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Abstract 

High resolution alpha spectrometry (AS) is commonly applied for the 

determination of actinides and other alpha-emitting nuclides in many applications. 

Electrodeposition is the standard procedure for preparing a-particle sources usually 

made of a thin and uniform radioactive deposit onto a metallic substrate. Natural U 

sources prepared by the Hallstadius method are known to contain co-deposited Pt from 

the anode. In this sense, the main aim of this work is to conclusively review the 

behaviour of Pt and U in the electrodeposition process and their distribution in the 

resulting deposit, factors that are responsible for the thickness and uniformity of the 

sources. In addition to new scanning electron microscopy/energy dispersive 

spectroscopy (SEM–EDX) and X-ray absorption fine structure (XAFS) data, the 

electrodeposited surface has been analyzed using both atomic force microscopy (AFM) 

and synchrotron radiation Grazing Incidence X-ray diffraction (GI-XRD). The results 

concerning morphology of the deposit, surface roughness, topography and surface 

structure obtained from sources prepared at different electrodeposition times agree with 

the AS results concerning electrodeposition yield and spectral resolution.  

Abbreviations 

AFM-Atomic force microscopy 
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AFM SPM MultiMode-Atomic force microscopy, scanning probe microscope, MultiMode 

system  

AS-High resolution alpha spectrometry  

CIEMAT, LMRI-Centro de Investigaciones Energéticas Medioambientales y 

Tecnológicas, Laboratorio de Metrología de Radiaciones Ionizantes, España. In 

English: Center for Energy, Environmental and Technological Research, Laboratory for 

Metrology of Ionizing Radiation, Spain  

CIMAV-Centro de Investigación en Materiales Avanzados, México. In English: 

Advanced Materials Research Center, Mexico  

Fit-2D-General purpose and specialist 1 and 2 dimensional data analysis program  

FWHM-Full width at half maximum of a spectroscopy peak, giving the resolution  

GeV-Giga electron volt, energy unit 

GI-XRD-Synchrotron radiation Grazing Incidence X-ray diffraction  

HPS Inc-High purity standards Inc  

ICSD-Inorganic crystal structure database  

IFEFFIT-It is a library and set of interactive programs for the analysis of XAFS data  

ININ-Instituto Nacional de Investigaciones Nucleares, México. In English: National 

Institute for Nuclear Research, Mexico  

JEOL JSM-5800 LV-Japan Electron Optics Laboratory electron microscope, Model 

JSM-5800 Low Vacuum  

PIPS detector-Passivated implanted planar silicon detector  

Pt-Platinum  

SD-Standard deviation  
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SEM-EDX or SEM-EDS-Scanning electron microscopy/energy dispersive X-ray 

spectroscopy  

SPEAR-3-Stanford positron electron accelerating ring, storage ring of the SSRL 

synchrotron  

SSRL-Stanford synchrotron radiation lightsource  

U-Uranium 

UL3-edge-L3-X-ray absorption edge of Uranium  

UNAM-Universidad Nacional Autónoma de México. In English: National Autonomous 

University of Mexico 

XAFS-X-ray absorption fine structure 

XANES-X-ray absorption near edge spectroscopy  

XPS-X-ray photoelectron spectroscopy  

Y K edge-K X-ray absorption edge of Yttrium 

Introduction 

Alpha spectrometry (AS) is extensively used in a large number of applications 

such as nuclear decay data measurements [1], standardization of radionuclides [2], 

environmental [3, 4], geological [5], nuclear wastes characterization [6] and health 

studies [7, 8]. To produce accurate measurements, thin and uniform sources have to be 

prepared [9, 10] by electrodeposition which is the technique mostly used for source 

preparation [11]. Alpha sources produced by electrodeposition consist of a radioactive 

deposit onto a metallic substrate (cathode of the electrolytic cell) [12] where the 

presence of co-deposited platinum has been demonstrated [13–16] and believed to be 

originated from the dissolution of the anode during the electrodeposition. As early as 
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1905, Tafel andEmmert [17] described that platinum anodes were dissolved in sulphuric 

acid solutions. This feature, later demonstrated by [18] and more recently by [16], has 

not been taken into account properly in papers related to electrodeposition of actinides 

in the presence of sulphate ions. This is an important fact since many of the most 

popular methods of electrodeposition [12, 19, 20] include sulphate ions as components 

of the aqueous electrolyte.  

