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Electrochemical behaviour of pure iron in concentrated 
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The passivation and dissolution of pure iron in NaOH solutions (1 M-10 M) have been studied at 
30 ~ 60 ~ and 80 ~ C by triangular potential sweep voltammetry. The variation of peak height and peak 
potential with sweep rates for the three anodic peaks in the forward direction and two cathodic 
peaks in the backward direction when polarized from - 1.30 V in 1.0 M NaOH solution, suggest that 
a monolayer adsorption model holds good. The appearance of limiting currents at higher concen- 
trations of NaOH has been explained in terms of the chemical dissolution of two oxides formed by 
successive oxidation. The formation of different oxides, hydroxides and solution soluble species 
under transient conditions has been discussed. 

1. Introduction 
The electrochemical behaviour of the iron-con- 
centrated alkali interface is of basic and practical 
interest. The corrosion of cast iron and steel 
nozzles in water electrolysis plant using con- 
centrated alkali and the discharge characteristics 
of iron electrodes in alkaline batteries necessitate 
the need to understand the behaviour of oxides, 
the direct dissolution of the metal and the reduc- 
tive dissolution of the oxides. 

The study of anodic behaviour in 10 M solutions 
[1] at 80~ suggested that the passive layer is 
Fe304. At -0 .91V vs SHE the reduction of 
magnetite is said to take place [2]. X-ray data 
and experiments carried out revealed the 
presence of Fe304. In the discharge of iron elec- 
trodes [3-5] in alkaline solutions, typically 5 M 
KOH, most of the metal is oxidized to Fe(OH)2 
at the first discharge plateau, and the second 
plateau is due to the mixture of FeOOH and 
Fe304. Scanning electron microscope studies [6] 
revealed the formation of Fe(OH)2 during the 
first discharge; on continuous discharge the 
product on the electrode became a sludge, prob- 
ably of FeOOH. Mossbauer spectroscopy [7, 8] 
identified the phases in situ during the cyclic 
galvanostatic oxidation-reduction of iron. The 

first anodic arrest is due to Fe(OH)2 and the 
second due to/?-FeOOH and unreacted Fe(OH)2. 
On numerous occasions it has been pointed out 
that the formation of oxides involves soluble 
Fe (II) and Fe (III) species [9, 10]. Using a gold 
ring and iron disc system at higher temperatures 
and in concentrated solutions, Fe (II) soluble 
species have been detected [11, 12]. The dissol- 
ution of higher valence oxides giving rise to 
soluble Fe (III) species has also been suggested 
[13]. 

Single and repetitive cycle voltammetry has 
been studied earlier [14-17] in alkali solutions at 
room temperatures and above. The distortion of 
E-i  curves at higher concentrations and higher 
temperatures form the basis of this work. 

2. Experimental details 

The electrodes were prepared from Swedish iron 
sheets (99.95% Fe, 0.025% C, 0.0056% Mn, 
0.011% S) and made into discs of 0.5 c m  2 a r e a .  

The discs were embedded in Teflon gaskets with 
provision for electrical connections. The speci- 
mens were polished with 1/0, 2/0, 3/0 and 4/0 
emery papers successively. The solutions were 
deoxygenated by bubbling purified hydrogen for 
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Fig. 1. Typica l  cyclic v o l t a m m o g r a m  for pure  i ron  in 1.0 M deoxygena ted  N a O H  so lu t ion  at  30 ~ C. Sweep ra te  = 
200 mV s - I .  E2  a = _ 0.450 V. 

1 h. The experimental set up, comprising a solid 
state low frequency function generator, potentio- 
stat, x - y  t recorder and digital multimeter has 
been described in detail in an earlier publication 
[18]. Experiments in duplicate were carried out 
at 30 ~ 60 ~ and 80 ~ +_ 0.01 ~ C. Potentials were 
measured against SCE and no corrections were 
made for liquid junction potentials. 

3 .  R e s u l t s  

The electrode was kept at - 1 . 3 0 V  for 5min, 
disconnected, shaken free of  adsorbed hydrogen 
bubbles and polarized to different values. This 
potential was fixed after several experiments to 
get reproducible E - i  curves for different sweep 
rates (20-600mVs -~) from - 1 . 3 V  to 0.8V 
where oxygen evolution takes place. In all con- 
centrations and temperatures the shape of the 
E - i  curve is not affected after - 0 . 4 V  if the 
anodic terminating potential (Ez,) is changed 
from - 0 . 4  V and all potentials noble to that. 

