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Abstract-The electrochemical behaviour of graphite and platinum electrodes has been studied in molten 
alkaline nitrates using cyclic voltammetry. The voltammograms obtained with graphite exhibit two cur- 
rent peaks not observed on platinum under similar conditions. An electrochemical reaction involving 0; 
ion and NO has been shown to proceed via an oxide on the graphite electrode surface which can be elec- 
trochemically reduced. It was assumed the formation of the NO3 intermediate is mainly responsible of 
the corrosion of the graphite in this melt. The thermal and electrochemical properties of graphite in the 
molten alkaline nitrate have been correlated. 

INTRODUCTION 

In a previois study of the sodium nitrate-potassium 
nitrate melt at temperatures from 230 to 470°C 
marked changes in the electrode surface and electrode 
reaction of graphite anodes were observed[l, 21. They 
became more marked at higher temperatures. suggest- 
ing the formation of an intermediate oxidised graphite 
surface. A similar explanation has been given of the 
anodic processes of graphite in molten potassium 
bisulphate[3]. 

Considering the technical importance of graphite as 
an electrode material it is interesting to study its 
chemical and electrochemical behaviour under both 
stationary and non-stationary conditions. The present 
research attempts to explain the surface reactions 
occurring on graphite in molten alkaline nitrates by 
using the linear potential sweep technique and to com- 
pare the behaviour of graphite with that of platinum 
electrodes in the same melt. 

EXPERIMENTAL 

The electrolysis cell consisted of a gas-tight Pyrex 
glass cylindrical container with a flanged cover sup- 
porting the different electrodes. Spectroscopic graphite 
rods (AGI(SP) of either 3 or 6 mm dia were used as 
working electrodes. The apparent electrode areas were 
from 0.15 to 4 cm2, the area boundary being sometimes 
delimited by painting the rest of the electode surface 
with boron nitride. The counterelectrode was a plati- 
num spiral placed into a separate fritted disc compart- 
ment. The reference electrode was a Ag/Ag+ (AgNO, 
0.07 M) electrode connected through the usual Lug- 
gin-Haber capillary arrangement. The pseudo-ohmic 
drop was always lower than 1 mV. 
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The electrolyte (1: 1 NaNOs-KNO,) was prepared 
from A.R. chemicals vacuum dehydrated at 220°C and 
kept under pure nitrogen. A.R. quality gases were 
employed in the experiments (N,, 02, COz, NO, and 
NO). Both NOz or NO were collected at the cell out- 
let. 

Experiments were carried out in the temperature 
range 24&350 k 1°C. The linear potential sweep tech- 
nique is described elsewhere[4]. 

RESULTS AND INTERPRETATION 

1. Current-potential ctqves 
Semilogarithmic plots of stationary potentiostatic 

anodic E-Z curves with graphite anodes fit, at poten- 
tials <On6 V, reasonable straight lines with slopes 
slightly higher than 2+3(RT/F). At @6 V a limiting cur- 
rent is observed, related to the oxidation of the nitrite 
ion which is present in the melt, and proportional to 
its concentration. At potentials 1=-o-6 V, another 
straight line is exhibited, with a slope %2+3(2RT/F). 
This is the potential region where the NO; ion dis- 
charge takes place. 

2. Voltammograms with graphite electrodes 
Prdintirtrrry wsdts. When a graphite electrode pre- 

viously baked in air at 360 ‘C is dipped into a dehy- 
drated nitrate melt, a rest potential of 015-0.20 V is 
attained. A voltammogram obtained by sweeping the 
potential from -@3 to 0.6 V, at 50 mV/s, shows during 
the first sweep an anodic current peak at 0575 V and 
during the returning half-cycle a cathodic current peak 
at 0.475 V. During repetitive potential sweeps an 
appreciable increase of the voltammogram area is 
noticed and a new anodic wave located at ca 0*32- 
0.35 V occurs. 
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Fig. 1. Voltammogram obtained with the graphite/&olten 
nitrate system at 10 mV/s and 244°C. The numbers 

correspond to the successive potential sweeps. 

After 2 days in the melt the graphite electrode 
attained a rest potential of O-07 V. Under this condi- 
tion, the voltammograms obtained either at 5, 10 or 
50 mV/s, from -0.3 to 0.8 V, exhibit an anodic current 
peak between 0.30 and O-35 V and a cathodic current 
peak at 0,225 V. These current peaks are better defined 
at lower potential sweep rates, as shown in Fig. 1. 
There is an anodic current plateau between -0.3 and 
02 V which, as further referred, is related to the elec- 
trochemical oxidation of OH- ions. The voltammo- 
grams run with graphite efectrodes previously aged in 
the melt present an area much larger than the area of 
the votammograms obtained with fresh graphite elec- 
trodes. When graphite electrodes were not previously 
baked in air, the effect was not found. The increase of 
area starting only when the electrolysis proceeds at 
anodic potentials larger than that corresponding to the 
NO; ion discharge. 

3. Anodic oxidation of&rite 
To identify the anodic current peak related to the 

NO; ion oxidation, KN02 (up to 15 x lo-* M) was 
added to the melt. The latter always contained some 
nitrite, probably in part formed by decomposition of 
nitrate during the dehydration treatment and in part 
present as an initial impurity. Single sweep voltammo- 
grams show an increase of the anodic current peak at 
ca O-575 V and a simultaneous shift of the peak poten- 
tial towards more positive values with the increase of 
NO; ion concentration. This potential shift can be due 
either to a non-compensated ohmic drop, which is 
rather unlikely because of the currents involved and 
the large electrical conductance of the system, or to the 
fact that the electrochemical oxidation of NO; ion 
becomes more irreversible as its concentration -is in- 
creased, as was discussed elsewhere[5]. The peak cur- 
rent related to the anodic oxidation of NO; ion occurs 
in a similar way on platinum electrodes. 