In a recent paper by Beesley et al. [16], the morphology and composition of 

natural uranium sources prepared by the Hallstadius method, with co-deposited 

platinum were studied by scanning electron microscopy/energy dispersive spectroscopy 

(SEM–EDX), X-ray photoelectron spectroscopy (XPS) and X-ray absorption fine 

structure (XAFS). The role of porous platinum in the precipitation of oxyhydroxides of 

uranium, the evolution of the precipitate from reduced species towards aged oxidized 

crusts and its subsequent effect on the morphology of the sources and energy 

resolution of AS spectra were reported in [16]. However, no conclusive information 

concerning the phase identification of uranium deposits, thickness and homogeneity of 

the uranium deposits were presented. The last two factors are the most relevant from 

the practical point of view as they are associated to the long half-life of radionuclides 

that can in turn affect the high-energy resolution alpha spectra achieved with these 

sources.  

To overcome these deficiencies, the aim of the present work is to conclusively 

review the behaviour of Pt and U in the electrodeposition process and their distribution 

in the resulting deposit, factors that are responsible for the thickness and uniformity of 

the sources. To achieve this, in addition to new SEM–EDX and XAFS data, the surface 
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of the deposit has been studied using both atomic force microscopy (AFM) and 

synchrotron radiation grazing incidence X-ray diffraction (GI-XRD). The results 

concerning morphology of the deposit, surface roughness and topography and surface 

phase identification obtained from sources prepared at different electrodeposition times 

are in good agreement with AS results concerning electrodeposition yield and spectral 

resolution.  

Experimental 

All sources were prepared by the Hallstadius [19] method from a sulphuric acid 

electrolyte at pH 2.1–2.4, with Na2SO4 to prevent adsorption onto the walls of the 

electrodeposition cells. Deposition was carried out onto mirror polished stainless steel 

(SS) discs (2.5 cm diameter, 2.2 cm diameter of active area, 1 mm thickness) acting as 

cathode and a 1 mm diameter Pt wire folded into a spiral base shape of 15 mm 

diameter acting as anode. Current densities of 0.52 A cm-2 and 7 mm distance between 

electrodes were used.  

Six sets of sources were studied in this paper, the uranium content and studies 

performed over them are summarized in Table 1. Two sets were studied in Beesley et 

al. [16] (CIEMAT-1 and 2 in Table 1), these sources were prepared at CIEMAT from a 

natural uranium standard solution of 6.15 ± 0.15 Bq/g activity concentration in 1 M 

HNO3. The other four sets of sources were prepared at CIMAV. Each set consists of 

three sources obtained at electrodeposition times of 20, 40 and 60 min. One set was 

prepared in the absence of uranium salt in the electrolyte (CIMAV-Blank in Table 1). 

Another set (CIMAV-Unat in Table 1) was prepared by adding 150 μL of a HPS Inc. 

natural uranium standard solution of 1,000 μg/mL ± 3% concentration to the electrolyte 
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solution [21]. The last two sets (CIMAV-UAc-1 and CIMAV-UAc-2) were prepared by 

adding 157 μL of uranyl acetate solution of 13.65 ± 6% Bq/mL (Polyscience Inc., 

containing depleted uranium, activity ratio U-234/U-238 = 0.156 ± 0.008 [22]) dissolved 

in acetic acid at pH 4 to the sulphuric electrolyte. All electrodeposition experiments for 

the same set of samples were performed with the same initial quantity of uranium. In 

consequence, for CIEMAT-1 and 2, the electrodeposition yield is about 100% for the 60 

min electrodeposition time sources and decreases to about 77% when the time 

decreases. These values are lower than those found by Vera Tomé and Martin Sánchez 

