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POTENTIAL/p02- DIAGRAMS OF LRON, COBALT 
AND NICKEL IN MOLTEN SODIUM NITRITE* 
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Instituto Superior de Investigaciones, Divisi&n Electroqufmica, Facultad de Ciencias Exactas, 

Universidad National de La Plats, La Plats, Argentina 

Abstract-PotentiaI/ppOP- diagrams have been developed for iron, cobalt and nickel in molten sodium 
nitrite at 600 and 700°K. Four well defined regions corresponding respectively to metal corrosion, 
immunity, passivity and passivity breakdown are determined in the diagrams. 

R&wm6-On a ddveIopp& Ies diagrammes potentiel/p02- pour Ies syst&mes Fe(Co, Ni)/NaNO* 
fondue a des temperatures de 600 et 700°K. Ces diagrammes montrent quatre rdgions bien dt5finies 
qui correspondent & la corrosion du m&al, g I’immunitk, ~3 la passivitk et ti la rupture de la pellicule 
passive respectivement. 

Zusammenfassung-Es wurden Potential/pO”--Diagramme fiir die Systeme Fe(Co, Ni)/gesch- 
moIzenes Natriumnitrit bei Temperaturen von 600 und 700°K aufgenommen. In diesen konntea vier 
gut detinierte Bereiche be-stimmt werden, die der Metallkorrosion, ImmunitBt, Passivitiit, bzw. dem 
Zusammenbrechen der letzteren entsprechen. 

INTRODUCTION 

POTENTIAL/~O~- diagrams constitute a useful presentation of thermodynamic data 
for establishing the direction of spontaneous reactions which the systems at equilibrium 
may undergo. In this way it is possible to envisage the regions of potential and oxide- 
ion activity where either immunity or corrosion or passivity of the metal occurs. 
Independently of the kinetics, an orientation about reaction products yielded by 
those processes can be obtained by means of the potential/p02- diagrams. 

Thermodynamic diagrams were reported for various metals in molten chlorides.f 
Diagrams corresponding to silver, thallium, magnesium, nickel, cadmium, lead and 
iron in molten nitrates were also presented,2*3 as well as a diagram for the ironjmolten- 
sodium-sulphate system. * The equilibrium potentials of the possible decomposition 
reactions of various melts usually employed as electrolytes, such as carbonates, sul- 
phates and nitrates have also been established. 6 For the latter, the thermodynamically 
favoured processes were determined. 

The present paper reports the potential/p0 2- diagrams calculated for iron, cobalt 
and nickel electrodes in molten sodium nitrite, at 600 and 700°K. The occurrence 
of possible reaction products is also discussed. 

CALCULATION PROCEDURE 

The basis for calculating equilibrium potential/p02- diagrams is taken from the 
well known work of Pourbaix where equilibrium potential/pH diagrams for aqueous 
solutions of series of metals have been collected .6 When Pourbaix’ method is applied 
to a molten salt, the oxide-ion activity is taken as a measure of the basicity of the 
melt. This is a reasonable reference, as for oxyanion containing melts, the following 
equilibrium has been established’ 

x0,2- * XO~$’ - + 02- (1) 

Therefore, the expression p02- in these melts is equivalent to the pH value in aqueous 

* Manuscript received 16 April 1971. 
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solutions, and for nitrate and the nitrite melts, respectively, we have 

NO,- z NO,+ + OS-, (2) 
and 

NO,--* NO+ + Oa-. (3) 

To calculate the potential of the different half-reactions, the nitrate electrode at 
pNO, = po, = 1 atm has been chosen as reference (E” = 0). The electrode equilibrium 
is represented as 

2 NO&, p = 1) + O,(g, p = 1) + 2 e = 2 NO,-(l). (4) 
The standard free energy change of reaction (4) is consequently taken as zero 
(AG,“ = 0). 

