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ABSTRACT

The incorporation of radioactive contaminants into corrosion product scales on metals is

being investigated using "in-situ" spectroscopic and electrochemical techniques. To facilitate the

study, stable isotopes are used initially, while the corrosion films are simulated by electrodeposition

of the appropriate oxide (hydroxide) onto a graphite substrate. Synchrotron x-ray absorption

spectroscopy (XAS) is used to determine the structure and composition of the host oxide film, as

well as the local structure of the impurity ion. Results on the incorporation of Sr and Ce into surface

films of Ni(OH)2 and NiOOH are reported. Cathodically deposited Ni(OH)2 was found to be mainly

in the a form while anodically prepared NiOOH consists of Ni+2 and Ni*4 phases. Sr in the films

consists mainly of Sr** which appears to be coordinated to oxygen atoms and is likely to exist as

small domains of co-precipitated material. Ce in Ni(OH)2 exists mainly as Ce*3 and as a Ce*4 species

when co-deposited with NiOOH. The structure of the Ce*4 phase appears similar to a Ce(OH)4

standard. However, x-ray diffraction and laser Raman measurements indicate that the latter chemical

formulation is probably incorrect and that the material is more likely to be a disordered hydrous

cerium oxide. Ce chemisorbed on Ni(OH)2 and NiOOH films is predominantly in the +3 valency

state.

Iron oxide films prepared by anodic deposition from borate buffer solution containing Fe*2,

has been found by XAS to consist mainly of y FeOOH. The latter has been found by others to be

the constituent of the corrosion film on iron; this lends credence to the present simulation approach.

Future work will involve studies on the incorporation of radioactive Sr, Ce, and Cs, as well

as U, into nickel and iron oxide films. Investigations on the structure and composition of chromium

oxide films, the effect of temperature on the energetics and mechanism of incorporation of heavy

metal ions, as well as the subsequent dissolution of the films by electroreduction and anodic

oxidation, will be undertaken.



INTRODUCTION

The aim of this research program is to gain a fundamental understanding of the structure,

composition and mechanism of formation of radionuclide-containing surface films on metals that

are relevant to the problem of decontamination of piping systems and waste storage tanks at DOE

nuclear facilities. This project seeks to expand our knowledge, while obtaining useful practical

information, through the conduct of a systematic research activity that utilizes the unique facilities

at Argonne National Laboratory, e.g., the Advanced Photon Source (APS), for x-ray absorption

spectroscopy (XAS), as well as specialized laboratory facilities and instrumentation for carrying out

experiments with radioactive materials. Work is being carried out in collaboration with a university

to assure that a strong basic approach is taken in the analyses and methodologies used to achieve the

desired goals. In addition, dissemination of the results and transfer of technology that ensues from

the project are-being facilitated by contacts with prospective users and collaboration with scientific

personnel from a DOD Laboratory which has interest in similar environmental problems.

Radioactive contamination is often trapped in the corrosion scales on metal surfaces that have

been formed over long periods of service. An understanding of the local structure of heavy metal

ions incorporated in such films is essential to developing cost-effective decontamination processes

for their clean-up via chemical and electrochemical techniques [1]. By incorporation is meant here

any one of the following processes: co-precipitation, lattice substitution into vacancies or interstitial

sites, surface adsorption, or absorption in pores, that ultimately results in the co-deposition of the

impurity atom with the oxide film on a surface. Of particular interest are the surface films on base

metals such as iron, nickel and chromium which are the main constituents of stainless and carbon

steels that are often used in piping systems and waste storage tasks. Work carried out during the first

year of this project has involved: (1) a simulation of the surface oxide films on nickel and iron by

electrodeposition techniques, (2) the incorporation of heavy metal ion impurities, such as Sr and Ce,

in aqueous solutions into the surface films, (3) characterization of the structure of the impurity ions

and the host oxides "in-situ" by synchrotron x-ray absorption (XAS), laser Raman and infrared

spectroscopies. Major results are briefly summarized in this report.



