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ABSTRACT

The corrosion films on iron in aqueous carbonate/bicarbonate solutions were studied as a function of concentration,
pH, and temperature by using the technique of surface-enhanced Raman spectroscopy with electrodeposited silver. Both
Fe(OH), and Fe,04 were detected in the surface oxide film at prepassivation potentials. Iron carbonate (siderite) was
observed in the corrosion film in a limited PH, temperature, and applied potential range. At lower carbonate/bicarbon-
ate concentration (e.g., 0.01 lid), passivation was lost, and continuous anodic dissolution of the iron occurred. The cathod-
ic reduction of the corrosion film was enhanced at 7 5°C.

Introduction
The corrosion of iron and mild steel is a fundamental

academic and industrial concern that has received a con-
siderable amount of attention.1-9 Open-air and aerated
water systems are among the most common environments
in which the corrosion of iron occurs.2 Corrosion inhibi-
tion is most easily accomplished by directing the forma-
tion of corrosion products that promote a self-inhibition of
the corrosion processes.3 To achieve this, a complete
understanding of the corrosion process and the structure
of the passive film is required for the system of interest.
Specifically, we are interested in cooling water systems
that are open to the atmosphere and contain ambient equi-
librium concentrations of oxygen and carbon dioxide.4-6

Surface layer formation requires corrosion products
with very low solubilities.' Complete metal protection
(and thus corrosion inhibition) is achieved when iron
oxides, hydroxides, and other compounds physically sepa-
rate the metal from the solution.4 In general, porosity, sur-
face structure, and composition must be considered in
determining the optimum protective layer, but no layer is
perfect. We consider only the fundamentals of this protec-
tive layer here. In oxygenated water, trivalent iron
hydroxide and oxyhydrates have a much lower solubility
than divalent iron species and are required in stable cor-
rosion film formation.4

A complete understanding of the protective film under
cooling water conditions requires investigations at rela-
tively low carbonate/bicarbonate concentrations and at
elevated temperatures.4 Most investigations to date have
not used concentrations sufficiently low'0" to provide
meaningful results, and very few studies have been done at
elevated temperatures.'1'12 We investigated the corrosion
film on iron, using Raman spectroscopy and electrochem-
istry, under conditions more appropriate for iron in natur-
al waters containing carbonate and bicarbonate. These
measurements were done in 0.002 to 0.05 M Na,CO, and
0.01 to 0.75 M NaHCO, solutions, at temperatures of 25,
50, and 75°C. The ratio between the carbonate and bicar-
bonate was varied to provide solution pH of 8.5, 8.7, 9.5,
and 11.5. These pH values are representative of the entire
pH range permitted by the carbonate/bicarbonate system
in aqueous conditions. A solution containing only sodium
bicarbonate would have a pH of approximately 8.5, while
a solution containing only sodium carbonate would have a
pH of approximately 11.5. We provide experimental
results as a function of pH, solution concentration, and
solution temperature.

Experimental
Electrochemical control of the iron electrode was pro-

vided by an EG&G Princeton Applied Research (EG&G
PAR) Model 173 potentiostat, driven by a PAR 179 univer-
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sal programmer. A saturated calomel electrode (SCE) and
a wound platinum wire, with a large surface area (35 cm')
in contact with the solution, were used as the reference
and counterelectrode, respectively. All electrochemical
potentials presented in this paper refer to the SCE. The
electrolyte was made from reverse osmosis purified water
with analytical reagent-grade chemicals. A Spex Model
1403 double monochromator, in conjunction with a photo-
multiplier tube detector and a Spex SCAMP data acquisi-
tion controller, were used to obtain the Raman spectra. A
Coherent Model Innova 300 Ar laser provided the 100 mW
of 514.5 nm coherent light used for sample excitation.