The standard free energy change AGPo at temperature T of any equilibrium can 
be obtained from 

AG,” = A&? - TAS& 0) 

where AH,“ and AS,“ are respectively the enthalpy and entropy differences between 
the corresponding products and reactants, at 7%. The latter values are obtained 
from different compilations of thermodynamic data.*-lo From the AGTo value, the 
standard electrode potential of the equilibrium is 

E”= --z~AG$‘. (11) 

After the E” value has been obtained the corresponding Nernst expression is immedi- 
ately given. When no thermal data for a particular compound are available, a 
calculation of its thermodynamic quantities is approximated either with the aid of 
known data of structurally related species or by means of the Born-Haber cycle and 
Hess’ law. 

Possible reactions related to sodium nitrite decomposition 

From the thermodynamic viewpoint, the nitrite ion can participate in various 
electrode equilibria involving N,, N*O, NO, NO,, 02- and OS, according to the 
following reactions, 

NWgl + e zz N&-(l), (5) 

2 NO&l) + 6 e e N,(g) + 4 02-(l), (61 

2 NO,(l) + 4 e * N,O(g) + 3 @--(11, (7) 

NOz-O) + e S NO(g) + 02-(I), (8) 

NO&) + NO,-(l) + e Z 2 NO(g) + & O,(s) + OVl). (9) 

Reactions (6) to (9) depend on the oxide-ion activity. Apart from these reactions, 
nitrite ion may be formed either according to 

NO(g) + 8 O,(g) + ez N&-(l), (10) 

or from nitrate ion, if the latter is present, as follows, 

NO,-(l) + 2 e * NO,(l) + OS@. (10 

Furthermore, the presence of oxide ion and oxygen gas together imply the existence 
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of the oxygen-electrode reaction in the melt, 

4 O,(g) + 2 e* OS-(l) (12) 

and, similarly, the existence of NOz suggests the equilibrium 

NO,(g) + 2 ezS NO(g) + 02-(1). (13) 

The E” values and the Nernst equations of reactions (5) to (13) are assembled in 
Table 1, at 600 and 700°K. The dependence of the electrode potentials on p02- for the 
different reactions is shown in Figs. I and 2. 

TABLE 1 

Equilibrium 
AG* E” 000 AGoo E” 100 

kcal/mol V kcaljmol V 

2 NO&J = 1) + OF& = 1) + 2 e z 2 NOa- 0 0 0 0 

NO,-(l) -I- e s NO(g) + O*-(l) 65.33 -2.832 55-45 -2.4 

E=E.=+ 
+ 2.303RT 

F 
pot- 

NO,30 + NO*(g) + e 7+ 

2 NO(g) + 4 O,(g) + Ox-(l) 68.27 -2-960 56-57 -2-453 

2 NO,-(l) + 4 e e NpO(g) + 3 O”-(I) 202.27 -2-192 179.93 - 1.950 

E=E”+ 
ho -1” 4 

@NsO) 

+ 3(2*303RT) 
4F 

pO’- 

2 NO,-O) + 6 e tiNA& + 4 O+(l) 253-18 

2.303R T 
E=E”+T - ho,-)’ + 

log @Ng) 

4(2_303RT) 
6F 

po=- 

NOa(g) + e s NO,-(l) 18.69 -0.810 18.43 -0.799 

NO&) + 2 e *NO(g) + Ox-(l) 84.02 -1.821 7499 - 1.626 

NO,-(I) + 2 e zz NO,-(l) + o%-(l) 99.77 -2.163 92.30 

SO,(g) -!- 2eeO*- 

- l-829 221.86 -1603 

-0.683 17.30 

-1-758 73.87 

-0~750 

-2.001 

-1601 
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FIG. 1. Potential/pO*- diagram for reactions involving the nitrite 
compounds at 600°K. 

ion related 

1. Reference reaction 

2. 
3. 
4. 
5. 
6. 

;: 
9: 

10. 

2 NO&p = 1) + O&p = 1) + 2 e a 2 NO,-(I). 
NO&) + e = NO,-(I). 
NO(g) -t # O,(g) + e = NO,-(J). 
NOs-(l) + e = NO(g) + O”-(I). 
NO@ + NO,-0 + e = 2 NO(g) + + 0,~) + O*-(I). 
2 NO,-(l) + 6 e = N,(g) + 4 O*-(l). 
; y&y ie4z =N&(g, + 3 OW). 