EXPERIMENTAL ASPECTS

Corrosion processes are basically electrochemical in nature and the deposition of corrosion

products on surfaces could best be simulated by electrochemical techniques. In the present work,

we have prepared corrosion films via: (1) cathodic precipitation, (2) anodic corrosion of the metal

and, (3) electrodeposition from solutions of the metal ion of interest. Thus, Ni(OH)2 films were

prepared by cathodic electrolysis of Ni(NO3)2 solution at constant current similar to that followed

by Corrigan, et al. [2]; NiOOH films were formed by anodic deposition at positive potentials close

to oxygen evolution from Ni(II) sulfate plus acetate solutions, as was done by Chen and Noufi [3].

Iron oxide films were similarly prepared by constant potential electrolysis from dilute solutions of

Fe(II) in borate buffer solution [4]. Anodic corrosion of the metal has been carried out mostly in

connection with laser Raman spectroscopic studies [5]. However, as will be shown later, and based

on our previous work and extensive experience with corrosion films [5], the electrodeposited films

provide a good representation of anodic corrosion films.

Incorporation of Sr and Ce into the oxide films were carried out by: (1) co-precipitation

during the electrodeposition process, (2) adsorption into the preformed oxide film by equilibration

with aqueous solutions of the heavy metal ion at various concentrations. Stable isotopes of Sr and

Ce were used initially to facilitate the measurements; radionuclides will be employed at a later stage.

Synchrotron X-ray Absorption Spectroscopy (XAS), both X-ray Absorption Near Edge

Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS), has been employed

as the principal technique for obtaining structural information on the host oxide film and the local

structure of the impurity ion [6]. This is because of the high degree of disorder of the surface films

which make it difficult to obtain structural parameters by X-ray Diffraction (XRD). XAS studies

were carried out at various beamlines in the National Synchrotron Light Source (NSLS) using both

transmission and fluorescence detection techniques and from 298 to 77°K, where possible.

Measurements were carried out at the K-edges of Ni, Fe, and Sr while Ce was studied at the L(III)

absorption edge. The edge energies occur at 8.333, 7.112, 16.105, and 5.105 keV, respectively.

Surface enhanced Raman spectroscopy (SERS) is also being used for the "in-situ" identification of

film composition and structure.



RESULTS AND DISCUSSION

The Structure of Nickel Oxide Films

Nickel oxide films are particularly interesting as model systems because of the variety of sites

into which heavy metal ions can be incorporated, e.g. lattice vacancies, interlamellar site, surface

defects and as outer or inner sphere complexes [7]. The energetics of decontamination will likely

depend on the nature of incorporation, i.e. a heavy metal ion in an interlamellar site would be more

difficult to remove than one which is adsorbed on the surface. We have initially studied the

incorporation of Sr and Ce into electrodeposited Ni(OH)2 and NiOOH films. We first discuss the

structure of these host oxides deposited on a graphite substrate. This substrate was chosen in order

to facilitate examination of the oxide film without interference from an underlying base metal and

also to allow XAS measurements to be carried out using both fluorescence and transmission

detection techniques. We generally deposit Ni(OH)2 cathodically on graphite from a 0.1 M Ni(NO3)2

solution at a current density of about 8 mA/cm2 for a period of 5 to 15 minutes [2]. This results in

a film of sufficient thickness to give good XAS signal. We have fabricated a special x-

ray/electrochemical cell for the purpose of doing simultaneous electrochemical and "in-situ" XAS

studies. This cell has been described in a recent publication [8]. The greenish, adherent deposit

produced by cathodic electrodeposition from a 0.1 M Ni(NO3)2 solution was found to be a-Ni(0H)2

by XAS. The EXAFS data show the Ni to be coordinated to -6 oxygen first neighbors at 2.05 A and

to 6 nickel second neighbors at 3.10 A. The electrochemically deposited oc-Ni(OH)2 appears more

disordered than P-Ni(OH)2 which we prepared chemically. Figure 1 compares the EXAFS chi

function and the corresponding Fourier Transforms (FT) for the two materials. These findings are

in good agreement with the results of others [2].

NiOOH films were prepared by anodic deposition at a constant potential of 1.10 V vs. SCE

from a solution of 0.05 M NiSO4 + 0.5 M N^SCX, for 0.5 to 10 hours. Figure 2 shows a cyclic

voltammogram of a graphite electrode in the solution. The films deposited have good adherence.

