lattice parameter with increasing

dopant content. In the case for the Nd-doped material, different charge compensating mechanisms, depending on the dopant

content, were assumed. The gelation and thermal treatment conditions investigated in this study are suitable for the preparation375

of U1−yNdyO2±x and U1−yCeyO2±x single phase solid solutions with Nd contents up to 30 mol% and Ce contents up to 15 mol%,

using hexahydrates of the trivalent lanthanides as dopant precursors. Due to the lower metal concentration in the sol, compared

to existing IG fabrication studies, the usage of a solution containing the gelation agents is possible. This leads to an improved

IG fabrication process in terms of automating and remote handling, which delivers benefits for the production of Pu and/or

minor actinide containing UO2 transmutation fuel.380
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