NO&l + 2 e = NO(g) + O*-(l). 
NO,-(I) + 2 e = NO,-(l) + Op-(I). 

The potential/p02- diagram for the molten sodium nitrite reveals, from a thermo- 
dynamic viewpoint and for unitary activity of products and reactants except the 
oxide-ion activity, that nitrite ion decomposition according to (10) is favoured at 
low pOa- values, whereas at high ~0” values, equilibrium (6) is the energetically 
preferred over-all process. These conclusions, however, as far as rate processes are 
concerned, should be taken cautiously because of the more or less marked irreversi- 
bility of any of the electron-transfer processes shown in the diagram. Furthermore, 
electrochemical kinetics indicates that any multiple electron-transfer over-all reaction 
quite likely involves a mechanism where charge-transfer steps occur with the transfer 
of one electron. This fact puts a limit to the derivation of kinetic and mechanistic 
conclusions from the potential/pOe- diagrams. 

POTENTIAL/pO*- DIAGRAM FOR IRON 

Once the equilibrium diagram for sodium nitrite is established the equilibria 
involving iron, iron ions, oxide ion and the different iron oxides can be considered. 
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po’- 
FIG. 2. Potential/pO’- diagram for reactions involving the nitrite ion and related 
compounds at 700°K. The numbers correspond to the equilibria indicated in Fig. 1. 

As these equilibria have already been calculated for the potential/p02- diagram for 
iron in molten sodium nitrate at 600 and 7OWK, they are taken from the previous 
pub1ication.s Figs. 3 and 4 show the potential/pOa- diagram at 600 and 700°K 
respectively for iron. 

POTENTIAL/pO*- DIAGRAM FOR COBALT 

Following the calculation procedure indicated above the same considerations 
are applied to calculate the potential/p02- diagram for cobalt. Co2+ ion exists as a 
stable entity at low temperature and at the temperatures of the present calculation. 
Co” ion apparently occurs at low temperature in aqueous solutions, but it reduces 
to Co2+ with the oxidation of water. No data are reported for the Cos+ ion at high 
temperature. There are thermodynamic data of the Co0 and Co,O, oxides, but no 
data were found for CozO,. At room temperature the existence of of CoOz has been 
reported. However, this compound is very unstable, at least in the presence of water. 
No data exist for this oxide at high temperature. It is likely that the compound is also 
unstabIe in the molten media. Consequently only the following equilibria have been 
considered for the case of cobalt, 

COO(s) + 2 e f Co(s) + O,-(l), 

Co@,(s) + 2 e 72 3CoO(s) + 02-(1)) 

Co2+(l) + 2 e * Co(s), 

CoO(s) * co2+(1) + 02-(l), 

C&O,(s) + 2 e z 3 co2+(1) + 4 02-Q). 

(14) 

(15) 

(16) 

(17) 

(18) 
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Fm. 4. Potential/pOa- diagram for 9 
iron electrode and iron-oxide reac- 
tions at 700°K. The numbers come- G 
spond to the equilibria indicated in 

Fig. 3. 

1: 1 
FIG. 3. Potential/pO*- diagram for iron elec- 
trode and iron-oxide reactions at 600°K. 

1. 
2. 
3. 
4. 
5. 
6. 

:: 
9. 

10. 

&O,(s) f 2 e = 3 FeO(s) -I- O*-(I). 
F@(s) + 2 e = Fe(s) -t O*-(i). 
3 Fe&(s) + 2 e = 2 F%O,(s) + O%(f). 
* O,(g) + 2 e = OS-(l). 
Fe*+(l) + 2 e = Fe(s), 
I%O,(s) + 2 e = 3 Fe%+ + 4 O*-(l). 
F%Ol(s) + 2 e = 2 Fe*+(l) + 3 O*-(I). 
Fe~o,(s) = 2 Fe’+(l) + 3 O*-(l). 
Na+(l) + e = Nao). 
Fe”+(l) + e = Fep+(L). 