XAS measurements show the film to consist of a mixture of Ni+2 and Ni44. The film can be further

charged in KOH solution in order to convert it nearly completely to Ni^ material. Figure 3 shows

the XANES spectrum of the electrodepo sited material compared to those of a number of nickel

compounds which we have extensively studied and used as standard references [9, 10]. The shift in
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K-edge energy to higher values is evident as one goes from Ni° to Ni*2 and Ni*4 (as in KNilOj). The

ability to form Ni*4 is of great importance in the development of Ni-based batteries. The

electrodeposited nickel oxide film-on-graphite has also been found to possess high charge storage

capability and would be useful in the fabrication of ultracapacitors [8].

Figures 4a and 4b show the EXAFS function for electrodeposited NiOOH and the

corresponding Fourier Transform. Quantitative fitting yields two Ni-0 bond distances at about 1.88

A and 2.05A; and one Ni-Ni bond distance at 2.82 A. From a comparison with standard Ni*2 and

Ni*4 compounds [9, 10], we associate the 1.88 A and Ni-0 distance to a Ni44 species and the distance

of 2.05 A to a Ni+2 species in the film. The Ni+2 phase appears to be more disordered than the Ni*4

phase. The Ni-Ni bond distance of 2.82 A is assigned to the Ni*4 species since it is too short to be

attributed to the a-Ni(OH)2 in the film.

INCORPORATION OF HEAVY METAL IONS

Two modes of incorporation of heavy metal ions, e.g. Sr and Ce, were examined initially:

(1) co-deposition with the host oxide, and (2) chemisorption from aqueous solutions on previously

formed films. The former generally involved the addition of the metal ion of interest to the

electrolyte solution at concentration levels of about 0.01 M to 0.1 M and carrying out the

electrodeposition. hi the case of the latter, the preformed film was equilibrated with a dilute solution

of the impurity ion for varying periods, followed by drying the sample in air, then carrying out XAS

measurements "ex-situ." More extensive results have been obtained via (1) and some are presented

here.

Local Structure of Strontium in Nickel Oxide Films

Figure 5a shows the chi function for Sr** which was co-deposited cathodically with Ni(OH)2

film from a solution of 0.1 M Ni(NO3)2+ 0.01 M strontium acetate at a current density of 8 mA/cm2

for 17 min. Also exhibited is that for Sr** in a 0.1 M strontium acetate solution. It is evident that

the two are very similar. The corresponding FTs shown in Fig. 5b further indicate a close similarity

in the structure of the Sr** ions in solution as those co-deposited in the oxide film. The FT shows

only one prominent first near neighbor peak consistent with oxygen atoms in the first shell. Peaks



at further distances could not be discerned within the accuracy of the present measurement. This

could be due to the relatively large disorder in the film. Fitting of the EXAFS data yields a Sr-0

bond distance of 2.58 ± 0.02 A. The oc-Ni(OH)2 lattice appears relatively unaffected suggesting that

the strontium oxide (hydroxide) phase probably forms separate domains during the co-precipitation

process. Intercalation or lattice substitution of Sr** has not been detected so far in the experiments.

Considerable improvement in signal to noise, as well as studies at even lower Sr** concentrations

will be undertaken to ascertain these.

Figure 6a shows XANES spectrum of Sr** co-deposited with anodically formed Ni-oxide

film from a solution of 0.05 M NiSO4 + 0.5 M sodium acetate + 0.1 M strontium acetate at an

applied potential of 1.1 V vs SCE for about 8 hours. The XAS spectrum of anodically co-deposited

Sr** is very similar to that in the cathodically deposited nickel oxide film. It is interesting to note

that a pure Sr-containing film can be prepared by anodization at 1.2 V vs SCE in a solution of 0.1

M strontium acetate for 1 hr and 20 min. The XAFS spectrum of the film is also shown in Fig. 6a

for comparison. Some difference in the spectra is evident which can be discerned better from the

FT plots of Fig. 6a. It can be seen that the first peak of both the pure Sr film and the Sr-in-NiOOH

film coincide but distinct higher shell peaks that are present in the pure Sr film are absent in the co-

deposited material. Structural parameters for the first peak of the FT was obtained by fitting the data

to a Sr-0 standard generated using the FEFF6 computer program [11]. An example of the fit

obtained is shown in Fig. 7. In both samples, the Sr appears coordinated to about 8 to 10 oxygen

neighbors. The SrO bond distances for the pure Sr and that co-deposited in the film with NiOOH

were calculated as 2.595 and 2.625 A, respectively. These are again similar to the Sr-0 distance of