[23] for 232U sources and can be explained by the important differences in mass when 

using 232U instead of natural uranium. For 60 min electrodeposition the recovery is 

proved to be 100% [23]. For CIMAV-Unat, CIMAV-UAc-1 and CIMAV-UAc-2 sets, the 

yield varies in the range 80–57%, being always the highest values for the 60 min 

electrodeposition times.  
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Alpha spectrometry (AS) was recorded at ININ on the sets of samples CIMAV-

Unat and CIMAV-UAc-1 with a 100 mm2 PIPS detector lodged in a CANBERRA 7401 

alpha spectrometer and a source-to-detector distance of 10 mm. The counting time was 

set to 24 h which allowed recording of spectral resolution for the three CIMAV-Unat 

sources.  

The morphology of the sources was studied at CIMAV, using a scanning electron 

microscope JEOL JSM-5800 LV coupled to an EDX. AFM experiments on the 

CIMAVBlank and CIEMAT-2 sources were performed at CIMAV with a SPM MultiMode 

using a NanoScope IVa controller [24] in tapping mode. Si (n-type, doped with Sb) tip 

cantilevers with a force constant of 20–80 N m-1, a 110–140 lm length and a resonance 

frequency of 300 kHz were used. The sources were cut in two parts to obtain 

topographical images from different sections as represented in Fig. 1. Analysis was 

carried out over five different points at each zone in order to measure average 

roughness values (Fig. 1). Digital Instruments Nanoscope 5.30r3sr3 software was used 

for AFM image recording and analysis. Roughness was calculated as the root mean 

square of different point heights within the area under study. 

XAFS at the UL3-edge were taken on CIMAV-UAc-1 sources at the Stanford 

Synchrotron Radiation Lightsource (SSRL) beamline 2–3. The SPEAR-3 storage ring 

was operated at 3.0 GeV with a beam current of 100 mA. We used a Si(220) double 

crystal monochromator, Φ = 0. The beam size was 1.0 mm 9 10.0 mm. XAFS U L3 

spectra were acquired in total electron yield mode using the collector current. Data were 

recorded on an energy grid of 10 eV/step in the pre-edge region and 0.35 eV/step in the 

remaining X-ray absorption near edge spectra (XANES) region, with an integration time 
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of 1 s/step. An energy calibration of the beam was performed by collecting the 

transmission spectra of a reference Y foil at the Y K edge. A total of six scans were 

obtained for each source. Spectra obtained from sources prepared with the same 

electrodeposition time were averaged. Athena software (IFEFFIT front-end) was used 

for alignment of XAFS spectra [25].  

Synchrotron radiation Grazing Incidence X-ray diffraction (GI-XRD) patterns were 

obtained at SSRL, at beamline 11–3 [26, 27]. The experimental setup and calibration 

conditions used in the detection were as follows: 2D-detector diameter = 345 mm; pixel 

size = 0.1 mm; X-ray spot size = 0.1 mm 2D position-sensitive detector calibrated with a 

LaB6 standard sample; sample detector distance = 150 mm; incidence angle = (0.5 ± 

0.5)°; X-ray wavelength λ = 0.97354 Å ; Experimental 2D patterns were processed by 

means of Fit-2D software [28].  

 

Results  
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Alpha spectrometry: AS spectra for CIMAV-Unat sources are presented in Fig. 2, 

the inset corresponds to the FWHM U-234 peak. This result confirms the worsening of 

spectral resolution as electrodeposition time increases during source preparation.  

SEM/EDX studies: Figure 3 shows the morphology of CIMAV-UAc-2 uranium 

sources for which EDX elemental analysis are shown in Table 2. SEM images of the 

sources confirm the spherulitic structure described by Weber et al.  
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[15] as well as spheres with \1 lm diameter. The spherules have a diameter of 

~400 nm for the 20 min source, whereas for the 60 min uranium source SEM images 

show the evolution of individual spheres towards colloidal-like agglomerates, similar to 

those described in [16]. These are believed to correspond to the previous morphological 

step before aged crusts are formed, as explained in the next sections. From the 

analysis it can also be observed that uranium sources follow the same trend as the 

platinum in the blanks (see Fig. 1 from [16]), i.e. from individual spheres to a final 

agglomerate-type. EDX analysis of uranium sources show that the weight ratio Pt/U is 

very similar for all three sources and follow the same trend as those found in CIEMAT 

sources [16] of Pt/U[1. These data confirm the role played by platinum in the deposition 

of uranium given that U precipitation seems to occur preferentially at those points on the 

surface containing precipitated platinum dissolved from the anode.  

