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Deep space exploration requires specialized sources for both thermal and power applications. Radioactive decay heat of plutonium-238 (238Pu) provides these sources in the form of radioisotope thermoelectric generators (RTGs). The 238Pu is produced via neutron capture reaction involving neptunium-237 (237Np) target material. Continual optimization of 237Np target materials and evaluation of potential alternative targets for production of 238Pu RTGs are advantageous for meeting ongoing space power system resource requirements. Current production of 238Pu for RTGs for the United States space program utilizes neptunium dioxide (237NpO2) targets; however, the use of neptunium mononitride (237NpN) presents an opportunity to increase the mass of 237Np per target compared to the dioxide form, as well as increase the thermal conductivity of the target. To assess the viability of a 237NpN target material, the material chemistry must be thoroughly evaluated, including synthesis methods and dissolution and reprocessing schemes. This review presents a summary of synthesis pathways for 237NpN based on published literature on actinide mononitrides. Specific literature on 237NpN is limited, necessitating evaluation of other actinide systems to gather parallels. This suggests a need for additional experimental studies on 237NpN. A particular limitation in the existing literature is a lack of information on the differences in material characteristics, such as morphology, particle size, and trace chemical impurities, as a function of synthesis method. These parameters may affect subsequent reactor performance or dissolution of irradiated targets. The evaluation of existing literature is presented with a focus on the efficacy of 237NpN targets for 238Pu production.
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1 INTRODUCTION
Radioisotope thermoelectric generators (RTGs) utilize radiative heat to produce power, which can be used for deep space exploration applications. This serves two purposes, first thermoelectric power and secondly, the heat generated is used to maintain proper operating temperatures for onboard electronic systems. The decay heat of the radioisotope plutonium-238 (238Pu) serves as the most common heat source in the generator. Some RTGs have used strontium-90 (Sr-90) (Glenn et al., 2012) and more recently the European Space Agency has been investigating americium-241(Am-241) for RTG use (Ambrosi et al., 2019).
Production of 238Pu is achieved through a neutron capture reaction involving neptunium-237 (237Np) target material (Burney and Harbour, 1974). The element neptunium was first produced in 1940 by McMillan and Abelson (Burney and Harbour, 1974; Yoshida et al., 2010) and the isotope 237Np was subsequently discovered in 1942 by Wahl and Seaborg (Burney and Harbour, 1974). 237Np is one of the 22 known isotopes of Np, has a half-life (τ1/2) of 2.144 million years, and is not found in nature. Rather, 237Np is produced through neutron reactions with uranium in a reactor (Yoshida et al., 2010). Readers are directed to more detailed reviews, such as those by Burney and Harbour (1974) and Yoshida et al. (2010) and references therein, for additional information on Np radiochemistry.
Interest in 238Pu production from 237Np for radioisotope power systems (RPSs) was renewed in the early 2000s, spurred by new NASA estimated needs for planned space missions. An evaluation by the National Research Council (NRC) in 2009 identified that projected NASA mission requirements for RPS outpaced the limited stockpile of 238Pu and acknowledged that foreign procurement of 238Pu was not favorable due to national security concerns (NRC, 2009), thus necessitating a reestablishment of domestic supply of 238Pu. The Department of Energy developed plans to meet 238Pu supply goals as early as 2010 (DOE, 2010), with reports of cost estimates shortly following (Howe et al., 2013). The plan for reestablishment of the 238Pu supply was based on known 238Pu production methods, which date back as far as the 1960s (Myrick and Folger, 1964). The general process for 238Pu production involves the following steps, as outlined in the NRC report (NRC, 2009):
1) 237Np target production, including purification of 237Np and target fabrication.
2) Irradiation of 237Np targets to produce 238Pu in research reactors.
3) Post-irradiation processing of target material to extract, separate, and purify 238Pu from 237Np and fission products.
4) Recycling of 237Np for additional target fabrication.
Plutonium-238 has traditionally been produced from a neptunium dioxide (237NpO2) target material. NpO2 powder is blended with Al metal powder and pressed into a pellet to produce a cermet, which has favorable neutron flux, heat capacity, and crystal density (Myrick and Folger, 1964). During the reestablishment of the 238Pu supply, NpO2/Al cermet was chosen as the preferred target material based on the preestablished capabilities for this process (INL, 2013). NpO2 is also a favorable material for production applications due to its thermodynamic stability (Lemire, 2001; Neck and Kim, 2001)—which enables long-term storage of the material without concerns of phase alteration—and its high melting point (Manara et al., 2008), which ensures stability in the reactor. The addition of Al is necessary to increase the thermal conductivity of the target and to serve as a binder for the cermet (Wham et al., 2019b). The 238Pu production program in the United States since 2010 has relied on 237Np target production at Oak Ridge National Laboratory (ORNL) and subsequent irradiation of targets at the High Flux Isotope Reactor (HFIR) at ORNL and the Advanced Test Reactor (ATR) at Idaho National Laboratory (INL) (INL, 2013). Though most production-scale NpO2 flowsheets dating back to the 1960s, including Savannah River Site HB-line, have utilized oxalate precipitation of Np followed by calcination to NpO2 (Myrick and Folger, 1964; Porter, 1964; Severynse, 1998; Duffey, 2003a; Duffey, 2003b), ORNL adopted an alternative oxide production process for NpO2 target fabrication. The Modified Direct Denitration (MDD) process was developed as a flowsheet for uranium or mixed-oxide fuel production at ORNL in the 1980s (Haas et al., 1981; Mailen et al., 1982; Notz and Haas, 1989); its advantages included being a continuous process in a rotary kiln and producing a free-flowing powder (Collins, 2015). The MDD process was subsequently adapted for NpO2 production following the restarted need for 237Np targets (Vedder, 2018; Wham et al., 2019b; Depaoli et al., 2019; Collins et al., 2022). Beyond 237Np target fabrication, ORNL also processes targets after irradiation by using dissolution and solvent extraction techniques to chemically separate 237Np, 238Pu, and fission products into individual streams (Wham et al., 2019a; Depaoli et al., 2019).