2.62 A obtained for Sr** in aqueous solutions [12].

Chemisorption of Sr** from preformed Ni(OH)2 and NiOOH films were also carried out using

aqueous 0.01 to 0.1 M strontium acetate solutions. The quality of the XAS data, however, is

significantly worse to be able to derive useful information. Further work along this line will be

carried out in the near future. It is worth noting here that in order to obtain XAS data of sufficient

quality for theoretical analysis, it was necessary to fabricate and use a Rb filter in conjunction with

the Lytle detector in fluorescence measurements. The samples were also cooled to liquid nitrogen

temperature (77°K) whenever possible. Further measurements at liquid He temperature will be



attempted.

Incorporation of Cerium Into Nickel Oxide Films

Cerium is representative of the lanthanide group of radionuclides. Its incorporation into

oxide films is of interest not only from the standpoint of environmental remediation out also for

other practical applications [13,14]. We have initially studied its incorporation into nickel oxide

films by co-precipitation and chemisorption processes, hi contrast to Sr, Ce can assume valency

states of +2 and +3 over potential regions commonly encountered in aqueous solution-environments.

Figure 8 shows the cyclic voltammogram of a graphite electrode in a solution of 0.05 M NiSO4 + 0.5

M sodium acetate + 0.04 M Ce(III) acetate. Waves A2and C2conrespond to the anodic oxidation

of Ni" and electroreduction of the corresponding product, respectively. Waves Aj and Q are due

to the oxidation/reduction reactions of Ce+3 in solution. It may therefore be anticipated that

formation of Ni+2 films would incorporate Ce+\ while at more oxidizing conditions where Ni+3 and

Ni*4 are formed, the films should contain Ce*4- XAS measurements did confirm the latter but it was

surprising to find that even at fairly cathodic potentials, some Ce*4 was found in the Ni(OH)2 films.

The general appearance of the near-edge spectra (XANES) of Ce is a good fingerprint of the

valence state of Ce in its oxides/hydroxides. This is illustrated in Fig. 9 for the spectra of Ce(III)

acetate and Ce(OH)4. Ce+3 ions exhibit an intense single white line at the threshold energy which

is attributed to a resonance in the 2p to 5d atomic cross-section modified by local density of

unoccupied states. Tetravalent Ce, on the other hand, shows a double peak structure at the

absorption edge. This split double peak is thought to arise from many-body final state effects due

to the mixing of multi-electron configurations [15].

Figure 10c shows XANES spectrum of Ce incorporated into NiOOH film by anodic co-

deposition at 1.1 V vs. SCE from a solution of 0.05 M NiSO4 + 0.5 M sodium acetate + 0.04 M

cerium(III) acetate. The double peak indicates the presence of Ce"*4 in the film. Interestingly, we

found it possible to anodically deposit a pure cerium oxide film by constant potential electrolysis at

1.1 V vs. SCE with a graphite electrode in 0.08 M Ce(III) acetate solution. The XANES spectrum

(Fig. lOd) is quite similar for that of Ce in the NiOOH film. We also find subtle differences in the

XANES of our standard Ce(OH)4 and CeO2 samples-as can be discerned from Figs. 10a and 10b.



The CeO2 standard clearly shows the peak "C" to be more intense than "D", as well as the

prominence of the shoulders "A" and "B". The Ce(OH)4 is structurally disordered while the CeO2

is more crystalline as can be seen from the X-ray diffraction pattern in Fig. 11. Moreover, it must

be pointed out here, that the laser Raman spectrum of the Ce(OH)4 material (Fig. 12a) does not show

the sharp OH stretching band in the region of about 3600 cm"1 that is characteristic of true

hydroxides. Instead we found a rather broad band that is more typical of the presence of water in the

structure (Fig. 12b). It is likely that the material is really a form of CeO2 with a highly disordered

structure due to the presence of water. We will nevertheless continue to refer to it here as Ce(OH)4.