4. Comparison of the system graphite/molten nitrate to 
the system platinum/molten nitrate 

For reference purposes voltammograms were 
recorded with the system platinum/nitrate melt from 0 
to 0.8 V at 244”C, where only the NOT/NO, couple is 
observed (Fig. 2). Further, similar to what was 
reported by ZamboninC6I. the following observations 
weremadeonvoltammogramsrunfrom -2.1 to -03 V, 
(Fig. 3): (i) One cathodic current peak which is 
related to the electrochemical reduction of NO;-NO; 
and the simultaneous formation and precipitation of 
an alkali metal oxide on the electrode. The maximum 
current shifts towards more cathodic potentials when 
the potential sweep rate increases from 50 to 300 mV/s; 
(ii) An anodic current peak at - 1.0 V, assigned to the 
electrochemical dissolution of the oxide, which also 
shifts with the potential sweep rate; (iii) An anodic cur- 
rent peak which corresponds to the discharge of the 
0; ion. As seen in Fig. 3, the voltammogram shape 
obtained for the first potential sweep differs from the 
following ones, but a stationary shape is reached after 
the third cycle. Furthermore, no appreciable change of 
the voltammogram area is noticed in subsequent 
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Fig. 2. Vohammograms obtained with the platinum/molten 
nitrate system at (a) SO;(b) 100; (c) 200 and (d) 300 mV/s and 

244°C 
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Fig. 3. Voltammograms obtained with the platinum/molt~n 
nitrate system starting from cathodic potentials at 300 mV/s 

and 245°C. 

The anodic current peak related to 0, ion reduc- 
tion is evidenced only when the melt is electrolysed at 
cathodic potentials (- 1.5; - 1.2 V). This current peak 
appears equally well during the first potential sweep 
either with platinum or with graphite, and its location 
(ca -0.6 V) seems to be independent of the potential 
sweep rate. However, on graphite electrodes in the 
same potential region a cathodic current peak is 
observed, probably related to the reduction of 0, to 
0;. 

The anodic current peak for OH ion oxidation is 
recorded after a previous cathodisation of the melt 
(Fig. 4). The pre-cathodisation is made at - 1.0 V, its 
duration affecting the height of the OH- ion oxidation 
peak, as shown in Fig. 4 for the graphitemolten 
nitrate system at 350°C. According to Zambonin[6]. the 
occurrence of this peak is due to the Oi- ion and to 
the presence of traces of water which react yielding 0; 
and OH- ions. Both reaction products are picked up 
in the voltammogram. The detection of the OH- ion 
current peak was made by adding known quantities of 
NaOH to the melt. The peak height increases as the 
NnOH concentration dots; the peak on graphite is less 
defined than that on platinum. FuCthermore, the peak 
potentia1 shifts both with increasini the OH- ion con- 
centration and with increasing the potential sweep rate 
towards more anodic potentials. Apparently linear 
potential-log (potential sweep rate) and linear peak 
height-square root ofpotential sweep rate relationships 
are obeyed for the anodic OH- ion current peak, as 
described further on. Consequently, current peaks for- 
merly identified on platinum are also found on graph- 
ite together with two new peaks, one comprising an 
anodic current at a potential (0*>@4V) preceding the 
anodic NO; ion discharge and another involving a 
cathodic current within the potential region 0.2-03 V. 

I I I I I 
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Fig. 4. Influence of the pre-electrolysis time at - 1 V, on the 
OH- ion oxidation current peak for graphite/nitrate melt. 

(a) 0.5 m; (b) 1 m; (c) 3 m; 50 mV/s; 349°C. 

5. Ident$cation of‘new current peaks on graphite 
(i) Eflct of’anodisution. The two new current peaks 

are not observed during the first potential sweep when 
new electodes and electrolyte are used if the potential 
amplitude is restricted to 0.7 V and the region where 
the electrochemical oxidation of NO; ion takes place 
is avoided. The peaks, however, appear definitely dur- 
ing the subsequent potential sweeps, andincrease mark- 
edly from one sweep to the following one (Fig. 5). 
When potential sweeps from 0 to 0.4 V are made, this 
effect is not observed. Both current peaks are reduced 
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Fig. 5. Effect of the repetitive potential sweeping on the 
voltammograms of the graphite/molten nitrate system; 

50 mV/s; 345°C. 
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Fig. 6. Voltammograms recorded for the graphite/nitrate 
melt after a 1 min preanodisation at 1 V; 50 mV/s; 245°C. 

when Nz is bubbled but they increase markedly after 
anodisation at 1.0 V for 1 min (Fig. 6). This effect indi- 
cates these peaks relate to substances yielded by the 
anodic reaction of either NO; or NO; ions or both. 

(ii) E@xt of nitrogen dioxide. When NOz is bubbled 
through the electrolyte to the point of saturation, the 
graphite rest potential is 0,610 V at 243°C. (Saturation 
of the melt with NO2 requires #24 h.) If the NO, is 
removed, the rest potential decreases to -0.19 V. 
Sweeping the potential from 0 to 0.4 V, to avoid the in- 
terference of NO2 produced in the discharge of the 
NO; ion, the two new current peaks increase mark-* 
edly in the presence d NO2 (Figs. 7a and 7b). Further- 
more, when NO, is removed by bubbling N2, an in- 
crease of the voltammogram area is observed (Fig. 8). 
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Fig. 7. Influence of the NO2 saturation. Graphite/nitrate 
melt. (a) blank: (b) with NOz; 50 mV/s: 245°C. 
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Fig. 8. Change of the electrode area of the graphite due to 
NO*. (a) blank; (b) after NO, bubbling and elimination by 

nitrogen ; 50 mV/s ; 245 “C. 

On platinum electrodes the saturation of the melt with 
NO, produces an increase of the current peaks related 
to the NO;/N02 couple. 

(iii) Efict of cathodisution on graphite and platinum. 
When a graphite electrode is cathodised during 1 min 
at - 1.0 V and afterwards a voltammogram is run from 
0 to 0*4V, both new current peaks increase as com- 
pared to the blank (Fig. 9). The increase, however, is 
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Fig. 9. Influence of the pre-electrolysis time at -1 V. 
Graphite/nitrate melt; (a) blank; (b) 1 m; 50 mV/s; 245°C. 
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Fig. 10. Influence of the pre-electrolysis time at ~ I V; 
platinum/nitrate melt: 100 mV/s: 244°C. 

not as large as that observed after a previous anodisa- 
tion. 

If the same experiments are repeated with a plati- 
num electrode, only during the first potential sweep is 
the anodic current peak observed (Fig. IO). However, 
by running the voltammogram from - 1.0 to 0.5 V, the 
same current peak appears at any potential sweep. 