A 99.99% pure iron electrode with a surface area of 4 cm2
(0.005 cm thick) was mechanically polished with 600 grit
emery paper, degreased with acetone, and thoroughly rinsed
with high-purity water. The iron electrode was then held in
the electrolyte at a reducing potential of —1.4 V for 30 mm.
For the surface-enhanced Raman spectroscopy (SERS),
after rinsing the carbonate solution off with water; 50 mC/cm'
of Ag was deposited onto the iron surface, at —0.6 V in a 1 mM
HNO, + 1 mM AgNO, solution. The iron electrode was again
rinsed with water before being placed into the electrochemi-
cal cell for the Raman measurements. Immediately upon
immersion in the electrochemical cell, the iron electrode
was scanned from the —0.3 V open-circuit potential to
—1.4 V at 5 mV/s. The iron electrode was held at —1.4 for
5 to 15 mm to reduce any air-formed surface film.
Subsequent electrochemical procedures used a potential
scan rate of 5 mV/s. A Raman spectrum was collected in
approximately 1 h by holding the iron electrode at a spe-
cific potential. Changing the potential with the 5 mV/s
scan rate allowed for a smooth transition of the corrosion
film on the iron that most closely matched the electro-
chemical cyclic voltammograms (CV5) to which the Raman
data were compared and referenced. The time required to
transition between the potentials used for the Raman data
was minor compared with the time used to allow the sys-
tem to come to equilibrium and the time required to obtain
the Raman spectrum.

Results and Discussion
For potentials above —0.7 V, the CVs were dominated by

the continuous anodic dissolution of the iron at 50°C in
0.01 M NaHCO, solutions for pH between 8.5 and 9.5, and
sometimes at the bigher concentration of 0.05 M NaHCO,
at 7 5°C. This continuous anodic dissolution greatly
impedes any effort to obtain information about the corro-
sion film on iron in equilibrium with the solution. Figure 1
shows the CV of iron in aerated carbonate/bicarbonate
solutions at concentrations between 0.002 to 0.05 M
Na2CO, and 0.01 to 0.75 M NaHCO,, at 25°C. In general, up
to three anodic oxidation waves are observed, while two
reduction waves are evident in the reverse cathodic scans.
The waves become more prominent and the peak poten-
tials of the waves shift slightly as the solution concentra-
tion is increased. However; concentrations of carbonate or
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bicarbonate above approximately 0.05 M caused Raman
scattering from the solution.'1 The continuous anodic dis-
solution at higher temperatures and the potential interfer-
ence of Raman scattering from solution species dictated that
we use solution concentrations of approximately 0.05 M for
the Raman experiments. Figure 2a-c shows the CV of iron in
aerated 0.05 M NaHCO3 + 0.01 M Na3CO3 solutions at dif-
ferent temperatures (pH 9.5). At 25°C, the voltammograms
indicate that the iron electrode forms prepassive film at
potentials below approximately —0.7 V and a passive film
at higher potentials (Fig. 1 and 2). The voltammograms at
8.7, 9.5, and 11.5 pH are similar in the prepassivation
region, even at 25°C where FeCO3 (siderite) forms at pH <
9.5. In fact, little difference could be observed between the
pH 9.5 and the pH 11.5 CV at all temperatures and poten-
tials. The notable difference is observed in the enhanced
anodic waves in the passivation region of the pH 8.7, 75°C
CV (Fig. 2d). This enhancement is ascribed to increased for-
mation of trivalent iron species.12 A corresponding enhance-
ment in the Raman spectra was not observed. This may be
due to an increased formation of a corrosion species not
readily observed by Raman, such as FeOOH, or an increase
in the amount of soluble species going in solution. The
anodic waves also become more prominent and the poten-
tials shift slightly as the temperature is increased.

The need to study the corrosion film on iron in situ in an
aerated solution significantly enhances the difficulty of
maintaining adequate surface control and interpretation
of the data. The requirement that the solutions be open to
the atmosphere provides a source for airborne contami-
nants, including CO2 and hydrocarbons!2"4 The actual cor-
rosion film that provides the passive corrosion inhibition
is only a few nanometers thick."" For most iron species,
this thin film does not provide sufficient material for
Raman scattering.'9"1'17'18 Recently, surface enhancement of
the Raman scattering has been achieved with the aid of
silver and gold.'°"72' This surface enhancement is sufficient
to provide detailed information about the thin passive film
on iron. Numerous studies of the silver in similar solu-
tions13'14 and in carbonate/bicarbonate solutions24-27 have
concluded that silver provides a relatively benign enhance-
ment mechanism. McQuillan et al.24 observed a relatively
weak carbonate interaction with a silver electrode in a