From plots of k2x(k) and the corresponding FTs (Fig. 13) it is apparent that the state of Ce co-

deposited with the NiOOH film is closer to the Ce(OH)4 material than to CeO2

Structural parameters were obtained by fitting the Ce EXAFS data to theoretical calculated

spectra using the FEFF6 program. The goodness of fit is illustrated in Fig. 14. Derived parameters

are shown in Table I.

Co-deposition of Ce with Ni(OH)2 film was carried out from a solution of 0.04 M cerium(III)

acetate + 0.1 M nickel acetate at constant current. The Ce in the film appeared to be mostly Ce+3

with a small amount of Ce*4 (Fig. 15). The latter appears to be always present also in aqueous

solutions of Ce(III) acetate which we have examined.

Preliminary experiments have been carried out on the chemisorption of Ce onto Ni(OH)2 and

NiOOH films by equilibration of 0.01 to 0.08 M cerium(III) acetate solution overnight. Interestingly,

results show that the Ce in the films is predominantly in the Ce+3 state with a small amount of Ce44

also present. Further work will be carried out.

INVESTIGATIONS OF IRON OXIDE THIN FILMS

The formation of iron oxide thin films was carried out in a manner similar to that employed

by Markovac and Cohen [4] using dilute solutions of Fe+2 in borate buffer solution. Again, for

purposes of carrying out XAS measurements, a graphite substrate was used. The quantitative

identification of the iron oxide films formed by the anodic deposition process has not been carried

out and was the first objective of our studies. The composition and structure of the corrosion films

on iron are still a subject of much debate even after over a hundred years [16].



Figure 16 shows a cyclic voltammogram of a graphite electrode in a deaerated solution of

0.005 M FeSO4 + 0.3 M H3BO3 + 0.075 M N^ B4O7 borate buffer solution. Deposition was carried

out by holding the potential at 0.6 V vs. SCE for 8 hours and 10 minutes over which time 0.155

coulomb/cm* of electric charge was passed. XANES spectrum of the film formed taken "in-situ"

is shown in Fig. 17a. The film was subsequently reduced at - 1.05 V and gave the spectra shown in

Fig. 17b. The spectrum of an iron foil is shown in Fig. 17c for comparison. It is evident that

reduction of the oxide film resulted in the formation of metallic iron with still some unconverted

(-30%) oxide present. EXAFS spectra are shown in Fig. 18 and the corresponding FTs in Fig. 19.

Comparison of the FT of the anodically deposited film with those of standard samples of Fe3O4,

F e ^ , and FeOOH suggest that the film consists mainly of y FeOOH. We find it most interesting

that Kerkar et al. [17], using thin films of iron, have found by XAS that the corrosion film on iron

is y-FeOOH. This lends credence to the validity of our approach in simulating the formation of

corrosion films on metals via electrodeposition processes.

FUTURE WORK

Among research activities planned for the next two years include:

1. Investigations on the structure of Cs, U, etc. incorporated into nickel and iron oxide

films.

2. Spectroelectrochemical studies of the structure of chromium films.

3. Structure of surface films on stainless steel.

4. Incorporation of Sr, Ce, Cs and U into chromium-oxide films and stainless steel.

5. Studies using radioactive isotopes of Sr, Ce, Cs, etc.

6. Energetics and kinetics of cathodic reduction and anodic dissolution of contaminated

oxide films.

7. Investigations on the effect on temperature on incorporation (above ambient to

~100°C).
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APPLICATIONS

The application of the results obtained in this project to field problems is constantly being

considered and facilitated by contacts with prospective users and attendance at conferences on

decontamination and disposal problems. The use of electrochemical methods for radioactive

decontamination continues to be of great interest [18]. Electropolishing has been demonstrated [1]

but there is need to provide a more scientific basis for the technique. Future work will address this

issue. From our initial results, it is apparent that incorporation by lattice substitution into vacancies

and in interlamellar positions may not be as widespread as was originally envisioned. This could

lead to the development of more facile and selective decontamination procedures.
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Table 1. Structural Parameters for Ce Compounds from EXAFS Data Analysis

Sample

CeO2

Ce(OH)4

Ce-in-NiOOH Film

Anodically deposited

cerium oxide film

r(Ce-Ce) A

3.80(1)

3.76 (2)

3.74 (2)

3.73 (2)

r(Ce-O) A

4.46(1)

4.41 (2)

4.39 (3)