(iv) Effect qfnirric oxide. The NO does not react with 
graphite which under NO saturation exhibits a rest 
potential equal to 0,342 V at 244°C. When formation 
of NO, occurs the potential becomes more positive up 
to O-6 10 V. A voltammogram obtained under NO satu- 
ration shows the height increase of the two peaks 
already mentioned and the peak potentials become 
more anodic (U 0*1 V). According to this. if the equilib- 
rium[7], 

NO + NO; = NO, + NO; (1) 
is taken into account, the question is whether NO, or 
NO react at the electrode. Saturation with nitric oxide 
has no appreciable effect on the voltammogram on the 
platinum/molten nitrate system. There is only an in- 
crease of the NO; ion current peak, due to equilib- 
rium (I ). But after the system has been cathodised at 
- I*2 V, the anodic current peak appears as already 
mentioned in (iii) and it is observed only during the 
first potential sweep. 

(v) Effect of sodium peroxide. When NazOz is added 
to the melt it becomes turbid and gas (0,) is evolved 
and the graphite rest potential becomes more negative 
and stabilised at -0.7 V at 242°C. Voltammograms 
swept between 0 and 0.7 V, reproduce the blanks but 
those run between - 1.0 and 0.7 V exhibit two well-de- 
fined oxidation current peaks, one at -0.6 V, corre- 
sponding to the oxidation of 0; ion to 02. and another 
at 0 V corresponding to the oxidation of OH- ion. 
There is also one cathodic current peak at -0.7 V 
which involves a reaction complementary to that of the 
former anodic current peak. Both anodic current peaks 
are clearly established during the first potential sweep 

and dccruw after successi& cycling. The OH- ion 
oxidation peak is the one which decreases more mark- 
edly. 

(vi) Effect of sodium peroxide and nitric oxide. The 
effects described in (v) indicate that the 0; ion and 
NO (or NO,) may have a simultaneous effect on the 
electrochemical process (Fig. 11). The 0; ion may, in 
principle, be generated through 02- ion formation 
during the chemical oxidation of graphite by NOz, 
according to : 

2C + 2NO; + NOz. = 3N0 + 2C02 + O’- (2) 

or 

4C + 2NO; + NOI = 3N0 + 4C0 + O2 -. (3) 

These reactions are energetically favoured as deduced 
from the free energy change at 5OO”K, of the following 
reactions: 

2C(gr) + 2NaNO,(l) + NO,(g) 
= 3NO(g) + Na,O(s) + 2CO,(g), (4) 

AGO = -89.657 kcal/mole 
and 

4C(gr) f 2NaNO,(l) + NO,(g) 
= 3NO(g) + Na?O(s) + 4CO(g), (5) 

AC” = -44-628 kcal/mole. 

Therefore, should O:- ion be supplied to the melt by 
adding Na202, the corresponding oxidation current 
peak would be observed on platinum during any cycle 
by sweeping within the anodic potential region. 

The addition of Na20, to the platinum/nitrate sys- 
tem produces a shift of the rest potential towards more 
negative values. A similar effect should occur with the 
potential of the NOJNOI couple. If the melt is satu- 
rated with NO the rest potential increases up to 
-0.04 V at 244*C anel that of the NO;?JO, couple 
returns to its former value. 

The anodic current peak on platinum is exhibited by 
any voltammogram at any cycling. The peak height 
decreases by N2 bubbling. Parallel results can be 
obtained with the graphite/nitrate melt. as shown in 
Fig. 12. Apparently there is no interference from the 
chemical reaction between graphite and NO. 

Returning now to the graphite/nitrate melt, one 
must conclude that the existence of the anodic current 
peak is probably originated by 0; ions which are chem- 
ically as well as electrochemically produced. On 
platinum, this peak occurs during the first sweep after 
;I previous cathodisation, since on this metal there is 
no possibility of regenerating the 0, ions if the poten- 
tial sweep covers only the anodic potential region. This 
is confirmed by the fact that additions of 0; ions and 
NO induce the occurrence of the anodic current peak 
at any cycle. 

(vii) Increase of voltammogram area. The increase of 
voltammogram area with potential cycling of the gra- 
phite implies an increase of the electrode area pro- 
duced by the surface attack during the electrochemical 
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Fig. 11. Effect of Na,O + NO addition on the voltammograms run with the platinum nitrate melt at 
245°C; 50 mV/s. (a) NO,/NO; couple;(b) after the addition of Na,O, (containing traces of OH ion); (c) 
after the addition of Na,O, and NO bubbling. The voltammogram is unchanged after the fourth potential 

sweep. 
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Fig. 12. Effect ofNa,O, + NO addition on the voltammo- 
grams run with the graphite/nitrate melt: 50 mV/s; 245°C. 

(a) blank; (b) after the addition of Na,Oz + NO. 

reaction when the anodic potential sweep exceeds the 
potential of the NO;/NO, couple or when NO? 
is bubbled through the melt. One must conclude, 
therefore, that NO1 is the entity mainly responsible for 
the corrosion of graphite. 

(viii) Efict of sodium peroxide and nitrogen dioxide. 
To determine if either NO or NO, produces the new 
anodic oxidation current peak, experiments described 
under section (vi) were repeated but in the presence of 
NO, instead of NO. In this case the NO; ion con- 
centration was minimized by NO, bubbling and, sub- 
sequently NO and NO2 were eliminated by bubbling 
N2 through the melt. Then Na,02 was added and the 
melt saturated with NO,. Under these conditions the 
anodic current peak of the 0; ion was no longer 
observed and the anodic current peak related to the 
OH- ion decreased as NO2 was bubbled. A similar 
effect was provoked by the presence of NO, probably 
<because NO, was produced as an intermediate. It is 
reasonable, therefore, to conclude that the new anodic 
current peak is due to an electrochemical interaction 
of NO and 0; ion. 

(ix) Other additions to the system It has also been 
proved that additions of COZ. CO, 0, or Na2C0, 
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Fig. 13. Voltammograms run with the platinum/nitrate melt; 300 mV/s; 292°C. 

cause no difference in the voltammogram display for 
the graphite/nitrate melt. 

6. Temperature effects 
(i) The platinum/molten nitrate system. Voltammo- 

grams obtained with this system from -05 to 07 V 
exhibit only the current peaks of the NOJNO, couple 
because of the nitrite present as a trace. At any con- 
stant potential, larger currents are observed as the tem- 
perature is raised and, as seen in Fig. 13, a new current 
peak at 0~35-0~40 V is observed. The potential differ- 
ence between this current peak and that of NO; ion 
oxidation is the same as that noted between the oxi- 

dation current peak just described and the NO; ion 
current peak. Hence, the temperature increase is equiv- 
alent to the addition of basic ions to the melt. 