0.1 M Na3CO3 solution and even weaker interactions in a
bicarbonate solution. The largest effects were observed for
the bands at 1540 and 1390 cm', which were later identi-
fied by Cooney and co-workers as CO2 and hydrocarbon
bands.'3'14 Sasaki et al.2' provide a complete potential-
dependent set of data for a silver electrode in a 0.5 M
Na,C03 solution. The additional solution concentration
provided larger Raman signals from the carbonate and
thus an enhanced signal-to-noise level for the spectra that
allowed the authors to observe most of the known vibra-
tional modes associated with carbonate.29 These authors
also provided Raman spectra at potentials where silver
oxides form (above 0.2 V). Thus they were able to identify
Raman peaks from silver oxides. It should be noted that
any interaction of the Ag with the carbonate was associat-
ed with the strong carbonate stretching mode at 1070 cm'.
Therefore, any interaction of the silver or the iron with car-
bonate or bicarbonate should contain this peak. The lack
of this peak in a spectrum would indicate that interactions
with the carbonate/bicarbonate at the interface is limited.
Due to the high solution concentrations used in these pre-
vious studies, it is not clear whether the data were effect-
ed by the carbonate species in solution. Furthermore,
while assignment of a chemisorbed carbonate species was
made, no new peaks associated with the Ag-0C03 bonding
were reported.29 With the relatively low concentrations
used in our present investigations, we did not observe any
significant carbonate/bicarbonate interactions with the
silver from the Raman spectra and would expect to find
potential-dependent behavior similar to that reported by
Oblonsky and Devine" for a silver electrode in borate
solution and Cooney et al.'4 for a silver electrode in KC1
solution.

Electrodeposited silver on iron does not significantly
alter interactions between the iron and the electrolytic
solution.'°"723 The silver does not oxidize under the condi-
tions used in these experiments'3"4'2' but does enhance the
detection of trace amounts of carbon (less than 0.1 mono-
layer) on the electrode surface. Also, the corrosion films on
iron have been shown to form homogeneously over the
entire surface."3° Therefore, we would expect the corro-
sion films that we observe with the surface enhancement
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Fig. 1. CVs of iron in aerated carbonate/bicarbonate electrolyt-
ic solutions (pH 9.5): (a) 0.75 M NaHCO, + 0.15 M Na,CO,;
(b) 0.25 M NaHCO3 + 0.05 M Na2CO (c) 0.05 M NaHCO3 +
0.01 M Na2CO3; and (d) 0.01 M NaHCO, + 0.002 M Na,C03.
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Fig. 2. CVs of iron in aerated 0.05 M NaHCO3 + 0.01 M Na,C03
solutions (pH 9.5) at 25 (a), 50 (b), and 75°C (c). (d) CV of iron in
aerated 0.05 M NaHCO3 + 0.001 M Na,CO, solutions at pH 8.7
and 75°C.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.136.75Downloaded on 2016-09-15 to IP 

http://ecsdl.org/site/terms_use


2148 J. Electrochem. Soc., Vol. 143, No.7, July 1996 The Electrochemical Society, Inc.

effects next to the silver to be representative of the entire
corrosion film on the iron electrode. Furthermore, Raman
spectra were obtained under conditions where the moni-
tored electrochemistry indicated stable corrosion film
development such that continuous dissolution was not
occurring.

The SERS effect of carbon, C02, or hydrocarbons with sil-
ver is a fairly well understood process.13"4"7'18 Amorphous
carbon accounts for Raman peaks at 1350 and 1580 cm',
while CO2 accounts for peaks at 1274 and 1383 cm'. 13,14,17,18
The broad peak between 800 and 900 cm' and the peak at
1444 cm' are attributed to the C-H vibrational bending
modes of hydrocarbon contamination.13'14"7"8 The effects of
most of these contaminants decrease at higher potentials
and are more pronounced when other Raman contribu-
tions are relatively small. The Raman signals from these
contaminants and that of water (1640 cm') " at the iron
surface are present throughout most of the Raman data we
analyze here. However, unless they have a specific effect
on the results of the corrosion film analysis, we do not dis-
cuss them further.