Although the reestablishment of the 238Pu supply is well underway, and the efficacy of the existing processes are evident, the continued and growing need for 238Pu for deep space missions requires consideration regarding how to increase 238Pu production output. Estimates of production of 238Pu in 2019 were ∼400 g/year, with a need of at least 1.5 kg/year (Depaoli et al., 2019). A significant limitation to production is the constraint of reactor space in both HFIR and ATR. These reactors are key components towards overall production goals given that there are not enough reactors domestically with a neutron flux high enough to produce 238Pu. Therefore, the space within these reactors must be optimized for production. This limited neutron economy prevents simply producing more 237Np targets and instead necessitates thought on how to increase the amount of 237Np per target. With this goal in mind, overall reactor operations must still be considered, and the design of potential 237Np targets must account for other targets to avoid compromising other missions. Overall reactor operations and neutron economics within each reactor is outside the scope of this review and would likely fall into consideration during the target design phase. NpO2-only targets (no blending with Al) have been explored at ORNL (Vedder, 2018; Morris et al., 2021) to achieve greater mass of 237Np per target. However, these targets have not been employed yet in production flowsheets. Another method to achieve greater mass of 237Np per target would be to change the target material. One such material of consideration could be neptunium mononitride (NpN). Actinide mononitrides (AnN) have been studied as potential reactor fuel forms (Arai et al., 1993b; Ogawa and Handa, 1995; Albiol and Arai, 2001; Minato et al., 2003; Arai, 2012; Ekberg et al., 2018) with applications ranging from minor actinide transmutation to accident-tolerant Generation IV reactor fuels, suggesting the suitability of NpN as a reactor target. This review details the existing literature on the materials chemistry of NpN, including synthesis pathways, characterization, and dissolution methods, with emphasis on the efficacy of 237NpN as a potential area of development in Np targetry for radioisotope power systems. The focus of the review centers around fundamental chemistry reported in literature. Application of NpN chemistry, including target design and reactor performance, are outside the scope of this review and would require significant experimental and computational efforts.
2 NEPTUNIUM MONONITRIDE MATERIALS CHEMISTRY
2.1 Selected properties of neptunium mononitride
The first report of NpN in the literature is the structure published by Zachariasen, (1949), though the first published report on synthesis and preparation is from Sheft and Fried (Sheft and Fried, 1953). Sheft and Fried reported that the solid did not react with water but did dissolve in hydrochloric acid (HCl) and nitric acid (HNO3) (Sheft and Fried, 1953). Zachariasen found NpN to have a cubic, NaCl-type [image: image] structure with a unit cell measurement of 4.887 ± 0.002 (Zachariasen, 1949), whereas a more recent publication by Silva et al. reports a unit cell measure of 4.889 ± 0.001 (Silva et al., 2012). First-principles calculations confirm the unit cell of Zachariasen (Murugan et al., 2016).
Some important properties of actinide mononitrides for potential use in a reactor target—besides higher percentage mass of actinide versus the oxide—include thermal conductivity, melting temperature and solubility in various acids (Arai, 2012; Ekberg et al., 2018). Compared to oxide fuels, melting temperatures of actinide mononitrides are similar (Arai, 2012). The melting temperature of NpN is found to be 2830 K (Olson and Mulford, 1962), which compares well to the 3070 K temperature reported for NpO 2 (Manara et al., 2008). There is a consensus in the literature that the thermal conductivity of actinide mononitrides is higher than that of oxides: the mixed U/Pu mononitride thermal conductivity has been reported as 4–6 times higher, depending on temperature (Arai, 2012). Reports of the thermal conductivity of pure NpN are limited in the literature. Ogawa and Handa report that NpN thermal conductivity varies by temperature from 15 to 17 W/m•K (Ogawa and Handa, 1995). Devraj reports that NpN thermal conductivity varies by crystallographic orientation, with values calculated at “room temperature” varying from 1.25 to 2.75 W/m•K (Devraj et al., 2016). More commonly, thermal conductivity of mixed mononitrides, which include Np, are reported. The thermal conductivity of U/Np and Pu/Np mononitride solid solutions at 600–1600 K are reported by Arai, ranging from 10 to 25 W/m•K, depending on composition of the solid solution and the temperature (Arai et al., 1998). Thermal conductivity of Np/Am solid solutions are also reported, and values range from 6 to 14 W/m•K in a temperature range of 500–1000 K (Uno et al., 2020). The variation in these data and the limited reports on pure NpN suggest a need for additional measurements to characterize the thermal conductivity of NpN. Additional data may be required as well to meet proper quality assurance (QA) needs for potential target materials due to the material being used in a reactor. For example, at HFIR, the quality assurance program is based on 10 CFR 830, Subpart A requirements as well as practices from ASME/NQA-1 (ORNL).