(ii) The graphite/molten nitrate system. With increas- 
ing temperature marked changes occur (Fig. 14). First 
a net gas evolution is observed without any external 
current flow. The rest potential, which becomes more 
negative when the temperature is increased, does not 
return to its original value if the temperature de- 
creased. The anodic current peak corresponding to 
OH- ion oxidation is split, one peak located at -0.2 V 
and the other at 0 V (Fig. 14). The former increases 
more markedly as temperature is increased This effect, 

Fig. 14. 
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Voltammograms run with the graphite/nitrate melt at 50 mV/s; 292°C. 
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which has also been observed on platinum (Fig. 13) in- 
dicates that its occurrence is independent of the elec- 
trode material. With graphite electrodes, no change in 
the anodic peaks is observed but the cathodic current 
during the returning potential sweep is greatly low- 
ered. Probably the current peaks exist but they are 
masked by the proper electrochemical reactions of 
nitrate ions, whose overvoltages decrease appreciably 
as temperautre is increased. If the graphite electrode is 
left immersed in the melt at 350°C for a long time, a 
net increase of the OH- ion oxidation peak is 
observed (Fig. 15). 

In general. for both systems as the equilibrium 
superoxide z+ peroxide = oxide, shifts towards the 
right as temperature increases[6], the current peak 
related to the 0; + NO clcctrodc reaction is no 
longer clearly observed at 345°C. 

7. Drpendences oJ’ the various current peaks on the 
potential sweep rutr 

(i) The graphite/molten nitrate system. The heights of 
the new oxidation and reduction current peaks in- 
crease linearly with v ‘I2 (Fig. 16) and u respectively 
(Fig. 17). The oxidation current peak was corrected for 
the contribution of the OH- ion oxidation current. 
The plot of Fig. 17 involves the total peak current 
without any further correction. 

The uncorrected peak height related to the NO; ion 
oxidation also depends linearly on u1j2 (Fig. 18). Simi- 

0+ I I I I I J 
_ - I’” -0-a -06 -04 -02 0 0.2 

Potential. V 

Fig. 15. Effcctofimmersion time ofgraphite elcctr-odeson the 
voltammograms; 50 mV/s: 351’C. (a) blank; (b) after 

overnight immersion. 

L 

Fig. 16. Plot of the anodic current peal at 0.3 V US the square 
root of the potential sweep rate. Graohiteinitrate melt: 

245°C. . 
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Fig. 17. Plot of the cathodic current peak at 0.225 V us the 
potentital sweep rate. Graphite/nitrate melt; 245°C. 

larly the pcuk current related to NO1 reduction fits the 
same dependence on v as the NO; ion oxidation. Data 
shown in Fig. 19 were corrected to refer the peak 
height to the true baseline (I = 0). The apparent 
height of the cathodic current peak is lower than that 
of the anodic one. 

The new oxidation peak potential becomes more 
anodic as v increases, the shift being linear with log II, 
as indicated in Fig. 20. The most likely slope is 
0.103 V/decade, ie =2.3RT/F. The potential of the 
NO; ion oxidation current peak is nearly independent 
of v at low NO; ion concentration, but shifts towards 
more anodic values at the highest concentrations 
employed. A similar situation obtains for the NO, 
reduction current peak. Here. at L’ > 50 mV/s, the cur- 
rent peak is no longer distinguishable. The current 
peak related to the OH- ion discharge increases 
linearly with Y’/’ and the corresponding potential 
depends linearly on log v (Fig. 21). 
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Fig. 18. Plot of the anodic nitrite current peak 1’s the square 
root of the potential sweep rate, at different nitrite ion 
concentration. Graphite/nitrate melt; 245°C. (1) initial con- 
centration in the melt; (2) 5 x lo-’ M; (3) 1.5 x 10-l M. 
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Fig. 19. Plot of the cathodic NO, current peak US the square 
root ofthe potential sweep rate. Graphite/nitrate melt; 245°C. 

(ii) The platinum/nwlten nitrate system. In this case 
the height of the new oxidation current peak increases 
linearly with v ‘I2 (Fig. 22) and its corresponding poten- 
tial depends linearly on log u (Fig. 23). Both the anodic 
and cathodic peak heights of the NO;/NO? couple 
change linearly with v”~, Finally, the height of the 
OH- ion oxidation peak on platinum (Fig. 24) and its 

Fig. 20. Plot of the potential corresponding to anodic peak 
located at ca 0.3 V US log v. Graphite/molten nitrate; 245°C. 

The slope of the plotted line is 2.3 (R T/F). 
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Fig. 21. Plot of the potential corresponding to the OH- ion 
oxidation vs log 1’. Graphite/nitrate melt; 245°C. 
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Fig.22. Plotoftheanodiccurrentpeak locatedat ccrO&O9 V 
c’s the square root of the potentital sweep rate. Platinum/ 

nitrate melt: 245°C. 
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Fig. 23. Plot of the potential corresponding to the anodic 
peak located at 04-05 V us log u. Platinum/molten 

nitrate; 244°C. 

corresponding potential fits the type of relationship 
just reported for the graphite electrodes. 

DISCUSSION 

1. Preliminary considerations 
The thermodynamics of the nitrate/graphite system 

indicates there are some processes related to the spon- 
taneous corrosion of graphite at melt temperature 
(Table 1). The more likely final product, as far as gra- 
phite is concerned, is carbon dioxide. The electroche- 
mical behaviour of graphite and platinum electrodes 
show several coincident features. Thus, the known cur- 

” IO 20 

V 112 

Fig. 24. Plot of the aaodic current peak corresponding to the 
OH- ion vs the square root of the potential sweep rate. 