Figures 3 to 9 show the potential-dependent Raman
spectra between 200 and 1700 cm of the iron surface at
25, 50, and 75°C with solution pH of 8.7, 9.5, and 11.5. The
individual Raman spectrum in each figure was taken at
potentials related to the anodic oxidation and cathodic
reduction waves in the voltammograms. The Raman spec-
tra in Fig. 3 to 9a correspond to the "clean" iron surface.
These spectra are characterized by a lack of any signifi-
cant Raman peaks below 800 cm', indicating a complete
or nearly complete reduction of any air-formed oxide on
the iron surface. Moving sequentially up the figures, the
spectra were taken at potentials just positive of the three
anodic oxidation waves. The Raman peak at 544 cm',
after the first anodic wave (Fig. 3 to 9b), corresponds to
the presence of Fe(OH),. ° Only Fe(OH), is detected on the
iron surface for pH 9.5 or lower at 25°C. However; for high-
er temperatures and higher pH, a Raman peak at 664 cm'
is also observed, indicating the presence of Fe304. 18,21 After
the second anodic wave, the Fe(OH), and Fe3O4 Raman peak
intensities increase (Fig. 3 to 8c), except in Fig. 6c at 25°C,
where the siderite bands at 516 and 1070 cm' dominate
the spectrum, and in Fig. 9c, where the peaks lose intensi-
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Fig. 3. SERS of iron in aerated 0.05 M NaHCO3 + 0.01 M
Na2CO3 solutions (pH 9.5) at 25°C and different potentials: (a) —1.0
V. (b) —0.9 V, (c} —0.6 V1 (d) —0.4 V, (e) 0.0 V, (1) —0.7 V, (g) —1.0
V, and (h) —1.2 V. Curves a-e correspond to the anodic sweep, f-h
to the cathodic sweep.
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Fig. 4. SERS of iron in aerated 0.05 M NaHCO3 + 0.01 M
Na,C03 solutions (pH 9.5) at 50°C and different potentials: (a) —1.0
V, (b) —0.9V, (c) —0.6 V, (d) —0.4 V1 (e)0.OV, (f) —0.7 V1 (g) —1.0
V, and (Ii) —1.2 V. Curves a-c correspond to the anodic sweep, f-h
to the cathodic sweep.

ty. At pH 11.5 the Raman peaks attain their maximum
intensities (Fig. 9) after the first anodic wave and dimin-
ish to almost nothing at 0 V. Weak Raman peaks are
observed in the cathodic Raman scans as well, indicating
the formation of a passive corrosion film that is not read-
ily identified by Raman spectroscopy. We discuss this in
more detail latet

For pH 9.5, the 664 cm' peak has a maximum intensity
after the third anodic wave but remains small relative to
the 544 cm' peak (Fig. 3 to Sd). Both peaks broaden, and
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Fig. 5. SERS of iron in aerated 0.05 M NaHCO3 + 0.01 M
Na2CO3 solutions (pH 9.5) at 75°C and different potentials: (a) —1.0
V, (b) —0.9 V, (c) —0.6 V, (d) —0.4 V, (e) 0.0 V, (fi —0.7 V, (g) —1.0
V. and (h) —1.2 V. Curves a-c correspond to the anodic sweep, f-h
to the cathodic sweep.
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Fig. 6. SERS of iron in aerated 0.05 M NaHCO3 + 0.001 M Na2CO3
solutions (pH 8.7) at 25°C and different potentials: (a) —1.0 V,
(b) —0.9 V, (c) —0.6 V, (d) —0.4 V, (e) 0.0 V. (1) —0.7 V. (g) —1.0 V,
and (h) —1.2 V. Curves a-e correspond to the anodic sweep, f-h to
the cathodic sweep.

the 544 cm' peak loses intensity after the second anodic
oxidation wave. The broadening may be due to the
increased contribution of the Raman signal from a-
FeOOH 32 that has peaks at 490 and 680 cm', -y-FeOOH
with a peak near 680 cm', 5-FeOOH with an even weaker
Raman peak at 663 cm' (that is supposed to be present
during the first few oxidation-reduction cycles of the cor-
rosion film on iron),25 amorphous FeOOH with a peak at
700 cm1, '° -y-Fe203 with peaks at 505 and 650 cm1, and
perhaps an increased disorder in the oxide film.'8 Raman

Fig. 7. SERS of iron in aerated 0.05 M NaHCO3 + 0.001 M Na2CO3
solutions (pH 8.7) at 50°C and different potentials: (a) —1.0 V, (b)
—0.9 V. (c) —0.6 V, (d) —0.4 V, (e) 0.0 V, (f) —0.7 V. (g) —1.0 V. and
(h) —1.2 V. Curves a-c correspond to the anodic sweep, f-h to the
cathodic sweep.