2.2 Neptunium mononitride synthesis
Although there are limited synthetic routes reported in the literature, the three main reaction pathways that have been reported for the synthesis of actinide mononitrides are carbothermic reduction, nitridation, and ammonolysis. Therefore, other actinide mononitrides including thorium (Th), uranium (U), plutonium (Pu), and mixed actinide mononitrides are discussed to provide additional context. Given the similar chemical properties across the actinide series, chemical reaction pathways for synthesis may be used as a comparison but are not a replacement for element-specific data.
2.2.1 Carbothermic reduction
The most published synthetic route for actinide mononitrides, including NpN, is carbothermic reduction. NpN (Suzuki et al., 1994; Ogawa and Handa, 1995), PuN (Yahata and Ouchi, 1975; Muromura, 1982; Ogawa et al., 1997; Takano et al., 2001), UN (Matthews et al., 1988; Hunt et al., 2014), ThN (Parkison et al., 2016), and mixed mononitrides (Greenhalgh and Weber, 1968; Arai et al., 1993b; Minato et al., 2003) are all reported via carbothermic reduction. The general reaction for carbothermic reduction is as follows:
[image: image]
Powdered forms of the dioxide and graphitic carbon are mixed, pressed, and then heated under a nitrogen gas stream; exact ratios and reaction constraints vary between studies. The reaction requires heating at temperatures above 1600 K (Pautasoo et al., 1988). Although this method has significant advantages—namely, simple reactants and a lack of hazardous chemicals and by-products—concerns exist about chemical impurities, primarily oxygen and carbon, in the final product. Small oxygen impurities (<1% by weight) in uranium nitride fuels resulted in a 9–13% decrease in thermal conductivity of the material, depending on temperature (Arai et al., 1993a). Similarly, carbon impurities have been shown to decrease thermal conductivity of nitride fuels (Solntceva et al., 2016). Therefore, synthesis methods seek to minimize or eliminate both carbon and oxygen chemical impurities in the actinide nitride phase. The ratio of carbon to actinide dioxide varies between reports, with agreement that excess C is necessary to avoid oxygen contamination in the product (Arai, 2012). As the oxide reacts with the carbon and nitrogen, a mixed carbonitride is first formed at lower temperatures before converting fully to the mononitride at higher temperatures (Pautasoo et al., 1988). To remove residual carbon associated with this carbonitride phase, advanced methods were developed and typically involve addition of a hydrogen gas stream for final product purification. The importance and efficiency of a secondary carbon removal step with nitrogen/hydrogen gas stream was elucidated through evolved gas analysis of the reactions, which revealed that hydrogen cyanide (HCN) is released as an intermediary and subsequently reacts with the remaining carbon to remove final impurities (Bardelle and Warin, 1992). Kinetically, the reaction is rapid; however, longer reaction times result in lower chemical impurities in the product (Pautasoo et al., 1988). Whereas the mechanics and kinetics of the carbothermic reduction reaction are well established, details on the particle size, morphology, and microstructure are largely absent from the literature. Particularly, the two reports of NpN synthesis (Suzuki et al., 1994; Ogawa and Handa, 1995) present only x-ray diffraction analysis of the synthesized phase.
2.2.2 Nitridation
Nitridation is the least commonly reported method for mononitride production. Only one early report on NpN (Olson and Mulford, 1962) and one on PuN (Brown et al., 1955) are available. The general reaction scheme is as follows:
[image: image]
As is clear from the above reaction, this method is favorable as there are limited concerns about chemical impurities in the final product due to the very simple reaction mechanism. However, handling of Np or other actinide metals that are pyrophoric, presents significant challenges. Particularly, scaling of this reaction would present substantial safety concerns. The safety challenges associated with this reaction are likely a main reason this method has not been further studied. Instead of Np metal, Np hydride (NpH3) could also be used, though Np metal is still required to produce NpH3.