Platinum/nitrate melt; 245°C. 

rent peaks related to the NO;/N02, O:-/O;/O, and 
OH-/02, Hz0 couples are observed at both elec- 
trodes and are in good agreement with the results of 
Zambonin and Jordan@]. On the other hand, the pres- 
ence of a new anodic and a new cathodic current peak 

Table I. Standard free energy for different reactions at various temperatures 

Reaction 
T AG$ 

“K kcal/mole 

C (graphite) + 2NaN0, (1) = Na,Ob) + NO,(g) + NO(g) + CO,k) 

3C (graphite) + 4NaN0, (I) = 2Na,O(s) + 3CO,(g) + 4NO(g) 

C(graphite) + NaNO, (I) = 

C (graphite) + 2NaN0, (1) = 

C(graphite) + NaN03 (1) = 

NaNO,(l) + CO(g) 

2NaNOJl) -I- CO,(g) 

CO&g) + NO(g) + Na(1) 

C(graphite) + NaNOJ (I) = CO(g) + NO&) + Na(l) 

C(graphite) + KNO, (I) = 

C(graphite) + KNO, (1) = 

CWid -I- NW + K(1) 

Co(g) + NO,(g) + K(1) 

500 
600 
700 
500 

;: 

;: 
500 
600 
500 
600 
700 
500 
600 
700 
500 
700 
500 
700 

(- 1.367)* 
~ 10.422 
- 19,477 
(-87*625)* 
- 109.405 
-131.185 

(- 12.612)* 
-35.467 

(-45.239)* 
-86.655 
(- 3.926)* 
-11.122 
-18,318 
(48.520)* 
41.019 
33.518 

(13.286)* 
- 11.344 

(65743)* 
w502 

* Extrapolated values. 
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and the increase of the voltammogram area and the 
rest potentials, are characteristics of the graphite eleec- 
trodes[ 11. 

2. The anion composition qf the melt 
The acid-base theory by Lux and Flood[991 I], can 

be expressed as: 

O* - + acid = conjugate base, (6) 

and was applied with success to molten silicates, car- 
bonates and phosphates. In nitrates, the following 
equilibria may be expected: 

NO; = NO; + 02- (7) 

and 

2NO; = 2N02 + +O, + 02-, (8) 

according to which the strong oxidising power of 
molten nitrates should be related to NO; or 
NO,[7,12]. A reaction such as (7) suggests the exis 
tence of a reversible NO,/NOl electrode reac- 
tion[12,13] 

NO;+e=NOz (9) 

as well as that of the reversibk oxygen electrode in 
molten nitrates, ie[ 141 

40, + 2e = 02-. (10) 

However, the pertinent equilibrium appears to involve 
a single electron transfer[15,16], 

NO; = NOz + +O, + e 01) 

which corresponds to the reversible nitrate electrode in 
the molten nitrate. Now, with presence of either water 
of OH ion the following reaction is postulated[17] : 

40H- = O2 + 2H20 + 4e. 62) 

Reactions (10) and (12) are related to the equilibrium: 

O*- + H,O = 20H-. (13) 

The values reported for the equilibrium constant of 
reaction (13) cover the range from nearly infinity[17] 
down to approximately zero[ IS]. 

More recently the oxidation of 02- ion has been in- 
terpreted with the following reaction: 

202- = o:- + 2e, (14) 

and Zambonin and Jordan[S, 19,221 propose the exis 
tence of the following related equilibria: 

NO; + 02- = NO; + Oz- (15) 
2NO; + 0, = 2NO; + 20; (16) 

20; = o:- + 02 (17) 

and 
30;- = 20; -t 202-, (18) 

and the predominant oxygen electrode reaction in 
nitrate melt is 

0; = 02 + r. (19) 

The existence of the three oxygen ions would explain 
the voltammetric and chronopotentiometric behaviour 
of molten nitrates, either in solutions containing acids 
(SO:-, HSO;, NO*) or in solutions containing bases 
(NO;, NO, CO;-, 02-, OH-, O,), without the pres- 
ence of the NO: ion[7]. The addition of a strong acid 
to the molten nitrate produces an effect similar to 
NOz, which can be reduced in a single electron transfer 
reaction, but cannot be electrochemically oxidised[7]. 
The presence of nitrite initially in the nitrate melt has 
been evidenced[23] and it should be a consequence of 
equilibria (15~(18) involving the different oxygen ions. 

On the other hand; Shams El Din and El 
Hosary[24,25] showed that 0;. OH’” or electrogener- 
ated 02- ions react with the nitrate melt yielding pyr- 
onitrate. 

3. The anodic oxidation of nitrate ion 
It is clear that the electrochemical oxidation of NO; 

ion, on graphite as well as on platinum, occurs at an 
appreciable rate at the highest potentials and is at least 
preceded by four other reactions. In both cases no ano- 
die current peak has been observed for the NO; ion 
oxidation, but the current increases exponentially with 
potential. 

Kinetic data available from previous work allow the 
calculation of the stationary current-potential curves 
for the anodic discharge of NO; ion. On plat- 
inum[26, 271 as well as on graphite electrodes, their 
Tafel slope is equal to 2RT/F at 250°C characterising 
thus an activated electrochemical process. The final 
products for the former are NO, and O2 while for the 
latter they are carbon oxides and nitrogen oxides[1,2]. 

The kinetics of this reaction on platinum changes 
with temperature as seen by values of the Tafel slope 
which goes from 2RTJF at 250°C to RTJF at 
35O”C[1,27]. At lower temperatures the main anodic 
reaction on graphite is: 

C + 2NO; = 2N0, + CO* + 2e (20) 

and the postulated mechanism for this reaction is: 

C + NO; = (NOS)C + e (204 

(NO& = (0)C + NO, (20’4 

(0)C + NO,= NO2 + CO, + e (20~) 

where (20~) is the rate-determining step under condi- 
tions of a high degree of surface oxidation. The rate 
equation in terms of current density, i, is: 

i = zFk, aNo; exp(u qFJRT), (21) 

where k, is the specific rate constant of step (20c); aNor 
is the nitrate ion activity at the interface, a is the 
transfer coefficient of the anodic reaction (c( = 0.5) and 
the rest of symbols have their usual meaning. 

At higher temperatures the situation is somewhat 
different. The primary step is still the NO; ion dis 
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charge, but the reaction mechanism changes according 
to: 

NO,; + C = (NOJ)C + e (22a) 

(N03)C = NO + COz (22b) 
or 

NO; + C =NOz + (0)C-t e (23a) 
NOs + (0)C = NO + COZ. (23b) 

Reaction schemes (22) and (23) involve charge transfer 
and thermal steps. Both mechanisms present alterna- 
tive rate determining steps. It is unlikely that the ener- 
getics of the reaction rate would be mainly related to 
the thermal steps, as deduced from thermodynamic 
data given in Table 2. Furthermore, if they were signifi- 
cant rate limiting reactions no simple explanation 
could be advanced for the high anodic Tafel slope 
above mentioned. Therefore, only reactions (22a) or 
(23a) should be considered as rate determining and the 
anodic current density becomes: 

i = zFk, aNO; e exp(a q+FJRT), (24) 

where ac is the activity of the electrode surface. Taking 
again CI = 0.5, the anodic Tafel slope is 2RT/F as 
found in the stationary runs. From the kinetic view- 
point, at present both reactions (22a) and (23a) appear 
as indistinguishable steps. 