Fig. 8. SERS of iron in aerated 0.05 M NaHCO3 +0.001 M Na2CO3
solutions (pH 8.7) at 75°C and different potentials: (a) —1.0 V,
(b) —09 V. (c) —0.6 V. (d) —0.4 V, (e) 0.0 V, (f) —0.7 V. (g) —1.0 V,
and (h) —1.2 V. Curves a-c correspond to the anodic sweep, f-h to
the cathodic sweep.

contributions from a-FeOOH and -y-FeOOH would be rel-
atively weak, resulting in relatively poor spectra of these
peaks. The decrease of the 544 cm' intensity also indi-
cates a decrease of Fe(OH)2 in the iron corrosion film at the
surface after the third anodic wave. This is expected as the
dominant form of iron changes from Fe(II) to Fe(III) at
these potentials. From the data given in Fig. 3 to 8e, it is
not possible to determine which iron oxides or oxyhydrox-
ides are present in the corrosion film on iron, since all of
those mentioned have peaks between 500 and 700 cm'.
The FeOOH species are expected to be present at these
potentials, but the corresponding Raman signals are either
small, due to the thinness of the film, or very similar to the
Raman spectra from Fe(OH)2 and Fe,04. 18An inner layer

Fig. 9. SERS of iron in an aerated 0.05 M Na2CO3 solution
(pH 11.5, 25°C) at different potentials.
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of species containing Fe2 next to the metal surface is
required by thermodynamics such that Fe304 may also
contribute to the Raman spectrum at the higher potentials.
The most appropriate conclusion is that the broadness of
the peaks indicates a very disordered corrosion layer that
contributes to the poor signal-to-noise ratio, and that may
explain the lack of observed lattice vibrational modes
between 200 and 600 cm'. 32 Therefore, while we expect
Fe(IIJ) species to be present in the corrosion film at 0 V
(Fig. 3 to 8e) and we do observe magnetite under these
conditions, any FeOOH or Fe303 species present must be in
a relatively low density, amorphous or disordered structure,
such that the Raman does not provide clear identification.

The Raman spectra after the first cathodic reduction
wave (Fig. 3 to 8f) indicate an increase of Fe(OH)2 and
Fe304 at the surface. However, the 544 cm' peak of
Fe(OH)3 is missing from the cathodic spectra at more neg-
ative potentials, indicating Fe(OH)3 is reduced at poten-
tials negative of —1.0 V. In Fig. 3 to 8, g and h, some of the
spectra contain peaks at 496, 680, and 1000 cm.
Melendres and co-workers21 concluded that peaks at 420,
496, 680, and 1000 cm' indicated the presence of a-
FeOOH in the corrosion film on iron. Kanno and Hiraiski36
identified a Raman peak at 506 cm' as an Fe3-OH3
stretching vibration from a glassy nitrate solution.
Oblonsky and Devine" assigned a 490 cm' mode to
Fe[(H,O),]3 ions but failed to observe Raman peaks at 325
and 450 cm' that are also associated with this ion.36 The
only known element that could be contributing Raman
peaks at both 496 and 1000 cm' in this system is a-
FeOOH." The obvious lack of the characteristic 390 cm'
Raman mode usually associated with a-FeOOH may be
explained by the possible difference between an FeOOH
species in the thin corrosion film and bulk crystalline
FeOOH. Nauer et aL32 tentatively assigned the 390 cm'
mode to an Fe-O stretch molecular vibration but provided
very little evidence for that assignment. If the 390 cm'
Raman peak were a lattice mode, then the disordered
nature of the corrosion film on iron and perhaps the opti-
cal parameters associated with the SERS process itself 6
would account for the lack of an observed peak at 390 cm'.
This, along with the observations made by Tschinkel et at.33
using infrared (IR) spectroscopy involving the irreversible
formation of a-FeOOH on an iron electrode, would justify
the tentative assignment of the 496 and 1000 cm' Raman
peaks to an a-FeOOH-like species in the thin corrosion
film on the iron surf ace.2' For this to be possible, a-FeOOH
would have to be created at higher anodic potentials on
some of the iron surface, but the more amorphous or dis-
ordered Fe(III) species that may have been present in the
corrosion film must have masked the a-FeOOH Raman
signal until most of these species were reduced at lower
cathodic potentials. At 25°C, Fe304 and a-FeOOH are still
present at least on some of the surface at the most cathod-
ic potentials we could achieve, without the evolution of
hydrogen (Fig. 3h). As demonstrated by Tschinkel et at.,
this is attributed to the inability to reduce certain iron
oxides once they have formed.2"33 However, at 75°C the
Raman peaks at —1.2 V are barely observable, qualitative-
ly suggesting that the iron corrosion products are more
easily reduced at higher temperatures.