-3 - 
9 

-4- 
40 30 20 IO 0 

po2- 
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Thermal data for reactions (14) to (18) are available and allow the calculation of ED 
and Nemst equations, as compiled in Table 2. The dependence of the electrode 
potentials on p02- is illustrated in Figs. 5 and 6, for 600 and 700°K. 

TABLE 2 

Equilibrium 
Goo 

kcal/mol 
E" 600 

V 
AG;oo 

kcal/moI 
E" 700 

V 

Cos+(l) + 2 e s+ Co(s) 49.20 - l-067 39.98 -0-867 

COO(s) + 2 e * Co(s) f OS-(I) 126-14 -2-734 117.36 -2*54O 

E = E” + ypOS 

%JL(s) + 2 e Z+ 3 COO(S) + O*-(l) 104.39 -2.263 93-96 -2.036 

Co,O&) + 2 e * 3 Cop+(l) + 4 O*-_(l) 33539 - 7.270 325.16 - 7.049 

POTENTIAL/pO’- DIAGRAM FOR NICKEL 

For nickel, as far as the possibility of oxygen compounds participating in corrosion 
and passivation phenomena is concerned, the situation is even more restricted than 
in the case of cobalt and iron, since no thermal data of any nickel oxide higher than 
NiO have been published to the authors’ knowledge. This fact is undoubtedly 
related to the failure of its preparation and identification of higher nickel oxides.ll 
The existence of nickel oxides as stoichiometric compounds higher than NiO having 
proper lattice constants is not yet definitely established. However, various publications 
are devoted to calculating thermodynamic data of different stoichiometry, where 
structural similarities between nickel oxide and magnesium oxide were taken for the 
caculations.12 Some authors assume that oxygen atoms adsorb on the NiO surface, and 
after migration to the inner matrix, stabilize within the crystal in a vacancy site. The 
uncertainty about higher nickel oxides does not allow us to consider them in the 
Ni/p02- diagram except for NiO. Therefore, the equilibria considered are 

NP+(l) + 2 elf Ni(s), (1% 

NiO(s) + 2 e GI? Ni(s) + 02-(l), (20) 

NiO(s) z Ni2+(l) + 02-(1). (21) 

The E” values and Nernst equations calculated for these reactions are assembled in 
Table 3 and the dependence of the potentials on the oxide- ion activity is illustrated 
in Fig. 7 for 500°K and in Fig. 8 for 600 and 700°K. 

CHARACTERISTIC FEATURES OF THE E/PO*- DIAGRAMS 
FOR Fe, Co AND Ni IN MOLTEN NaNOl 

Although the three E/p02- diagrams comprise different patterns they present 
some common features that can be analysed simultaneously for the three metals. 
There is a region of immunity where the metallic state is stable. The limits of this 
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FIG. 5. Potential/pOB- diagram 
cobalt electrode and cobalt 

4 redox reactions at 600%. 

-2- 

COO(s) + 2 e *Co(s) -I- O*-(l). 
CoSO,(s) + 2 e = 3 Coo(s) + 02-(l). 
ii O&l + 2 e = OS-(l). 
Con+(I) + 2 e = Co(s). 
COO(S) = Co’+(l) + o*-(l). 
Co,O& -t- 2 e = 

3 Co*+(~) + 4 oy1). 
Na+(l) + e = Na(l). 
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FIG. 6. Potential&O*- diagram for , 
the cobaIt electrodeand cobalt oxides -I - 4 

redox reactions at 700°K. Numbers G 
correspond to the equiIibria indicated 

in Fig. 5. 
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TABLE 3 

Equilibrium 
A& 

kcal/moI 
E’ 600 

V 
A&o 

kcal/mo,l 

0 
E mo 

V 

Ni*+(I) + 2 e = Ni(s) 

E = E” + Flog (++,B+) 

NiO(s) + 2 e = Ni(s) + Oz-(I) 

E = E” + 
2.303RT 

2F pO’- 

46.47 -1-007 36-94 --0~801 

126-21 -2.736 116.89 -2-534 

I 

0 

_I 

I=- 

4; 
_.; 

-? 