At low temperature, on platinum, the total anodic 
reaction is: 

2NO; = 2N02 + O2 + 2e (25) 

and the mechanism of the reaction is[lS, 271: 

NO; + Pt = (NO,)Pt + e (26a) 
(NO,)Pt = (0)Pt + NO, (26b) 

l=V(O) + Pt(0) = 01 + 2Pt (26~) 
Pt(O) + NO; = NO, + 0, ‘+ Pt + e (26d) 

where reaction (26a) is the rate determining step. The 
corresponding rate equation becomes: 

i = zFk,, uNOz tr, exp(qF/ZRT). (27) 
Another interpretation of the reaction was advanced by 
Gupta and Sundheim[ZS] as follows: 

NO; = NO; + 02- (28a) 
02-=0+2e (28b) 

o+o=o~ (28~) 
NOf + NO; = (N,O,) = 2N02 + +02 (28d) 

where the O2 - ion would be solvated as the orthoni- 
trate ion : 

NO; i- 02- = NO:-. (29) 

At high temperatures the Tafel slope approaches the 
ratio RT/F. The reaction was tentatively interpreted 
assuming the initial discharge of O*- ion. The corre- 
sponding rate equation is: 

i = rFk’ exp(vFJRTX (30) 

where k’ is a complex rate constant. The previous 
mechanisms should be modified now on the basis that 
species such as 0; and O:- ions predominate over 
0’ - ion in the nitrate melt and it may probably com- 
prise the NO; ion discharge through the equilibria in- 
volving the various oxygen anions, and obeying a 
Temkin-type adsorption isotherm. 

4. The oxidation of the nitrite ion 
Nitrite ions exist in the nitrate melt and participate 

in various ionic equilibria[5,29-311. Either with gra- 
phite or platinum electrodes its discharge occurs at a 
potential lower than that of the nitrate ion oxidation. 
As suggested by Lyalikov[32], the nitrite electrode 
diluted in alkaline nitrate melt, under certain condi- 
tions behaves as a reversible system. 

On platinum, when the nitrite concentration in- 
creases[5], the activated process becomes more slug- 
gish and under steady state conditions the E-Z curve 
yields a Tafel line with a slope of R T/F within the tem- 
perature range 20@4OO”C[33,34]. The following 
mechanism was put forward to explain these results: 

NO; + Pt = (NO,)Pt + e 
(NO )Pt = NO, + Pt 

@la) 
(3lb) 

2(NO,)Pt = N204 + 2Pt 

(NzO‘, = 2N0,) 
(3lc) 
(3ld) 

NO; + NOI = NO + NO; (31e) 
(NO + NO? = N,O& (310 

where step (31b) is rate determining, under a low 
degree of surface coverage by the (NO,) intermediate. 
The rate equation derived from this reaction scheme is: 

i = zFk, K, aNo; exp(qF/R T) (32) 

where K, = (k&.). 
The nitrite ion oxidation on graphite in the tempera- 

ture range 24%340°C yields N02. The process is char- 
acter&d by a Tafel slope equal to 2R T/3F which was 
interpreted with the following reaction scheme: 

NO; + C = (NO,)C + e (33s) 
NO, + (NO,)C= (N,Od) + C + e (33b) 

(N204 = ZNO,) (33c) 
NO; + NO2 = NO + NO, (33d) 
(NO + NOz = N,O,) (33e) 

reaction (33b) being the rate determining step. The rate 
equation is: 

i = 2 Fk, 11~ uNO 1 exp(3qFi2R T). (34) 

As the concentration of nitrite in the nitrate melt is 
small its oxidation might be expected to be diffusion 
controlled and indeed the observed current peak is 
expressed by the usual relationship: 

i = zF c,,; W&O; aP2 x(4 (35) 

II = rFo/RT: DNOi is the diffusion coefficient of nitrate 
ion and x(at) is a function of the potential which is 
tabulated[35]. The observed peak height was cor- 
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Table 2. Standard free energy change of different reactions involving NO2 

Reaction 
T AG”T 

“K kcal/mole 

CO(g) + NO,(g) = NOk) + ‘W(g) 500 - 52.451 

E 
-52,141 
-51.836 

2NOJg) + C(graphite) = CO,(g) + 2NO(g) 
2: 

- 84.899 
- 88561 

700 -92.231 
NO,(g) + Qgraphite) = NO(g) + CO(gas) 500 - 32442 

600 - 36.444 
700 -40.395 

rected for the residual current on both sides of the peak 
potential. 

5. The cathodic reduction of nitrate ion 
The electrolysis at 250°C of the scrupulously dried 

melt at high cathodic potentials lead to 0; and NO; 
ions but if the melt contains water, then OH- and 
NO; ions are the reaction products. All these species 
were properly identified in the voltammograms. 

Various authors advanced mechanistic interpre- 
tations for the electrochemical reduction of nitrate in 
melt. Hills and Johnston[36] recorded cathodic polar- 
ograms using NaN03-KNOJ melt on platinum mio 
roelectrodes at 280 and 400°C. A sharp reduction peak 
was observed as ca - 1.5 V, with respect to a platinum 
electrode of large area, followed by an abrupt current 
increase at ca -3OV. This fact is in agreement with 
the discharge of alkaline metals in molten alkaline 
nitrates earlier reportedC37.381, and with the reactions 

NO; +2e=NO;+02- (36) 
or 

NO; + e = NO, + 02-. (37) 

The process is irreversible and this agrees with the in- 
terpretation of Bartlett and Johnston[39]. Swofford 
and Laitinen[40] investigated the matter further and 
concluded that NO; ion reduction on platinum and 
other microelectrodes is limited by the Na,O precipi- 
tation on the electrode surface. 