Figure 9 illustrates the potential dependence of the
Raman spectra of iron in 0.05 M Na3CO3 at a pH of 11.5.
The results are similar to that at pH 9.5 with no siderite
formation. The magnetite peak at 664 cm' is larger in the
divalent iron region than the 544 cm' Fe(OH)3 peak. This
indicates that the transition from divalent to trivalent iron
containing species occurs at a lower potential with
increase in pH. The enhanced transition of Fe(II) to Fe(III)
species at pH 11.5 may aid the formation of the passive
film, and that may be associated with the observed
decrease in corrosion rate at high pH.''

So far we have discussed the formation of a protective
layer only in terms of divalent and trivalent iron oxides
and hydroxides. Phosphate is thought to be incorporated
in the passive film." Iron carbonate47 and calcium car-

bonate" have been associated with corrosion inhibition
and also have been identified as actively participating in
the formation of a protective film. Tillmanns' believed
that a protective trivalent iron oxyhydrate layer contain-
ing calcium carbonate inhibited corrosion. Subsequent
research discounted calcium carbonate as an active partic-
ipant in the protective passive film but used an iron car-
bonate model to explain the relationship between carbon-
ate and the protective layer.7 Sontheimer et at.3 assumed
that a solid layer of iron carbonate acted as a transforma-
tion agent to the final iron oxyhydrate protective layer.
This would predict that iron carbonate formed from diva-
lent iron hydroxide and actively participated in the corro-
sion film formation. If this were true, iron carbonate
should be observed in the passive film. In contrast, iron
carbonate is believed by some researchers to form only in
oxygen-free water and thus should not exist in the oxy-
genated water being investigated here.4 This hypothesis,
along with the fact that trivalent iron carbonate does not
exist under these conditions, implies that one should not
find any carbonate in the passive film. A recent paper by
Castro et at.34 described electrochemical and x-ray photoe-
mission spectroscopy (XPS) evidence indicating carbonate
was present in the iron corrosion film. However, electro-
chemistry is not particularly specific as to molecular com-
position, and XPS requires ex situ measurements, which
may significantly alter the corrosion film from the aque-
ous environment. Spectroscopic studies like Raman and
JR give in situ information about the molecular species on
the electrode surface. Rubim and Dunnwald" obtained
Raman spectra which indicated the presence of iron car-
bonate in the corrosion film. However, their results must
be viewed critically due to the high carbonate/bicarbonate
concentration used.

The Raman spectrum of Fig. 3 to lOb demonstrates that
FeCO3 contributes to the iron corrosion film, with oxygen
present, under a very limited set of conditions (specifical-
ly, at pH < 9.5 for potentials between —0.7 and —0.5 V, and
for temperatures below 5 0°C). The potential dependence is
consistent with the Pourbaix diagram,22 but the pH and
temperature dependences observed here are more restric-
tive. The Raman spectra at pH � 9.5 and for temperatures
above 50°C have no carbonate or bicarbonate bands, indi-
cating that no iron carbonate is present in the surface film.
This directly contradicts the observations of Castro et at.34
and the Raman data of Rubim and Dunnwald.'° However,
the relatively high concentrations of carbonate and bicar-
bonate used in those experiments and the strong pH
dependence of FeCO3 formation could have adversely
affected their experimental results, leading to a different
conclusion. Rubim and Dunnwald based their conclusion
that FeCO3 formed at the iron surface on the agreement of
the four peaks at 290, 520 734, and 1080 cm' with the
standard Raman spectrum of FeCO3 published by Herman
et at.3' However, only the small Raman peak at 509 cm' is
unique to FeCO3. The other three peaks are due to the car-
bonate ion. Furthermore, Rubim and Dunnwald were not
able to adequately obtain a Raman spectrum at a given
potential that contained all four Raman peaks character-
istic of FeCO3, and still observed a 1070 cm' peak above
0 v which is past the potentials where divalent iron or iron
carbonate exist. The Raman data that we collected using
similar carbonate/bicarbonate concentrations to Rubim
and Dunnwald indicated that the extraneous peaks at these
wave numbers are mainly associated with Raman scattering
from ions and soluble corrosion species in solution.

