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Fig. 2. Porous Ni corrosion rates in Ni(NO;), solution

into the heated solution for the prescribed time, washed
thrice in 60°C DI water, and dried at 115°C for 30 min in a
forced air oven.

Nitrate solutions were 5.4M Ni(NQs), using reagent grade
material and were maintained at 80°C. The nitrate solu-
tions free HNO; concentration was maintained at 5 x
10~2M HNO,, unless otherwise noted, as determined by a
NaOH titration to a methyl red indicator end point.

Results and Discussion

Table I lists the porous Ni plaque corrosion rates deter-
mined by the above-outlined technique for plaque passi-
vated prior to nitrate solution exposure. The corrosion
rates show the expected result, ie., the formation of an
oxide on the Ni surface greatly reduces the solution corro-
sion level. This is consistent with the acidic dissolution re-
action given in Eq. [1] and the fact that NiO is considerably
more stable in mild HNO; solution than metallic Ni. Some-
what surprising, however, is the observation that the cor-
rosion rates for thermally passivated samples are some-
what lower than those obtained for samples which have
been chemically passivated in strong oxidizing solutions.
This result occurs in spite of the fact that thermally passi-
vated substrates possess a thicker oxide coating as deter-
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mined both visibly by the plague color change from gray
to pale green or gold, and also by Auger electron spectros-
copy coupled with Ar* milling. The reasoning for this rate
differential may be found in the morphological character-
jstic of the oxide formed by these two technigues. No
chemical differences were found between the oxides
grown by the two techniques. Thermally grown oxide
scale, even for thin coatings such as seen here, possess a
multigranular structure. This structure results when the
outward growing oxide scale fractures, since the stresses
induced by the rapid oxide growth rate and volume
change exceed the flexure strength of the oxide. The result
of this fracture, for thin films, is the presence of pores and
fractures in the coating which expose areas of Ni covered
by only a very thin oxide film. The resulting nodular oxide
film structure is seen in Fig. 1a; a considerably more uni-
form and dense oxide surface resulting from chemical pas-
sivation is seen in Fig. 1b. In either case, however, the
formed oxide surface protects the interior Ni layer from
corrosive attack during solution contact.

The effectiveness of chemical passivation in reducing Ni
plaque corrosion in this system is seen in Fig. 2. Here the
porous Ni plaque corrosion rate is presented for two differ-
ent HNO; concentrations within the Ni{INO;), solution. If
the reduction in Ni corrosion rate is assumed proportional
to the passivating oxide coverage, the results show an ini-
tially rapid oxide formation followed by a slower sustained
growth rate. This leads to approximately an order-of-
magnitude reduction in Ni plaque corrosion rate following
a 20 min exposure to the 95°C, 2M K;Cr,0O- solution. In ab-
solute terms, these data mean the following for a solution
impregnated under the higher of the two HNO; concentra-
tions. An unpassivated Ni plaque, given a 10 min Ni(NO;),
impregnation, would lose 8.2% of its total Ni content to
corrosion, whereas the same plaque passivated for 30 min
in the 95°C K;Cr,0- solution would experience a Ni loss of
only 0.6%. The electrode’s Ni fiber strength following im-
pregnation was shown previously to be inversely propor-
tional to the extent of plague corrosion (1), therefore the re-
duced corrosion occurring with passivated substrates is
expected to significantly improve both the electrode’s han-
dling characteristics during cell winding and its cycle life.
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Graphite has been used for anodes in both the chlor-
alkai and chlor-acidie cells. The desirable characteristics
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such as low resistivity, machineability, satisfactory chlo-
rine overpotential, and finally, resistivity to chemical at-
tack makes graphite the proper material. Graphite wear in
chlor-alkali systems was investigated by Marek and Heintz
(1). Their studies included the effect of structural parame-
ters on the wear of graphite anode. Rabah et al. (2) investi-
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Fig. 1. Experimental setup for the degradation measurement

gated the wear of graphite anodes during electrolysis of
acid sulfate solutions. They studied the effect of parame-
ters such as, temperature, acid concentration, pH, and also
current density on the graphite wear. They concluded that
formation of an unstable lamellar crystal compound is re-
sponsible for the graphite corrosion at low temperatures.
However, in acidic media such as in the operation of the
zinc-chloride battery, a degradation of the porous-graphite
electrode has been observed in the form of evolved carbon
dioxide gas. The evolution of CO, can be attributed to
chemical and electrochemical mechanisms. The electro-
chemical degradation mechanisms of porous graphite is
the subject of the present discussion.