Although it should be noted that the 02- ion is nor- 
mally not present in the melt[ 19,20,41], the reduction 
of NO; ion will, therefore, produce species such as 
O:-, 0; and NO;. The O:- ion concentration dec- 
reasing with time, while the 0; and NO; ion con- 
centrations increase. The reaction 

O;- + 2NOZ = 2NO; (38) 
produces a “hidden limiting current” which make diffi- 
cult the straightforward determination of NO; ion 
reduction limiting current. This can be understood in 
terms of the electrochemical reaction involving 0; 
and NO, and also the equilibrium: 

O:- + 2NO; = 20; + 2NO; (39) 

for which the equilibrium constant at 229”C, is 
6.7 x lo-“. 

The mechanism postulated by Zambonin for the 
NO; ion reduction can be summarised as follows[6]: 

NO, + 2e = NOi- (40a) 
NO;-= NO; + 02-(sol) (40b) 

02- + 2Na+ = Na,O(insol) Wc) 

The accumulation of Na,O at the interface inhibits a 
further reduction of the NO; ion. The equilibrium of 
the different oxygen ions has been omitted in the reaG 
tion mechanism Nitrate melts containing water react 
according to : 

NO; + Hz0 + 2e = NO; + 20H-. (41) 

6. Oxide formation and reduction at the electrode SW- 
face 

The anodic current peak found between 0.25 and 
0.35 V, with both platinum and graphite electrodes, in- 
creases with the square root of v, and the dependence 
of its potential on u fits the equation for an irreversible 
process under diffusion control The slope of the 
potential at current peak us log v, is RT/F for both gra- 
phite and platinum, yielding an cz, value equal to 0.5, 
where za is the number of electrons used up to the rate 
determining step[35]. The relevant fact is the occur- 
rence of the peak only when NO and 0; ion are simul- 
taneously present and for graphite only, its occurrence 
implies the existence of a new reduction current peak. 

The surface oxide may be formed during the anodic 
discharge of NO; ion where the main oxidising species 
must be the NO3 radical. which acts as intermediate 
both on graphite as well as platinum The final prod- 
ucts. however. are different, ie, while graphite cor- 
rodes, platinum is unchanged. Thus, only for graphite 
the reduction current peak is observed. The corre- 
sponding reaction can be written as follows: 

C(0)+2e=C+OZ- (42) 
or better suited to the melt composition recently sug- 
gested: 

2C(O)+e=2C+O;. (43) 
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Based on the precedent facts, the probable reaction path- 
ways for graphite are stated as follows: 

Oxidation: 

C + NO + 0; = (N03)C + e 

(NO,)C = (0)C + NO2 

Reduction : 

Wa) 

Wb) 

or 
2C(O) + e = 2c + 0, 

C(O)+2e=C+02- 

02- + NO; = NO; + O;- 

O!- + 2N0, = 20; + 2N0, 

and for platinum electrodes: 
Oxidation : 

(45a) 

(45b) 

(45c) 

(45d) 

Pt(0) + NO + 0; = PtO(N0,) + e (46a) 

2PtO(NO,) = 2Pt(O) + 2N02 + 0, (4W 

The reduction of platinum surface oxide, if any, in the 
absence of oxidising species, would occur probably at 
more cathodic potentials. 

The reduction current peak potential exhibits no 
measurable shift with the potential sweep rate. Its 
height depends approximately linear on the potential 
sweep rate. This suggested the reduction process is 
irreversible, a fact which resembles the characteristics 
of platinum oxide reduction in aqueous solu- 
tions[41,42] as well as in acid bisulphate melts[43]. As 
in these cases it is likely that in the present circum- 
stances the electrochemical process yielding 0; ion is 
also a second order irreversible process. Unfortuna- 
tely, the voltammogram in this potential region is too 
complex to allow further conclusions on the reaction 
pathway. 

7. The electrochemical oxidation of hydroxyl ion 
The reduction of NO; ion in the presence of water 

yields OH- ions, both on graphite and platinum elec- 
trodes. The height of the corresponding current peak 
depends on vii2 and its potential changes linearly with 
log v, with a slope of RT/F. Its rate is probably deter- 
mined by an initial irreversible single electron transfer 
step which is followed by a chemical reaction, such as, 

C+OH-=C(OH)+e (47a) 
2C(OH) = H,O f C(0) + C (47b) 

2cJO) = co2 + c. (47c) 
The first step comprises the OH- ion discharge and 
the OH radical adsorption. A comparable adsorption 
process is known to occur for the thermal adsorption 
of water on graphite[44]. If this step is rate-determin- 
ing, the rate equation, on the assumption that its sym- 
metry factor is 0.5, is 

i = zFk, a, u,,“- exp(qF/2RT). (48) 

2oo 20 

Fig.25. Plotofthevoltammogramareaagainsl thenumberof 
repetitive potential sweeps. 

This equation fits the results reasonable well as will be 
seen further on. Furthermore, this reaction scheme 
resembles the one recently discussed for the reduction 
of OH- ion in nitrate melts on platinum[45]. 

8. The increase qf the graphite electrode area 

The increase of the voltammogram area during re- 
petitive potential cycling within the potential range 
where the oxidation occurs, is a consequence of the 
corrosion of graphite in the nitrate melt. The area in- 
crease depends on the amount of charge passed, but as 
seen in Fig. 25, the area increases up to a limiting value 
which is about 1.5 times the initial electrode area. This 
factor may represent the roughness of the electrode 
acquired during stationary experiments and should be 
taken into account in defining the corrosion current 
densities. 

9. The graphite rest potential 
The rest potential for thermally treated graphite 

electrodes is O-l-O.2 V, but for electrodes used without 
any special treatment, the initial rest potential is 
between -0-l to -0.2 V. With increasing temperature 
the electrode rest potential becomes more negative. 
This effect which is also observed with platinum, is 
irreversible. 

