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In situ glancing-angle x-ray reflectivity experiments were performed
on electrochemical reduction products formed in a dilute
paramolybdate solution on a platinum electrode. These data were
compared with x-ray photoelectron spectra which showed formation
of simple molybdate, pentavalent and tetravalent species at
increasingly negative potentials. X-ray absorption data demonstrated
changes in edge position, pre-edge structure and edge height
corresponding to reduction and subsequent growth of the reduction
product film at a number of the potentials examined with XPS.

INTRODUCTION

Molybdenum is an important alloying element in stainless steels, significantly
benefiting corrosion behavior. The majority of studies of the surface chemical states
of molybdenum have been performed by x-ray photoelectron spectroscopy (XPS).
In previous analysis of the transpassive and passive films formed on pure Mo and
several Mo-bearing stainless steels in acidic solutions, multiple Mo oxidation states
have been observed (1-4). The need to identify precisely the 2, 3,4,5 and 6 valent
states of Mo led to a study of the various stages of reduction of a paramolybdate
on an activated Pt electrode in aqueous media (5). The reduction of molybdate has
been reported by several workers (6-7). From electron paramagnetic resonance
(EPR) and UV-spectroscopic analysis of the reduction products of the isopolyanion
Mo<jO/p2' Che and co-workers found evidence of a pentavalent molybdenum species
(6). XPS confirmed an intermediate Mo5"1" reduction product, stable over a
relatively large potential range at pH 5.4 in the presence of platinum, in addition
to Mo*+ reduction products found following further reduction (5).

The penetration of x-rays into surfaces is far greater than the thickness of the
passive film. However, surface sensitive XANES can be carried out on a very flat
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sample if the angle of incidence is very small, close to the critical angle, which is
typically a few milliradians. This results in x-ray penetration of the order of tens
of angstroms. The absorption coefficient can be determined by measuring the
intensity of the fluorescence signal from the sample (8,9) or the intensity of the
reflected beam (10,11). In this study, insituXANES is carried out in the reflection
geometry during the reduction of ammonium paramolybdate ions at a platinum
electrode. The results are compared with XPS measurements made in vacuum.

EXPERIMENTAL

X-ray Photoelectron Spectroscopy

Previous work has shown that the reduction products of hexavalent
molybdenum in ammonium paramolybdate, ( N H 4 ) 6 M O T O 2 4 * 4 H 2 O , on a platinum
electrode can be observed by x-ray photoelectron spectroscopy (XPS) (5). An
activated Pt cathode was either potentiodynamically polarized in the cathodic
direction in a deaerated 0.1M paramolybdate solution, or was pulsed to a specific
potential and maintained there for one hour to prepare a surface film of a
cathodically reduced product for subsequent XPS analysis. The entire procedure
(including transfer to the spectrometer) was conducted in Ar to exclude the
possibility of surface modification from exposure to air. More details concerning
the procedure and equipment, including calibration and charge referencing of XPS
data, may be found in Reference S.

Figure 1 shows the potentiodynamic scan obtained (5). XPS data obtained at
various potentials provided information on the species present. At -160 mV
(saturated calomel electrode, SCE), evidence was found of the possible dissociation
of paramolybdate to molybdate with subsequent surface adsorption. At -340 mV
(SCE) Mo5* was observed in the form of Mo2O5. At -540 mV (SCE), Mo 4 + was
the stable species, existing in the form of a tetravalent oxyhvdroxide MoO(OH)2

according to XPS analysis. No further reduction to lower valent states was observed
when cathodically polarized to -900 mV (SCE). After exposure to air MO2OJ was
found to be unstable, oxidizing readily to MoOj.

Figure 2 shows Mo3d and Mo3p spectra of ammonium paramolybdate powder
and the cathodically polarized film formed on the Pt electrode at -470 mV (SCE)
(12). The species present in the reduced product are identified as a simple
molybdate, (NH^MoO^, and pentavalent molybdenum.

X-ray Absorption Spectroscopy

XANES data were collected at the Mo K edge (19.998 keV) using a



conventional ionization detector. Data for standard compounds were collected in
transmission mode. Powders were mixed with boron nitride (to ensure uniform
distribution) and sealed in Kapton tape. Figure 3 shows the electrochemical cell for
in situ XANES measurements. The high x-ray energy of the Mo edge allows for
construction of a cell with about one centimeter x-ray path length through the
solution. The angle of x-ray incidence was just below the critical angle of
approximately three milliradians for platinum.

A 2 mM ammonium paramolybdate solution was used. Reduction potentials
ranged from -270 mV (SCE) to -900 mV (SCE). Potentials were selected from
Figure I to correspond to specific reduction processes. In some cases the solution
in the cell was replenished with a borate buffer of the same pH as the
paramolybdate solution prior to analysis to eliminate any signal from the
molybdenum ions in the solution.