2.2.3 Ammonolysis
A final alternative to produce actinide mononitrides is ammonolysis of actinide hydrides or fluorides. The first report of NpN from Sheft and Fried produced NpN via ammonolysis of the hydride (Sheft and Fried, 1953):
[image: image]
A series of reports by Silva and others suggest that actinide (Np or U) nitrides can also be synthesized by ammonolysis of tetrafluorides (Silva et al., 2008; Silva, 2009; Silva et al., 2009; Silva et al., 2012):
[image: image]
Then, higher nitrides decompose to the mononitride at high temperatures (>1000 °C) and in inert atmospheres (Silva et al., 2009):
[image: image]
This reaction pathway is not discussed outside the above reports and represents a non-traditional method for synthesis, particularly compared to carbothermic reduction. Chemical safety concerns with the handling of ammonia gas, as well as production of actinide tetrafluorides, may make this method difficult at production scale. Nevertheless, these reports provide some of the only advanced solid-state characterization of actinide mononitrides, including scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The reports shed light onto the complex microstructures and variable particle size of UN, as well as UO2 surface or grain boundary impurities after an ammonolysis synthesis reaction (Silva et al., 2008).
2.3 Neptunium mononitride dissolution
To separate 238Pu from 237Np and produce a pure 238Pu stream, irradiated 237Np targets must be easily dissolved with 237Np recycle, making the dissolution mechanism of NpN a key piece of information. Like synthesis methods, reports on NpN dissolution and reprocessing are limited in the literature, whereas more information is available on other actinide systems. Much of the information on actinide mononitride dissolution and processing is related to the development of accident-tolerant fuels.
2.3.1 Aqueous
Neptunium mononitride may dissolve in a variety of aqueous systems including water, nitric acid (HNO3) and peroxide. Early considerations for actinide mononitrides as advanced fuel forms required the evaluation of mononitrides in water. UN was found to corrode in water at ambient temperatures, converting to UO2 and off-gassing ammonia (Sunder and Miller, 1998). Although water can alter and dissolve the surface of UN, this is not a method for complete dissolution. UN fuels have also been evaluated for tolerance to steam at temperatures up to 1200 °C as part of testing for Gen IV reactors (Jolkkonen et al., 2017; Sooby et al., 2022). Findings indicated pellet corrosion and evolution of ammonia and hydrogen gases. The fate of NpN in steam would require further study prior to use in reactor settings. Similarly, mixtures of high molarity LiOH and peroxide were reported to dissolve UN; however, dissolution was incomplete (Hickam et al., 2019). Complete dissolution of actinide mononitrides is successfully achieved in nitric acid. However, there are conflicting reports in the literature as to whether an addition of hydrofluoric (HF) acid is necessary. According to some reports, 8 M HNO3 at 50–60 °C (Kulyukhin et al., 2014) or 10 M HNO3 at 22 °C over 8 h (Fedorov et al., 2021) was sufficient for full dissolution. Others suggest 10–14 M HNO3-0.05 M HF(Aneheim and Hedberg, 2016) or 8 M HNO3-0.02M HF at 65 °C for 12 h (Campbell and Judge, 2021). Across all systems with or without HF, NOx gas is a known effluent from the dissolution reaction. The addition of HF to the dissolution produced an intermediate UF4 solid, which was subsequently dissolved (Campbell and Judge, 2021). A potential intermediate precipitation of PuO2 during HNO3-only dissolution was also suggested (Fedorov et al., 2021). Overall, the published literature on actinide mononitride dissolution exclusively covers U and Pu. Although the chemistry of the actinide series exhibits similarity, the lack of studies on NpN dissolution indicates a critical gap in the literature and necessitates the study of dissolution of NpN in aqueous systems, along with reaction kinetics. For an aqueous dissolution, traditional solvent extraction techniques would subsequently be employed for separation of 238Pu/237Np.
2.3.2 Pyrochemical
Pyroprocessing presents an alternative method for dissolution of nitride fuels, with the advantage of coupling reprocessing options into dissolution methods. In general, the nitrides dissolve into a molten salt so that the actinide metal can be recovered as a solid. Fission products would not follow the actinide metals in this process. NpN reportedly dissolved into LiCl-KCl eutectic melts (Shirai et al., 2000; De Córdoba et al., 2007), as are other actinide mononitrides such as UN (Hayashi et al., 2002) and PuN (Shirai et al., 2005). The reaction of the mononitride in the eutectic melt releases N2(g) as an effluent and recovers the actinide metal as a solid. The UN, NpN, and PuN have slightly different redox potentials (Shirai et al., 2000), suggesting the possibility of separate recovery of each metal. This could be advantageous for separation of 238Pu and 237Np from irradiated targets.
3 DISCUSSION
Currently, the 238Pu for RTGs used in NASA space exploration missions is sourced from irradiated 237NpO2 targets. The need of 238Pu for RTGs on an annual basis is still higher than current supply output, and domestic reactor limitations complicate scaling of the current production flowsheet. To achieve higher percent 237Np per target, alternative target materials such as NpN may need to be explored. This review sought to compile and summarize existing literature on NpN as a base evaluation toward target development. Three main synthesis pathways are reported in literature, including nitridation, carbothermic reduction, and ammonolysis, though much of the detailed information on these pathways is from other actinides, not Np. The dissolution and reprocessing schemes that have been presented, which could be utilized for post-irradiation processing of targets, are predominantly reported schemes for other actinides.