5 

I I I 
30 20 IO 

FIG. 7. Potential/p02- diagram for nickel electrode and nickel oxide redox reactions 
at 5CWK. 

I. NiO(s) + 2 e zz Ni(s) + OS-(l). 
2. ) O,(g) + 2 e = O*-(I). 
3. NiPi + 2 e = Ni(s). 
4. NiO(s) = Ni”+(l) + Oz-(I). 
5. Me+(l) + e = Me(l). 
Me = K. 

region are the lines defining the metal/metal-oxide and metal/ionic-dissolved-metal 
equilibria, depending on the activity of oxide ions in the melt. A second region is 
distinguished at higher anodic potentials and low oxide-ion activity, where the stable 
species is the metal ion dissolved in the molten salt. This area is limited by equilibria 
comprising oxide or metal/ionic species. The number of these equilibria that may 
participate in the corrosion and passivation phenomena depends on the metal. Thus, 
three equilibria could be calculated for iron, two for cobalt and only one for nickel. 
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Fro. 8. Potential/pO*- diagram for nickel electrode and nickel oxide redox reactions at 
600 and 700°K. Numbers correspond to the equilibria indicated in Fig. 7. Me 5 Na. 

Dashed numbers refer to 700°K. 

The number on metal/oxide equilibria appears directly related to the atomic structure 
of the metal. The third region corresponds to passivity and it extends at potentials 
above the metal/metal-oxide equilibrium line and toward the region of higher oxide- 
ion activity. This region is limited at high anodic potentials by the reversible oxygen- 
electrode line. In this region the various metal-oxide(I)/metal-oxide(H) equilibria 
are comprised. For the case of iron the lines of the three equilibria are 

Fc&Ms) + 2 c z 3 FeO(s) + 02-(I), (22) 

FeO(s) + 2 e Z Fe(s) + 02-(I), ~23) 
and 

Fe@&) + 2 e a 2 F%O&) + O”(1). (24) 

are relatively close. The two former equilibria, however, comprise a zone of thermo- 
dynamic instability. As a matter of fact, the thermodynamic calculation with 
tabulated data indicates that iron undergoes oxidation to magnetite at a potential 
lower than that corresponding to its oxidation to ferrous oxide. This result implies 
the occurrence of the equilibrium 

FesO,(s) + Fe(s) 7t 4 FeO(s). (25) 

However, this effect is not observed at 700X, as the lines corresponding to the 
different equilibria are located in the order expected according to the degree of 
oxidation of the metal. The presence of the various iron oxides has been proved by 
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X-ray diffractometry. 13 These facts are reflected in the anodic behaviour of the iron 
electrodes in molten sodium nitrate,14 after considering the possible departure of 
kinetic experiments from the equilibrium conditions predicted by the E/p02- diagram. 

The passive region for the cobalt electrode comprises only two oxides species and 
the equilibria 

Coo(s) + 2 e = Co(s) + 02-(1) (26) 
and 

Co,O,(s) + 2 e = 3 Coo(s) + 02-(1). (27) 

The standard free energy of these reactions are rather separated, the value corre- 
sponding to reaction (27) approaching the standard free energy of the oxygen-electrode 
reaction. 

Finally, in the case of nickel onIy one oxide equilibrium can be calculated, 

NiO(s) + 2 e = Ni(s) + O%(l) (28) 

and apparently in the potential region extending up to the oxygen-eIectrode reaction 
no other equilibrium exists involving any nickel oxide species with a higher degree 
of oxidation. 

By coupling together the E/p02- diagram of the molten nitrite with those of the 
metals, interesting information can be obtained about the possible existence of mixed 
potentials and the probable reactions comprised there. Precisely, these diagrams 
are useful to correlate kinetic information of the iron and nickel electrodes in molten 
alkali nitritesXs and they are being applied for the case of cobalt, as will be reported 
in the near future. 
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