Postulated Mechanism

It is postulated that the electrochemical deterioration of
porous graphite in chlor-acidic media follows a local ac-
tion mechanism

Cathodic area: Cl; + 2e — 2C1~

Anodic area: C + 2H,0 — CO; + 4H" + 4e
Overall: C + 2Cl, + 2H,O — CO, + 4HCL [1]

Separate study of the half reactions would generate
enough data for the polarization curves from which the
corrosion current and potential values could be deter-
mined. In the present study, the rates of CO, and HCI for-
mation are determined and compared to the postulated lo-
cal-action mechanism.

Experimental Procedure

According to the postulated mechanism,‘the rate of HC1
formation should be four times the rate of CO, evolution.
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In order to verify this mechanism, the following experi-
mental apparatus has been assembled in which both the
evolution of CO, and the concentration of H* are being
measured simultaneously. The experimental apparatus is
shown in Fig. 1. It consisted of a flow-through cell in which
chlorinated HCI electrolyte was circulated through a po-
rous graphite plate.

The temperature was controlled by circulating water
through a hot bath maintained at 80°C. The H* concentra-
tion was measured by titration with sodium hydroxide.
Periodically, 10 ecm?® samples were taken, dechlorinated
quickly by nitrogen bubbling, and were titrated by 0.1N
NaOH solution. The rate of CO; evolution was measured
by a gas chromatograph.

Results and Discussion

The plot of HCI concentration over a period of 10 days is
shown in Fig. 2 and the rate of CO; evolution is plotted in
Fig. 3. It should be noted that the HCI concentration is a
cumulative plot; therefore, a comparison between the two
graphs should be done by integrating the rate of CO; evo-
lution over the time of the experiment. The amount of CO,
evolved during a 10-day period was calculated by integrat-
ing Fig. 3

CO, = 4.75 x 102 mol [2]

The amount of HC1 can be read directly from Fig. 2, after
correcting for changes in the volume of the circulated
solution. The amount of HCI1 formed = (0.34M X 1.15 liter)-
(0.162M x 1.09 liter)-0.214 mol. The corresponding average
rates are

Tco, = 0.33 X 107 mol/min  7c1 = 1.49 X 107° mol/min

(3]

The experimental results strongly indicate that the rate
of HC1 formation is four times the rate of CO, evolution, in
agreement with the postulated mechanism. The amount of
carbon loss over a 10-day period is roughly 0.5g, or about
3-4% of the original weight of the graphite sample. The sig-
nificant losses can account for changes in surface area and
pore size distribution.

The trend in the CO; evolution over the period of the ex-
periment (Fig. 3) may be another evidence to show that the
graphite degradation mechanism follows the local corro-
sion reaction. In acidic solutions, dissolved chlorine at-
tacked the active sites on the graphite surface both
through chemical and electrochemical reactions. Initially,
the electrode contained many blocked pockets with their
areas only exposed to the anodic reaction. Therefore, the
reaction was initially limited by the cathodic reduction of
chlorine. As chlorine-saturated solution flowed through
the open pores, chlorine reacted with graphite at the active
sites. Closed pockets were gradually opened and the ca-
thodic area for the chlorine reduction increased (see maxi-
mum in Fig. 3).
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As the experiment proceeded, active sites became
covered by the surface oxides due to the chemical corro-
sion of graphite [Suidan et al. (3)] which is responsible for
the decline in the rate of CO, evolution in Fig. 3. Finally, a
steady state was reached where the rate of CO, evolution
remained unchanged.
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Methane Activation to C, Hydrocarbon Species in Solid Oxide
Fuel Cell
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Methane electrochemical oxidation to CO, and H;O in
the anode compartment of a solid oxide fuel cell (SOFC),
after its initial steam reformation to hydrogen, is a strategy
currently being developed for the direct conversion of nat-
ural gas into dc electricity. Methane, however, is also an
important chemical feedstock from which the commer-
cially more valuable C, hydrocarbon species CoH,, CoHo,,
and C,Hg might be produced. This latter goal could, in
principle, be achieved by the partial electrochemical oxi-
dation of methane using appropriate anode electrocataly-
sis for the SOFC.