AFM measurements: AFM results are shown in Figs. 4 and 5, for both the central 

zone (A) and the out-of-centre (B) zone (Fig. 1). Figure 4 shows some AFM images 

obtained from zone A of CIMAV-Blank and CIEMAT-2 sources prepared at 
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electrodeposition times of 20, 40 and 60 min. From Fig. 4 it is observed a clear increase 

in surface roughness of the sources deposited at longer times. Analysis of the AFM data 

at different points on the deposit space allowed the determination of zones with higher 

homogeneity.  

Figure 5 presents roughness values [mean and standard deviation (SD)] 

calculated over five different points within the central zone and out-of-centre zone for 

CIMAV-Blank set and CIEMAT-2 sources. From the figure it is clear that the deposit is 

more homogeneous at the centre of the source and that large variation on roughness 

mean and SD are present at the out-of-centre zones. A possible explanation of this 

effect is that the centre of the deposit is located directly below the Pt electrode in the 

electrodeposition cell. At this point higher and more uniform current density is achieved 

during deposition which in turn gives rise to a more uniform platinum + uranium deposit. 

The trend of increasing mean and SD values from sources electrodeposited from 20 to 

60 min (Fig. 5) supports the relationship between source heterogeneity and decrease in 

resolution observed by AS, both in Fig. 2 and in [16] particularly in the case of the out-

of-centre (B) zone of the deposit.  

XANES study of oxidation state of samples: Figure 6 shows the comparison of 

XANES spectra from CIMAV-UAc-1 sources with UO2 (with U4+) and becquerelite 

(uranyl mineral with U6+) spectra, measured in similar conditions as reference 

compounds at SSRL. Feature A is the maximum at resonance (‘white line’), which is 

broader in uranyl compounds; feature B is characteristic of uranyl species and feature C 

accounts for the backscattering of the photoelectron by the second sphere neighbours 

[29].  
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We may observe that all CIMAV-UAc-1 sources show a broad white line peak 

characteristic of the uranyl ion structure. Sources prepared by 20 min electrodeposition 

showed a shift in energy. As discussed in [16], different uranium oxidation states 

produce UL3 edge shifts towards higher energies in the order UO2, U3O8, UO3 due to 

reduced shielding of the core electrons associated with an increase in mean valence 

state across the oxidation series [30–34]. Figure 6 shows the position of the absorption 

edge in the XANES spectra. The inset indicates the relative position of the white line of 

uranium species in the sources in relation to the extreme oxidation states +4 and +6. 

Based on reported values cited above and on the measured reference compounds, 
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UAc-60 corresponds to a mixture of U(IV) and U(V), whereas UAc-20 and UAc-40 

correspond to a mixture of U(V) and U(VI), with UAc-20 closer to U(VI). All these 

features are in agreement with the results presented in [16]. 

 

X-ray scattering from grazing incidence on uranium sources.  

GI-XRD on sources set CIMAV-UAc-1 was performed with different incidence 

angles, from Φ = 0.0 to 0.8°. Figure 7 shows part of the measured 2D patterns. The 2D 

patterns were integrated by azimuthal angle to produce the 1D patterns shown in Figs. 

8 and 9. From the analysis of these 1D patterns, different compounds were identified 

and information on crystallographic phases was also obtained. Phase identification was 

carried out based on ICSD database [35]. For the elucidation of the uranium 

compounds present in the analyzed sources, several options were considered. The 
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broad peaks in the low 2θ zone can be associated to uranium compounds of large 

reticular parameters. The best candidate for the uranium phase was uranium 

oxyhydroxide known as schoepite. Figure 9 shows the computer-modelled diagram of a 

1D pattern of UAc-60 source. The broad Pt peaks are located either on the left, below or 

on the right of the sharp Pt peaks, depending on the location of the nanocrystals on the 

deposited source. The peaks attributed to schoepite in the 60 min 1D pattern, may have 

different locations in other patterns hence the schoepite identification is not univocal. 