4.38 (3)

nz in-3 A"2

° (Ce-Ce) 1 U A

3.3 (3)

10.3 (7)

12.3 (9)

11.9(7)

o2
(Ce<))10-3A-2

6.5(1.3)

17.8 (3.3)

18.9 (308)

16.8 (2.7)

r[A]

Figure 1. (a) Comparison of the EXAFS chi function for electrodepo sited a-Ni(OH)2 (....) and
chemically prepared P-Ni(OH)2 (—). (b) Corresponding Fourier Transforms of the
chi functions.
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Figure 2. Cyclic voltammogram of a graphite sheet electrode in 0.05 M NiSO4 + 0.5 M
CH3COONa solution; scan rate = 10 mV/sec.
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Figure 3. X-ray absorption near-edge structure (XANES) of the Ni-K-edge for electrodeposited
nickel oxide film and other reference materials: Ni, _._ NiSO4 in solution
nickel oxide electrodeposited from sulfate solution at 1.10 V vs. SCE, —
electrodeposited nickel oxide charged at 0.5 V in 1 M KOH solution, _ P-NiOOH.

y-NiOOH ((chemically prepared), KNiIO6.
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ft A]

Figure 4. (a) k3-weighted x(k) function for NiOOH film electrodeposited at 1.10 V vs. SCE
from a NiSO4 solution, (b) Corresponding k3-weighted Fourier Transform.
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Figure 5. (a) Comparison of Sr K-edge EXAFS function for Sr^ incorporated into cathodically
deposited a-Ni(OH)2 film (....) and for Sr** in a 0.1 M strontium acetate solution (—-).
(b) Corresponding k3-weighted Fourier Transform.
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(a)

2 * « S to 12 14

Figure 6. (a) Comparison of EXAFS for Sr co-deposited with NiOOH film (....) and that
anodically formed from 0.1 M strontium acetate solution (—). (b) k3-weighted
Fourier Transforms corresponding to (a).

Figure 7. Theoretical fit of EXAFS data for Sr co-deposited with NiOOH film. Arrows
indicate the fitting range covered.
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Figure 8. Cyclic voltammogram at a graphite electrode in 0.04 M Ce(III) acetate + 0.05 M
NiSO4 + 0.5 M sodium acetate; scan rate = lOmV/sec.
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Figure 9. XANES spectrum of Ce(III) in a Standard sample of cerium acetate (—) and of
Ce(IV) in Ce(OH)4 reference (....); both spectra take in transmission.
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Figure 10. XANES spectra of Ce at the L(III) edge.
(a) CeO2 standard
(b) Ce(OH)4 reference
(c) Ce co-deposited with NiOOH
(d) Ce anodically deposited from a-0.08 M Ce(III) acetate solution
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Figure 11. X-ray difraction patterns of reference compounds.
(a) Ce(OH)4

(b) CeO2
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Figure 12. Laser Raman spectra of Ce(OH)4 in KBr pellet; Ar+ laser, 514.5 nm line, power -25
mW(a)andllOmW(b).
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Figure 13. Fourier Transform (k3-weighted) for cerium in (a) CeO2, (b) Ce(OH)4, (c) anodically
deposited NiOOH film

Figure 14. Theoretical fit (....) to EXAFS data (—) for (a) CeO2, (b) Ce in NiOOH film. Arrows
indicate the fitting range covered.
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Figure 15. XANES of Ce co-deposited with Ni(OH)2 film (a) compared with standard Ce(III)
acetate (b).
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Figure 16. Cyclic voltammogram of graphite in deaerated 0.005 M FeSO4 + 0.3 M H3BO3 +
0.075 M Na2B4O7 solution; scan rate = 10 mV/sec.
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Figure 17. Iron K-edge XANES spectra.
(a) Anodically deposited film at 0.6 V
(b) Film cathodically reduced at -1.05 V
(c) Iron foil reference
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Figure 18. Iron K-edge EXAFS for iron foil reference taken at ~ 80 K (....), cathodically reduced
film at -1.05 V (—), anodically formed film at 0.6 V (b).
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Figure 19. Fourier Transform (k-weighted) of:
(a) Anodically deposited iron oxide film at 0.6 V,
(b) Iron foil reference (spectrum taken at ~80 K),
(c) Film cathodically reduced at -1.05 V.
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