Materials chemistry of NpN and other actinide mononitrides has been studied for more than seven decades, yet data on NpN still remain limited. Synthesis pathways, including nitridation, carbothermic reduction, and ammonolysis, are well documented. However, materials characterization, including advanced techniques such as SEM, TEM, x-ray photoelectron spectroscopy, and x-ray absorption spectroscopy, have not been applied to these systems, likely due to the age of many of the studies compared to the recent development of these analytical techniques and the safety challenges related to analyzing radioactive materials. Elucidation of morphology, particle size, nanostructure, and trace chemical impurities as a function of synthesis method for mononitrides can inform subsequent reactor performance and dissolution of irradiated targets. Overall, there exists a need for directed Np-only studies on mononitrides and application of the most advanced solid-state characterization techniques available for a more thorough understanding of NpN materials chemistry. Without a strong foundation of basic science, further development toward reactor targets cannot proceed. Beyond fundamental materials chemistry, development toward a reactor target would require significant engineering and science efforts. Such efforts would include selection of a synthesis route, testing synthetic chemistry with analogue elements and Np, design of process equipment, development of dissolution and reprocessing chemical flowsheets, irradiation testing and safety evaluations for reactors, and ultimately, process scaling to achieve production goals. Given the growing need for 238Pu supply to support deep space exploration, continued evaluation of alternative production flowsheets is strategic for domestic isotope production efforts.
AUTHOR CONTRIBUTIONS
The author confirms being the sole contributor of this work and has approved it for publication.
FUNDING
This work was supported through program development funding provided by the Nuclear Energy and Fuel Cycle Division of United States Department of Energy’s Oak Ridge National Laboratory and in part by the 238Pu Supply Program at the United States Department of Energy’s Oak Ridge National Laboratory with funding provided by the Science Mission Directorate of the National Aeronautics and Space Administration and administered by the United States Department of Energy, Office of Nuclear Energy, under contract DEAC05-00OR2272.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Albiol, T., and Arai, Y. (2001). Review of actinide nitride properties with focus on safety aspects. Japan Atomic Energy Research Institute, Tokai-mura, Naka-gun, Ibaraki-ken. 
 Ambrosi, R. M., Williams, H., Watkinson, E. J., Barco, A., Mesalam, R., and Crawford, T., (2019). European radioisotope thermoelectric generators (RTGs) and radioisotope heater units (RHUs) for space science and exploration. Space Science Reviews , 215, 55. doi:10.1007/s11214-019-0623-9
 Aneheim, E., and Hedberg, M. (2016). Dissolution performance of plutonium nitride based fuel materials. Procedia Chemistry , 21, 231–238. doi:10.1016/j.proche.2016.10.033
 Arai, Y., Morihira, M., and Ohmichi, T. (1993a). The effect of oxygen impurity on the characteristics of uranium and uranium-plutonium mixed nitride fuels. Journal of Nuclear Materials , 202, 70–78. doi:10.1016/0022-3115(93)90030-3
 Arai, Y., Nakajima, K., and Suzuki, Y. (1998). Thermal conductivity of actinide mononitride solid solutions. Journal of Alloys and Compounds , 271-273, 602–605. doi:10.1016/s0925-8388(98)00168-6
 Allen, T. R., Stoller, R. E., and Yamanaka, S., (2012). Comprehensive nuclear materials, Oak Ridge National Lab, United States.
 Arai, Y., Suzuki, Y., Iwai, T., Maeda, A., Sasayama, T., and Shiozawa, K.-I., (1993b). Fabrication of uranium-plutonium mixed nitride fuel pins for irradiation tests in JMTR. Journal of Nuclear Science and Technology , 30, 824–830. doi:10.1080/18811248.1993.9734553
 Bardelle, P., and Warin, D. (1992). Mechanism and kinetics of the uranium-plutonium mononitride synthesis. Journal of Nuclear Materials , 188, 36–42. doi:10.1016/0022-3115(92)90451-p
 Brown, F., Ockenden, H. M., and Welch, G. A. (1955). The preparation and properties of some plutonium compounds. Part II. Plutonium nitride. Journal of the Chemical Society , 4196–4201. doi:10.1039/jr9550004196
 Burney, G., and Harbour, R. (1974). Radiochemistry of neptunium. Aiken, SC, United States: Du Pont de Nemours (EI) and Co., Savannah River Lab. 