Analyzing the profile of broad peaks from Pt and schoepite phases and applying the 

Scherrer equation [36], crystallite dimensions of these phases were estimated. Pt peaks 

present crystallite sizes of t ~20 nm and ~5 nm and schoepite diffraction signals indicate 

poorly crystallized grains (t<5 nm).  

In Fig. 7, heterogeneous intensity distribution along steel Debye rings reveals this 

phase has a rolling texture [37]. Pt does not show any texture. Split-broadened peaks in 

Fig. 8 are produced by bi-modal size distribution of Pt grains. Dispersion in the location 

of the broadened Pt peaks is produced by heterogeneity in the distribution of Pt 

nanoparticles on the source surface. This feature was observed and confirmed in all the 

GI-XRD patterns recorded for each CIMAV Ac sources. 

The whole analysis of GI-XRD can be summarized as follows: (1) the spectra 

indicates a bi-modal presence of Pt where there is a well crystallized Pt layer, 

consequence of some old Pt deposit and registered as sharp peaks. In addition, there is 

a new nanocrystalized Pt that appears on apparently isolated places on the surface of 

the deposit associated to the broad Pt peaks in GI-XRD patterns located around the Pt 

sharp peaks. These new Pt tends to grow or even coalesce as it becomes aged Pt. (2) 
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Deposited uranium forms poorly crystallized layers associated to schoepite, with crystal 

sizes of approximately 5 nm and layer thickness of 50 nm on average (this figure is 

given based on the amount of electrodeposited uranium on the deposit area).  

Conclusions 

SEM/EDX data obtained from sources prepared by electrodeposition of uranyl 

acetate (depleted uranium) show  

 

the same trend previously reported in [16]. These data confirm the synergistic behaviour 

of platinum and uranium in the electrodeposition based on sulphuric electrolytes, given 

that uranium precipitation seems to occur preferentially on clusters of precipitated 

platinum dissolved from the anode. 

Calculated AFM roughness results suggest that the nonhomogeneus surface 

points act as nucleation points for further deposits and hence are responsible for 

thickness increase, leading to loss of resolution observed by AS both in Fig. 2 and in 

[16].  
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XANES results suggest that the electrodeposition carried out for short periods 

(20 min) produce more oxidized precipitates than those undertaken for extended 

periods. This result is not trivial, since one of the differences between the XAFS 

experiment discussed in [16] and the one presented in this paper is that in the latter, the 

sources were prepared very shortly before the XANES study. Another point of interest is 

that in both cases the sources were kept in an aerobic environment at all times. 

Surprisingly, reduced species of uranium present in UAc-60 were not oxidized in air. All 

these features are in agreement with the results presented in [16].  

The GI-XRD results complete the picture presented by the techniques discussed 

previously. Metallic platinum (or a solution of Pt and U hardly distinguishable from pure 

Pt) is detected simultaneously well and poorly crystallized. The location of the broad 

peaks associated to the nanometric new platinum appears in several patterns at 

different sides of the sharp Pt peaks (from old well crystallized Pt). This phenomenon 

has been attributed [38] to the isolated location of nanosized clusters on the sample, 

resulting in the dispersion of the sample–detector distance.  

Deposited uranium forms poorly crystallized layers probably of schoepite, with 

crystal size of approximately 5 nm. Detection of schoepite (uranyl oxihydroxide) is 

consistent with the Hansen theory and confirms the conclusion given in [16] about 

predominance of uranyl-type structures with pentagonal bipyramids.  

At short electrodeposition times, i.e. 20 min the free energy surface of U–Pt 

particles does not favour agglomeration and therefore particles are kept isolated. After 

40 min of electrodeposition almost all available uranium is deposited on a 
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homogeneous layer. At a longer electrodeposition times (60 min) platinum is deposited 

again increasing the roughness and size of agglomerates.  
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