The addition of basic species also makes the rest 
potential more negative, while the addition of acid 
species has the reverse effect. Therefore, the increase of 
the temperature is equivalent to an increase of the 
concentration of basic species in the melt. The corrosion 
of graphite itself may contribute for the formation of 
basic ions, as seen in Fig. 15. Certainly the rest potentials 
of either graphite or platinum dipped into the melt at 
high temperature decrease when a graphite rod is 
placed in contact with the melt. 
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10 Correlation between chemical and electrochemical 
behaviour of graphite 

The electrochemical’behaviour of graphite is to a 
large extent related to its thermal oxidation in the tem- 
perature range studied here. At 200°C or even lower 
temperatures oxygen reacts with activated carbons 
through steps of irreversible adsorption and desorp- 
tion, yielding as final product either CO or CO,[46]. 
At least two functional type of sites exist on carbons, 
each being related respectively to the desorption as CO 
and CO,[47-511. Carbons treated at T < 500°C exhi- 
bit acidic properties, while those treated at higher tem- 
peratures are considered as basic. The surface oxides 
accumulate at lower temperatures, but their thermal 
stability depends strongly on the nature of carbons 
[X&55]. Reviews about these works up to recent years 
are respectively given in references[5659], including 
the various mechanisms proposed for the gasification 
of carbons[60-66]. An appreciable difference of kinetic 

.behaviour between monolayer and multilayer graphite 
surface oxides has been observed[67,70]. During the 
oxidation process of graphite an intermediate mobile 
surface oxide, before CO, evolution, was postu- 
lated[71-731 and in the thermal oxidation by means of 
strong oxidising agents, such as ozone, a transient sur- 
face oxide has been proposed. From the point of view 
of this report it should also be mentioned that NO 
adsorbs irreversibly on fresh graphite surfaces yielding 
a (NO)C adsorbed species[74]. The amount adsorbed 
decreases on oxidised graphite surface. Water also 
adsorbs on graphite[44,72]. 

The electrochemical oxidation of graphite occurs in 
aqueous electrolytes[7685] as well as in other molten 
electrolytes containing oxb-anions[3,86-891. Most of 
the work done referred to either carbon or graphite 
electrodes used in aluminium production cells and all 
this information leads to a better understanding of the 
electrochemical behaviour of graphite. 

The corrosion of graphite occurring during the elec- 
trochemical oxidation of NO; ion was explained 
through the participation of the NO, intermediate, the 
final reaction products depending on the temperature. 
A comparable situation probably arises when the dis- 
charge of the 0; ion in the presence of NO takes 
place. One can think that NO acts as a radical scav- 
enger assisting the graphite oxidation through NO, 
formation, by keeping a high surface concentration of 
C(0) groups. Hence, any hinderance in NO3 forma- 
tion, either by the absence of 0; ion or NO molecules 
must supress the graphite corrosion process. The elec- 
tronic structure of 0, ion, NO and graphite are 
favourable to the formation of an intermediate such as 
NO, at the graphite surface. Then, the fIna reaction 
products will be determined principally by the con- 
centration of strongly oxidising species in the melt. 
Thus, the temperature effect, as far as the final reaction 
products is concerned, can be understood. 

The formation of NOa requires the initial electro- 
chemical oxidation of one of the following species: 0; 

ion, NO or graphite at the surface. Therefore, three 
possibilities arise for the initiation of graphite cor- 
rosion in the nitrate melts: 

Mechanism I: 

0; + C = (0,)C + e 
(0,)C + NO = (NO,)C 

Mechanism 11: 

(49a) 
(49b) 

NO + C = (NO+)C + e 

(NO+)C + 0; = (NO,)C 
(soa) 

(50b) 
Mechanism III : 

C=C+ +e 
c+ + 0; = C(0,) 

(5la) 
@lb) 

C(0,) + NO = (NOs)C 

and the following steps are: 

(5lc) 

(NO,)C = NO, + (0)C (5ld) 
2(O)C = c -I- co, (5le) 

(NO,)C = NO + CO, (51f.l 
(CO? + c = 2CO) (51g) 

The contribution of step (51f) becomes more signifi- 
cant when the temperature is increased. Equilibria 
comprising nitrogen oxides. such as (33~) and (33e) also 
participate in the reaction schemes. Any of these reac- 
tion schemes lead to the Tafel slope equal to 2RT/F 
as found through the different relationships between 
the experimental parameters derived from the voltam- 
mograms, if the initial electron transfer step is rate 
determining. :’ 

The anodic peak due to the 0; ion + NO reaction 
on platinum can be explained in terms of a mechanism 
resembling initially mechanism I, but involving a differ- 
ent fate for the reaction intermediate: 

0; + Pt = (OI)PPt + r (52a) 
(0,)Pt + NO = (NO,)Pt (52b) 

Pt(N0,) - Pt + fOz + NO2 (52~) 

where again the initial electron transfer step is rate-de- 
termining. 

11. Reconstruction of the anodic voltammogram 
On the bases of the individual electrochemical reac- 

tions just discussed one can attempt to build up a 
whole anodic voltammogram. For the purpose it is 
convenient to proceed from one of the extremes, either 
anodic or cathodic. Calculations start with the aid of 
equations (21), (24), (27) and (30), the E-1 voltammo- 
gram related to the NO; ion oxidation can be easily 
drawn, both for platinum and graphite. Another possi- 
bility consists in obtaining each voltammogram in- 
dependently starting from the low anodic potential 
region. Then, at potentials beyond 0.7 V the calculated 
volhmmograms are sub&acted from the experimental 
one to obtain the E-I curve corresponding to the NO; 
ion discharge, which is finally compared to those 
already known (Figs. 26 and 27). 
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Fig. 26. Experimental and calculated voltammograms at 
10 mV/s for graphite/molten nitrate at 244°C. (+) indepen- 
dent reactions; (x) theoretical voltammogram; full line 
corresponds to the experimental one. NO; ion discharge 

was not considered in the calculations. 

O,? /I J 
2 3 

@Or current. /LA 

Fig. 27. Tafel line for NO; ion discharge on graphite 
obtained by subtracting the calculated voltammograms from 
the experimental ones as indicated in Fig. 2 1. The slope of the 

line is 2~3 (2R T/F). 

To construct the anodic voltammogram related to 
the 0; + NO electrochemical reaction, an equation 
similar to (35) was employed assuming that the initial 
electron transfer is rate determining and the sub- 
sequent thermal reactions are fast. For the voltammo- 
gram corresponding to the NO; ion oxidation, equa- 
tion (35) was also used on the assumption that at the 
potential where the reaction occurs, the influence of 
the NO; ion electro-oxidation is negligible. A correc- 
tion due only to the reaction occurring at the cathodic 
side ofthe NO; ion current peak was considered. In spite 
of the various crude approximations made the E-1 
curve obtained for the NO; ion oxidation is in reason- 
ably agreement with those reported previously[l, 23. 

The above discussion attempts to explain aiso the 
different electrochemical behaviour of graphite and 
platinum in strongly oxidising melts, as well as the 
observation made by Laitinen and Bathia that the 

reversible oxide electrode obtained on platinum using 
oxygen saturated chloride melts, was no longer 
observed when carbon (graphite) was employed[89]. 
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