 Campbell, K., and Judge, E. (2021). Digestion and trace metal analysis of uranium nitride. Journal of Radioanalytical and Nuclear Chemistry , 331, 209–214. doi:10.1007/s10967-021-08104-0
 Collins, E. D. (2015). Advanced thermal denitration conversion processes for aqueous-based reprocessing and recycling of spent nuclear fuels. Reprocessing and Recycling of Spent Nuclear Fuel , 313–323. doi:10.1016/b978-1-78242-212-9.00012-5
 Collins, E. D., Morris, R. N., Mcduffee, J. L., Mulligan, P. L., Delashmitt, J. S., and Sherman, S. R., (2022). Plutonium-238 production program results, implications, and projections from irradiation and examination of initial NpO2 test targets for improved production. Nuclear Technology , 1–8. doi:10.1080/00295450.2021.2021769
 De Córdoba, G., Laplace, A., Lacquement, J., and Caravaca, C. (2007). Electrochemical behavior of Np in the molten LiCl–KCl eutectic. Journal of The Electrochemical Society , 154, F16. doi:10.1149/1.2388871
 Depaoli, D. W., Benker, D., Delmau, L. H., Sherman, S. R., Riley, F., Bailey, P. D., and Collins, E. D., (2019). Process development for plutonium-238 production at Oak Ridge national laboratory. Oak Ridge, TN (United States): Oak Ridge National Lab. 
 Devraj, S., Shivani, K., Sunil, K. P., Giridhar, M., and Vyoma, B. (2016). Mechanical and thermophysical properties of neptunium monopnictides. VNU Journal of Science: Mathematics - Physics , 32. 
 DOE, (2010). Start-up plan for plutonium-238 production for radioisotope power systems. Washington, DC: United States Department of Energy. Report to Congress. 
 Duffey, J. (2003). Characterization of neptunium oxide generated using the HB-line phase II flowsheet. Aiken, SC, United States: SRS. 
 Duffey, J. (2003). Lab scale production of NpO2. SRS (US). Aiken, SC, United States: Funding organisation: US Department of Energy. 
 Ekberg, C., Ribeiro Costa, D., Hedberg, M., and Jolkkonen, M. (2018). Nitride fuel for Gen IV nuclear power systems. Journal of Radioanalytical Nuclear Chemistry , 318, 1713–1725. doi:10.1007/s10967-018-6316-0
 Fedorov, M. S., Zhiganov, A. N., Zozulya, D. V., Sofronov, V. L., Selyavskii, V. Y., and Ushakov, D. A., (2021). Dissolution of a mixture of uranium and plutonium compounds. Radiochemistry 63, 290–296. doi:10.1134/s1066362221030061
 Glenn, J., Patterson, J., Deroos, K., Patterson, J., Mitchell, K., and Strata-G, L. (2012). Disposition of radioisotope thermoelectric generators currently located at the Oak Ridge national laboratory–12232. Phoenix, Arizona: WM Symposia. 
 Greenhalgh, W. O., and Weber, E. T. (1968). The carbothermic synthesis of a mixed uranium-plutonium nitride. Richland, WA: Battelle Memorial Institute. 
 Haas, P. A., Arthur, R. D., and Stines, W. (1981). Development of thermal denitration to prepare uranium oxide and mixed oxides for nuclear fuel fabrication. 
 Hayashi, H., Kobayashi, F., Ogawa, T., and Minato, K. (2002). Dissolution of uranium nitrides in LiCl-KCl eutectic melt. Journal of Nuclear Science and Technology , 39, 624–627. doi:10.1080/00223131.2002.10875545
 Hickam, S., Breier, J., Cripe, Y., Cole, E., and Burns, P. C. (2019). Effects of H2O2 concentration on formation of uranyl peroxide species probed by dissolution of uranium nitride and uranium dioxide. Inorg. Chem. 58, 5858–5864. doi:10.1021/acs.inorgchem.9b00231
 Howe, S. D., Crawford, D., Navarro, J., and Ring, T. (2013). Economical production of Pu-238. Idaho Falls, ID: Idaho National Lab. (United States). 
 Hunt, R. D., Silva, C. M., Lindemer, T. B., Johnson, J. A., and Collins, J. L. (2014). Preparation of UC0.07−0.10N0.90−0.93 spheres for TRISO coated fuel particles. Journal of Nuclear Materials 448, 399–403. doi:10.1016/j.jnucmat.2013.04.007
 INL (2013). Summary of plutonium-238 production alternatives analysis final report. Idaho Falls, Idaho: Idaho National Laboratory. 
 Jolkkonen, M., Malkki, P., Johnson, K., and Wallenius, J. (2017). Uranium nitride fuels in superheated steam. J. Nucl. Sci. Technol. 54, 513–519. doi:10.1080/00223131.2017.1291372
 Kulyukhin, S. A., Shadrin, A. Y., Voskresenskaya, Y. A., Bessonov, A. A., and Ustinov, O. A. (2014). A study of nitrogen oxides released into the gas phase during uranium nitride dissolution in nitric acid. J. Radioanal. Nucl. Chem. 304, 425–428. doi:10.1007/s10967-014-3693-x
 Lemire, R. J. (2001). Chemical thermodynamics of neptunium and plutonium. 
 Mailen, J., Pruett, D., and Mctaggart, D. (1982). Direct thermal denitration to prepare mixed oxides for nuclear fuel fabrication. Oak Ridge, TN (United States): Oak Ridge National Lab. 