Figure 10 shows Raman spectra obtained using a 0.05 M
NaHCO3 + 0.001 M Na3CO3 solution at pH 8.7 and 25°C.
The low carbonate concentrations in the solution do not con-
tribute to the Raman spectra (Fig. ba). At —0.6 V the Raman
spectrum (Fig. lOb) contains peaks at 516 and 1070 cm',
which correspond to FeCO3. " The Raman spectra were dif-
ficult to obtain under these conditions due to excessive gen-
eration of soluble corrosion products and particulates,
which scattered the laser and Raman light and yellowed the
solution. The FeCO3 Raman peaks decrease as the potential
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Fig. 10. (a) Raman spectra of aqueous 0.05 M NaHCO3 +
0.001 M Na2CO3 solution only (pH 8.7) at 25°C. SERS of iron in
0.05 M NaCHO3 + 0.001 M Na2CO3 solutions (pH 8.7) at 25°C, (b)
in aeraled solution held at -0.6 V, and (c) in deaerated solution held
at —0.6 V. Roman peaks at 290, 516, 724, and 1070 cm1 are con-
sistent with Roman spectra from iron carbonate (siderite).

is made more positive and vanish at —0.4 V (Fig. 6). The
hypothesis that FeCO3 only forms in oxygen-free environ-
ments1° is contradicted by our results. A very strong FeCO3
Raman signal is observed from the iron corrosion film at
—0.6 V in deaerated solution and 25°C (Fig. lOc). The
enhanced signal with peaks at 516, 724, and 1070 cm'
may be partly due to the increased amount of FeCO3
formed on the surface and a decrease in the amount of sol-
uble species or particulates formed in the deaerated envi-
ronment. Again, identification of siderite at the interface
relies mainly on the 516 cm' peak that is uniquely associ-
ated with siderite when the 1070 cm' carbonate peak is
present. This along with the observed potential-dependent
behavior of siderite and the lack of carbonate peaks under
other conditions indicate that the carbonate/bicarbonate
is not interacting with other components in the system.

The experiments performed here indicate that carbonate
is not a component in the surface film at pH � 9.5. FeCO3
only forms in the corrosion film in carbonate solutions, at
pH < 9.5, in a limited potential range between —0.7 and
—0.5 V and for temperatures less than 50°C. Fe(OH)2 and
Fe304 are not observed while FeCO3 is present in the sur-
face film. Figure 6 indicates that FeCO3 forms at a more
negative potential than Fe(OH)2 and Fe304. Therefore,
FeCO3 is a precursor to divalent Fe(OH)2 and Fe304 forma-
tion. We may conclude from this, along with the limited
conditions under which FeCO3 forms, that Fe(OH)2 is the
primary intermediate species for transitions from divalent
to trivalent iron,22 and that FeCO3 cannot be used as a nec-
essary component in passivation models. The enhanced
formation of soluble corrosion species while FeCO3 is pres-
ent in the surface film indicates that FeCO3 does not inhib-
it iron corrosion and may aid in the chemical processes
associated with corrosion. Furthermore, the lack of direct
interaction of the carbonate and bicarbonate with the cor-
rosion film suggests that the observed decrease of iron cor-
rosion in carbonate-containing solutions is mainly due to
effects of alkalinity and/or an increased buffering capaci-
ty at the iron/solution interface.

Conclusion
The results of in situ SERS measurements in carbon-

ate/bicarbonate solutions indicate that Fe(OH)2 and Fe304
make up the majority of the prepassivation film on iron.
Amorphous Fe(III) species are formed during the third
anodic oxidation wave in the passive region. An a-
FeOOH-like species is irreversibly formed in the iron cor-
rosion film but is more completely reduced at tempera-
tures above 25°C. With an increase in temperature or an
increase in the solution concentration, the anodic and
cathodic waves of the voltammograms become better
defined. As the carbonate/bicarbonate concentration
decreases, continuous anodic dissolution occurs at a lower
temperature.

FeCO3 formed in the corrosion film at pH < 9.5, for tem-
peratures below 50°C, and in the potential range between
—0.7 and —0.5 V (Fig. 6b, lob, and lOc). Oxygen-free solu-
tions increase siderite formation. Carbonate/bicarbonate
does not actively participate in the formation of the corro-
sion film on iron for pH � 9.5 or at temperatures at or
above 50°C. Thus, Fe(OH)2 and not FeCO3 is the transfor-
mation agent to trivalent iron corrosion species. The con-
tradictions among previously published experimental
results may be explained by the limited environment that
does support FeCO3 formation'°'21'34 and the failure by oth-
ers to distinguish between solution and surface species.
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Electrocatalytic Properties of Co, Pt, and Pt-Co on Carbon for
the Reduction of Oxygen in Alkaline Fuel Cells
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ABSTRACT