RESULTS

In order to aid in identification of reduction products analyzed by XANES,
various standard powders were examined in transmission mode. Figure 4 shows
absorption edges for 3,4 and 6 valent Mo species compared to that for ammonium
paramolybdate. Lower energy edge positions may be noted for lower oxidation
states. This is in agreement with data collected by Cramer, et al. for XANES of
2, 3, 4 and 5 valent molybdenum ions in aqueous solution (13). In addition, the
spectra obtained from M o 4 + (as MoO^ ^ d Mo*+ (as MoCIj) in this study, as well
as the Mo2"1", M o 5 + , M o 4 + and Mo 5 + XANES spectra reported in Reference 13,
show no pre-edge structure similar to that seen in spectra from hexavalent species.
This is expected since such pre-edge peaks are associated with a dipole transition
to an antibonding state allowed by mixing of ligand p orbitals accompanying the
tetrahedral coordination of molybdenum ions in certain Mo 6 + species (14). As can
be seen from Figure 5, the pre-edge structure for MoOj is strongly suppressed since
the trioxide has a distorted octahedral symmetry as opposed to the tetrahedral
structure which induces the pre-edge peak (15). The x-ray absorption spectra of a
number of molybdate salts are compared in Figure 6, and all show similar edge
position and pre-edge structure. However, the pre-edge height does appear to
change slightly, which may relate to distortion of the tetrahedral symmetry (and
small changes in ligand strength) for the different molybdates analyzed (14,16).

Figure 7 shows time dependent in situ film growth at (a) -470 and (b) -700 mV
(SCE) in dilute paramolybdate solution. Growth of the deposited films is indicated
by the increasing edge height, while reduction of the Mo species is indicated by a
shift of edge position to lower energies. As can be seen from the figure, this shift
is more pronounced at -700 mV (SCE), indicating reduction of hexavalent Mo



species to Mo*+ and possibly Mo5"4" in agreement with the results of XPS
experiments. The hexavalent pre-edge structure was also much less apparent
following one hour or more of film growth at potentials lower than -470 mV (SCE).
According to XPS data, these spectra correspond to a Mo5+ species. Though
identification is difficult due to the presence of mixed valent states in the film, the
spectra are similar in edge position and shape to that of pentavalent Mo ions in
aqueous solution analyzed by Cramer et al.(13). The spectra in Figure 7 may
include some signal from hexavalent Mo ions generated by absorption of the x-ray
beam in the solution, but spectra taken following replenishment of the electrolyte
with borate buffer show very little evidence of a hexavalent pre-edge structure
(Figure 7(c)). Spectra in Figure 7(c) were collected approximately ten minutes
apart while maintaining potential in the buffer solution. Though the initial edge
position following replenishment was slightly higher in energy, the similarity in edge
position and height in curves 2 and 3 indicated formation of a stable film with little
subsequent reduction.

Figure 8 shows in situ XANES spectra (taken through the dilute paramolybdate
solution) for rhe reduction products formed on platinum at -270 mV, -470 mV and
-900 mV (SCE) during potentiodynamic polarization in the cathodic direction. The
shift of edge position to lower energies is indicative of reduction to ltgower valent
states. In addition, the pre-edge peak visible for the -270 mV spectrum, indicative
of Mo*+ , becomes less prominent, and finally vanishes as the applied reduction
potential becomes more negative. Though the spectra might include some small
contribution from x-ray absorption by hexavalent ions in the solution, the shift of
edge position to lower energies would to some extent obscure the pre-edge structure
in data from systems containing tetravalent or trivalent Mo species in addition to
Mo6+. Overall, the data correspond fairly well to the ex situ XPS spectra from
reduced paramolybdate.

CONCLUSIONS

In situ glancing angle reflection XANES of the electrochemical reduction of
paramolybdate indicates initial formation of a molybdate film followed by reduction
to lower valent states and film growth. The loss of pre-edge intensity and
subsequent Mo K edge shifting to lower energy occurs at reduction potentials in
agreement with those for which evidence of reduction was obtained by XPS, though
the probable existence of mixed Mo oxidation states limits definitive observation of
pentavalent Mo generation.
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Figure 1: Cathodic polarization curve of platinum in deaerated 0.1 M ammonium
paramolybdate solution at a scan rate of 0.2 mV s';.(5)
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Figure 2: Mo3d and 3p XPS spectra for (a) ammonium paramolybdate standard,
and (b) cathodically polarized film on platinum in 0.1 M deaerated ammonium
paramolybdate at -470 mV (SCE).(12) Peak identification:

Mo3d5/2 A: Mo5"*", B: (NH^MoO* C:
Mo3dJ/2 a: Mo*+, b: (NH^MoO,, c:
Mo3pi/2 1: Mo5+
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Figure 3: Schematic diagram of cell used for in situ XANES.
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Figure 4: XANES spectra at Mo K edge for Mod + (H2MoO4), Mo 4 + (MoO2) and
Mo^+ (M0CI3) powder standards compared to that of ammonium paramolybdate
powder.
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Figure 5: XANES spectra at Mo K edge for sodium molybdate compared to that
of molybdenum trioxide.
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Figure 6: A comparison of various molybdate XANES spectra at the Mo K edge.
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Figure 7: Time-dependent in situ XANES spectra of reduced 2 mM ammonium
paramolybdate on an activated Pt electrode taken at 5 to 10 minute intervals at
(a) -470 and (b) -700 mV (SCE), and (c) several spectra (1-3) taken approximately
10 minutes apart following replenishment with a borate buffer solution after one
hour at -470 mV (SCE).
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Figure 3: In situ XANES spectra at the Mo K edge of reduced 2 mM ammonium
paramolybdate on an activated Pt electrode at -270 mV, -470 mV and -900 mV
(SCE). Edge heights are normalized.