 Manara, D., Sheindlin, M., Heinz, W., and Ronchi, C. (2008). New techniques for high-temperature melting measurements in volatile refractory materials via laser surface heating. Rev. Sci. Instrum. 79, 113901. doi:10.1063/1.3005994
 Matthews, R. B., Chidester, K. M., Hoth, C. W., Mason, R. E., and Petty, R. L. (1988). Fabrication and testing of uranium nitride fuel for space power reactors. Journal of Nuclear Materials , 151, 345–344. doi:10.1016/0022-3115(88)90029-3
 Minato, K., Akabori, M., Takano, M., Arai, Y., Nakajima, K., Itoh, A., et al. (2003). Fabrication of nitride fuels for transmutation of minor actinides. Journal of Nuclear Materials , 320, 18–24. doi:10.1016/s0022-3115(03)00163-6
 Morris, R. N., Jordan, T., and Mulligan, P. L. (2021). Post irradiation examination of candidate NpO2 targets for 238Pu production. 
 Muromura, T. (1982). Carbothermic synthesis of high purity plutonium nitride from plutonium oxide. Journal of Nuclear Science and Technology , 19, 638–645. doi:10.1080/18811248.1982.9734194
 Murugan, A., Priyanga, G. S., Rajeswarapalanichamy, R., Santhosh, M., and Iyakutti, K. (2016). First principles study of structural, electronic, mechanical and magnetic properties of actinide nitrides AnN (An = U, Np and Pu). Journal of Nuclear Materials , 478, 197–206. doi:10.1016/j.jnucmat.2016.06.016
 Myrick, R., and Folger, R. (1964). Fabrication of targets for neutron irradiation of neptunium dioxide. Industrial & Engineering Chemistry Process Design and Development 3, 309–313. doi:10.1021/i260012a006
 Neck, V., and Kim, J. (2001). Solubility and hydrolysis of tetravalent actinides. Radiochim. Acta 89, 1–16. doi:10.1524/ract.2001.89.1.001
 Notz, K. J., and Haas, P. A. (1989). Properties and thermal decomposition of the double salts of uranyl nitrate-ammonium nitrate. Thermochimica Acta , 155, 283–295. doi:10.1016/0040-6031(89)87154-0
 NRC (2009). Radioisotope power systems. 
 Ogawa, T., Shirasu, Y., Minato, K., and Serizawa, H. (1997). Thermodynamics of carbothermic synthesis of actinide mononitrides. Journal of Nuclear Materials , 247, 151–157. doi:10.1016/s0022-3115(97)00041-x
 Ogawa, Y. S. T., and Handa, M. (1995). Studies on nitride fuel cycle for TRU burning. Proceedings of the Meeting on actinide and fission product partitioning and transmutation, 250,  (July 1997), Cadarache, France. 
 Olson, W. M., and Mulford, R. N. R. (1962). The melting point and decomposition pressure of neptunium mononitride. Journal of Physical Chemistry 70, 2932–2934. doi:10.1021/j100881a035
 ORNL. Performing Experiments at HFIR [Online]. Available:[Accessed] https://neutrons.ornl.gov/hfir/working-with-us. (Accessed September 9, 2022).
 Parkison, A. J., Parker, S. S., Nelson, A. T., and Vance, E. (2016). Fabrication of ThN using a carbothermic reduction to nitridation process. Journal of American Ceramic Society 99, 3909–3914. doi:10.1111/jace.14453
 Pautasoo, G., Richter, K., and Sari, C. (1988). Investigation of the reaction UO2+x + PuO2 + C + N2 by thermogavimetry. Journal of Nuclear Materials , 158, 12–18. doi:10.1016/0022-3115(88)90148-1
 Porter, J. (1964). Production of neptunium dioxide. Industrial & Engineering Chemistry Process Design and Development , 3, 289–292. doi:10.1021/i260012a001
 Severynse, T. (1998). Nuclear material processing at the Savannah River site. Aiken, SC (United States)Aiken, SC (United States): Westinghouse Savannah River CompanyWestinghouse Savannah River Co.
 Sheft, I., and Fried, S. (1953). New neptunium compounds. Journal of the American Chemical Society , 75, 1236–1237. doi:10.1021/ja01101a067
 Shirai, O., Iizuka, M., Iwai, T., Suzuki, Y., and Arai, Y. (2000). Recovery of neptunium by electrolysis of NpN in LiCl-KCl eutectic melts. Journal of Nuclear Science and Technology , 37, 676–681. doi:10.1080/18811248.2000.9714943
 Shirai, O., Kato, T., Iwai, T., Arai, Y., and Yamashita, T. (2005). Electrochemical behaviors of PuN and (U, Pu)N in LiCl–KCl eutectic melts. Journal of Physics and Chemistry of Solids , 66, 456–460. doi:10.1016/j.jpcs.2004.06.040
 Silva, G. C., Yeamans, C. B., Ma, L., Cerefice, G. S., Czerwinski, K. R., and Sattelberger, A. P. (2008). Microscopic characterization of uranium nitrides synthesized by oxidative ammonolysis of uranium tetrafluoride. Chemistry of Materials , 20, 3076–3084. doi:10.1021/cm7033646
 Silva, G. W. (2009). Evaluation of low-temperature fluoride routes to synthesize actinide nitrides and oxide solutions. Las Vegas: Dissertation, University of Nevada. 