The effect of cobalt, platinum, and cobalt-platinum, alloys on high surface area carbons for oxygen reduction in alka-
line electrolyte was investigated. The Pt-Co catalyst with ca. 1:3 atomic ratio was prepared by addition of H2PtC16 solu-
tion to a mixture of methanol and a 5% surfactant in deionized water containing cobalt acetate and carbon suspension.
This was followed by drying and heat-treatment at 700 and 900°C in a flow of hydrogen and nitrogen gas mixtures.
Polarization curves and kinetic parameters for Pt, Co, and Pt-Co were conducted and compared in 6 M KOH and at 80°C.
Higher activities were observed for the Pt-Co alloy, that had been heat treated at 900°C. In addition to increased activity
of this catalyst, the unalloyed base metal (Co) contributes to total performance improvement of the oxygen reduction
process. Furthermore, surface, structural, and chemical characterizations of the catalysts were carried out using trans-
mission electron microscopy, x-ray diffraction, Brunauer, Ermnett, and Teller method, and atomic absorption spec-
troscopy. Dissolution of cobalt from the electrodes, both from the single cobalt phase and Pt-Co alloy catalysts, has been
established. The x-ray results demonstrated a shift to lower lattice parameters (3.618 A) by the Pt-Co alloys, prepared at
90 0°C, than the pure platinum catalyst (3.9 19 A).

Platinum is the most widely used electrocatalyst for
medium and low temperature fuel cells, i.e., phosphoric
acid (PAFC), polymer electrolyte (PEFC), and alkaline fuel
cells (AFC). This catalyst applied on carbons, however,
experiences corrosion and agglomeration."2 In aqueous
electrolytes, platinum is subjected to agglomeration lead-
ing to surface area loss and decreased electrode perfor-
mance, which restricts long-term operation of the fuel cell.
Blurton et al.' have shown that the platinum surface area
loss was relatively insensitive to electrode operating
potential and that crystallite migration is the dominating
mechanism of supported, platinum surface area loss.
Tomantscheger et al.4 have reported that on exposure of
carbon-supported platinum catalysts to potassium
hydroxide, the size of the agglomerates increased with log-
arithmic dependence over a period of 48 h. The platinum
particle size during this time increased fourfold, i.e., from
less than 50 to 200 A. Other mechanisms, such as Pt disso-
lution, redeposition, and dependence on electrode poten-
tials,5'6 surface migration and coalescence and/or diffusion
of platinum atoms and crystallites'9 have been found to be
the main causes of agglomeration. Thus, as oxygen reduc-
tion catalysis in aqueous electrolyte is a structure-sensi-
tive reaction,'°" i.e., the specific activity of the electrodes
is related to the Pt crystallite size, surface modifications of
the catalyst is a prior requirement and one of the main
areas of research for circumventing problems associated
with platinum or combination of it with other associated
metals in fuel cells.

Binary or tertiary metals or alloy surfaces and bimetal-
lic combinations have in the last few years gained
increased attention as oxygen reduction electrocatalysts in
fuel cells and/or for direct electrochemical oxidation of
methanol.'2 These catalysts which are composed of Pt-M
surfaces dispersed on high surface area carbon supports,
where M denotes a 3d transition metal (e.g., Ti, Cr, Fe, Co,
Cu, etc.) have shown enhanced catalytic activities and sta-
ble chemical properties. The importance of these new cat-
alyst systems have been shown in numerous patents and
studies'3" describing the role of alloying platinum with
transition metals. Jalan and Taylor" have suggested that
the distance between nearest neighbor platinum atoms on
the surface of a supported catalyst is not ideal for dual site
adsorption of oxygen and peroxide and that introduction
of foreign atoms which reduce the platinum nearest neigh-
bor spacing results in higher oxygen reduction activity.
Beard and Ross16 as well as Paffett et at." have suggested
that surface roughness effects due to dissolution of the
transition metal give a surface area effect and hence a sig-
nificant enhancement of the oxygen reduction reaction.
While all alloys studied in Ref. 13-20 were carried out in
acid electrolytes and with Pt to transition metal ratios of
3:1, this study presents alloy compositions contrary to this
ratio and gives performance characteristics in alkaline
electrolyte.

Our aim here is to report a preparative method of the
high surface area carbon-supported platinum, cobalt, and
Pt-Co mixtures, heat-treated at high temperatures and to
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