Previous workers (1) have investigated the influence of
mediated O?*  species through the oxygen-conducting
solid electrolyte yttria stabilized zirconia (YSZ) on hetero-
geneous gas phase methane oxidative dimerization reac-
tions leading to C; species. Using the cell Ag, MgO/YSZ/
Ag, passage of CH, and O; mixtures through the Ag, MgO
anode compartment under open-circuit conditions at
700°C gave trace C;H, and C,H;. Upon electrochemically
driving 0%~ through the cell to the Ag, MgO anode, C,H,
yield was found to dramatically decrease with C;Hs being
unaffected. In comparison, other workers (2) using the cell
Ag, Bi;O3/YSZ/Ag showed that methane oxidative dimeri-
zation, mainly to C,Hs, could be promoted when only
faradaically driven oxygen was available at the Ag, Bi,0O;
anode.

Several rare earth metal oxides (3), including Sm,0s;,
have been shown to be active sites for promoting chemical
methane oxidative dimerization from CH,/O, mixtures. C,
selectivities up to 95% were reported. The high activity of
these rare earth oxides appeared related to their ability for
accommodating populations of surface O~ species. The
above observations encouraged us to investigate anode
electrocatalytic sites which incorporated rare earth metal
oxides, for promoting faradaic methane oxidative dimeri-
zation to C, hydrocarbons.

The fuel cell investigated possessed the general config-
uration

CH‘;, Pt/smzo;;/Laolggsro_10Mn03/YSZ/
Lag'ggsrovanOg/Pt, O, (air)

and used a closed-one-end YSZ solid electrolyte tube.
LaggsSrg10MnO; electrodes were introduced into both the
anode and cathode regions of the SOFC by applying a
w/o suspension in ethylene glycol/citric acid of La(C;H30,),
SrCOs, and MnCO; of appropriate composition onto both
the outside and inside walls of the YSZ tube. Current col-
lection from each of these regions was via platinum wire
(0.25 mm) initially in close mechanical contact to the YSZ.
Decomposition of the electrocatalyst precursor was
achieved by heating the tube assembly to 800°C in air for

*Electrochemical Society Active Member.

1h followed immediately by heating the cell assembly to
1250°C for 1h to form the LaggSr, 1;MnO; electrodes. Sama-
ria (Smy0;) was introduced as a thin layer suspension in
DMF onto the inside wall anode surface of the fuel cell. Es-
timated Sm,0; loading was 20 mg/ecm?. The assumption
was made that upon heating the cell to =900°C, some lim-
ited sintering or solid-state diffusion by Smy0O; into
Liag geSr10MnO; may occur at their interface. However, we
suspect that diffusion by Sm,0; into perovskite sites
would be localized and not result in significant changes to
the bulk properties of either these two materials.

Anode fuel gas typically comprised 10% CH, in argon. At
760°C the cell possessed an open-circuit potential (OCP) of
1.25V. The cathode oxygen source was air. Analysis of
anode reaction products was performed using a GOWMAC
Model 69-750 FID gas chromatograph using a 6 ft x 1/8 in.
stainless steel column packed with 80/100 mesh Car-
bosphere (Alltech Associates, Incorporated). No C, species
were evident from either the methane or argon sources
used in this work.

Initial measurements were performed under OCP condi-
tions with O, being intentionally introduced into CH4/Ar
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Fig. 1. Oxygen concentration (%) vs. total C; species (C;H, + CoH,
+ CyHg) wunder OCP conditions for the cell CH,,
Pt/szogl LOoqul‘o_li\Og/YSZ/ LOo}ggSl’o_mMﬂngPt, 02 (Oil'). Initial
OCP 1.23V. Anode gas comp. 10% CH,, O,, Ar (balance). Flow rate 50
ml/min. Temperature 760°C.
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