 Silva, G. W., Weck, P. F., Kim, E., Yeamans, C. B., Cerefice, G. S., and Sattelberger, A. P., (2012). Crystal and electronic structures of neptunium nitrides synthesized using a fluoride route. Journal of the American Chemical Society , 134, 3111–3119. doi:10.1021/ja209503n
 Silva, G. W., Yeamans, C. B., Sattelberger, A. P., Hartmann, T., Cerefice, G. S., and Czerwinski, K. R. (2009). Reaction sequence and kinetics of uranium nitride decomposition. Inorganic Chemistry , 48, 10635–10642. doi:10.1021/ic901165j
 Solntceva, E. S., Taubin, M. L., Vybyvanets, V. I., Galyov, I. E., Baranov, V. G., Homyakov, O. V., and Tenishev, A. V., (2016). Thermal conductivity of perspective fuel based on uranium nitride. Annals of Nuclear Energy , 87, 799–802. doi:10.1016/j.anucene.2014.08.011
 Sooby, E. S., Brigham, B. A., Robles, G., White, J. T., Paisner, S. W., and Kardoulaki, E., (2022). Steam oxidation of uranium mononitride in pure and reducing steam atmospheres to 1200 °C. Journal of Nuclear Materials , 560, 153487. doi:10.1016/j.jnucmat.2021.153487
 Sunder, S., and Miller, N. H. (1998). XPS and XRD studies of corrosion of uranium nitride by water. Journal of Alloys and Compounds , 271-273, 568–572. doi:10.1016/s0925-8388(98)00157-1
 Suzuki, Y., Arai, Y., Okamoto, Y., and Ohmichi, T. (1994). Preparation of neptunium mononitride by carbothermic reduction. Journal of Nuclear Science and Technology 31, 677–680. doi:10.1080/18811248.1994.9735209
 Takano, M., Itoh, A., Akabori, M., Ogawa, T., Numata, M., and Okamoto, H. (2001). Carbothermic synthesis of (Cm, Pu) N. Journal of Nuclear Materials , 294, 24–27. doi:10.1016/s0022-3115(01)00463-9
 Uno, M., Nishi, T., and Takano, M. (2020). Thermodynamic and thermophysical properties of the actinide nitrides. comprehensive nuclear materials , 202–231. doi:10.1016/b978-0-12-803581-8.11749-7
 Vedder, R. J. (2018). Oak Ridge national laboratory preparation of sintered 237NpO2 pellets for irradiation to produce 238Pu oxide. Oak Ridge National Laboratory. 
 Wham, R., Depaoli, D., Collins, E. D., Delmau, L. H., and Benker, D. (2019). Process chemistry for the production of PLUTONIUM-238. Oak Ridge, TN (United States): Oak Ridge National Lab. 
 Wham, R. M., Owens, R. S., Vedder, R. J., Miller, J. H., and Pierce, S. (2019). Automation of neptunium oxide–aluminum target fabrication, Nuclear and emerging technologies for space , Washington, USA, ANS NETSAmerican Nuclear Society). 
 Yahata, T., and Ouchi, K. (1975). Reaction between plutonium dioxide and graphite. Journal of Nuclear Science and Technology , 12, 115–119. doi:10.1080/18811248.1975.9733077
 The chemistry of the actinide and transactinide elements. Editors MORSS, L. R., EDELSTEIN, N. M., and FUGER, J.Thrid edition (Netherlands: Springer).
 Zachariasen, W. H. (1949). Crystal chemical studies of the 5f-series of elements. XII. New compounds representing known structure types. Acta Crystallographica 2, 388–390. doi:10.1107/s0365110x49001016
Conflict of interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Peruski. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_4.gif
NpF,(s)+2NH;(g) — NpN, +4HF(g) + H:(g). (4)





OPS/images/math_5.gif
> ©®
2NpN; (s) — 2NpN (s) + 5N: (g).





OPS/images/math_2.gif
Np(s)+5N2(g) = NpN(s). e





OPS/images/math_3.gif
NpH;(s)+ NHi(g) — NpN(s) +3H:(g). (3)





OPS/xhtml/nav.xhtml
Contents

		Cover

		Neptunium mononitride as a target material for Pu-238 production		1 Introduction

		2 Neptunium mononitride materials chemistry		2.1 Selected properties of neptunium mononitride

		2.2 Neptunium mononitride synthesis

		2.3 Neptunium mononitride dissolution





		3 Discussion

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Nuclear Engineering






OPS/images/inline_1.gif





OPS/images/math_1.gif
NpO:(s) +2C(s) + 5N2(g) = NpN(s) +2€0(g). (1)









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Nuclear Engineering