3.1. Behaviour in 1.0 M N a O H  solutions 

At 30~ and at higher sweep rates (Fig. 1) the 
vo l tammogram presents an electrochemical 
spectrum which has three peaks in the forward 
and two peaks on the reverse scan. The anodic 
peaks appear  at - 1 0 1 5  mV (I), - 8 9 0 m V  (II) 
and - 6 8 5  mV (III) and the cathodic peaks at 

- 1 0 5 0 m V  (IV) and - 1 2 5 0 m V  (V). Below 
160 mV s 1 the anodic peaks I and II  disappear 
and peak I I I  becomes predominant,  while there 
is no change in the backward scan. On repetitive 
scanning at higher sweep rates the current flow- 
ing under peaks III  and IV increases with increase 
in scan number suggesting that they are con- 
jugated, while the charge at peak V seems to be 
independent. I f  the forward scan is terminated at 
- 800 mV (positive to equilibrium potential, Ee, 
of  Fe-Fe(OH)2)  there is no peak at - 1050mV 
on the reverse scan while at - 1250 mV a distinct 
peak appears. 

At 60~ and 80~ the forward scan at 
600mVs -1 reveals three anodic peaks at 
- 1050 mV, - 850 mV and - 710 mV while the 
reverse scan reveals cathodic peaks at - 1 0 5 5  
and - 1245 mV. With increase in scan number  
(repetitive cycling), the charge flowing under 
peaks I, II  and V remains constant while that of  
I I I  and IV increases continuously. The measure- 
ment of  the first anodic peak current was carried 
out by measuring from the residual current to the 
peak of  the anodic wave. The second and third 
anodic peak currents were measured from the 
foot of  the respective waves. The cathodic peak 
currents were measured during the reverse scan 
from the foot of  the respective waves. The de- 
pendence of peak current (ip) and peak potential 
(Ep) on sweep rates (v) were studied. The cur- 
rents observed on cyclic sweeping are of  the 
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Table 1. Mechanistic parameters derived from polarization curves for 1.0 M NaOH solution 

Peaks (O Ep/O log V)o H_ (rn V per decade ) (~ log ip/~ log V)o H _ 

30 ~ C 60 ~ C 80 ~ C 30 ~ c 60 ~ C 80 ~ C 

1 - 3 8  _+ 5 - 0 . 9  _ 0 .1  - 

I I  - 36 • 5 - - 1 .0  + 0 . 1  - 

I I I  44 _+ 5 50 _+ 5 45 + 5 0.76 + 0.1 1.0 • 0.1 1.0 + 0.1 
IV 38 _+ 5 30 _+ 5 48 • 5 0.7 • 0.1 0.8 • 0.1 0.89 • 0.1 
V 25 • 5 35 • 5 53 + 5 1.0 • 0.1 0.5 • 0.1 0.51 • 0.1 

and  

~ ] 7.5 mA r 

-I.3V - I.I/~ ~,"~.9-  . -O.TV 
- -~  E / V  v$ SCE 

(2.718Rr~ 
Q = \ c~Fv ] i P  (2) 

for  a pa r t i cu la r  sweep rate.  The  pa rame te r s  
ob t a ined  in 1.0 M N a O H  solut ions  at  different  
t empera tu res  are  given in Table  1. 

3.2. B e h a v i o u r  in 6 .0  M N a O H  so l u t i on  

A t  30~  the E - i  curves reveal  a b r o a d  anod ic  
peak  at  - 975 mV and  a small  peak  at  - 700 mV 
in the fo rward  scan, and  a single ca thod ic  peak  
at  - 1050 V in the reverse scan. Increase  o f  scan 
number  increases the charge  under  peak  I 

( -  975 mV) while for  peak  I I  ( -  700 mV) and  I I I  
( - 1 0 5 0  mV) it decreases.  The second peak  dis- 
appea r s  with sweep rates h igher  than  85 mV s -  
(Fig.  2). A t  60~  two small  peaks  a p p e a r  a t  

o rde r  o f  1 0 m A c m  2 while the doub le  layer  
charging  current,  assuming a capaci tance  o f  
1 0 0 # F c m  -2 over  the ent ire  po ten t ia l  range  is 
3 0 # A c m  -2. Hence,  the observed  currents  are 
p r inc ipa l ly  due to a pseudo  capac i ta t ive  oxide  
f o r m a t i o n - r e d u c t i o n  phenomenon .  I f  pass• 

t• is o f  the phase  type,  the dependence  o f  peak  
po ten t i a l  and  peak  cur ren t  on the square  roo t  o f  
sweep ra te  mus t  be l inear.  In  all cases Ep vs log v 
and  log ip vs log v give l inear  plots .  This  suggests 
tha t  the d ischarge  o f  hyd rogen  ions on to  the 
meta l  is i r revers ible  and  tha t  the e lec t rochemical  
a d s o r p t i o n  mode l  is app l i cab le  [19]. Then  

Ep = \ c~F ] l ~  (1) 

Fig. 2. Typical cyclic voltammogram for 
pure iron in 6.0M deoxygenated NaOH 
solution at 30~ Sweep rate = 85mVs -~ . 
E2 a = 0.6 V. 
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60 mV s-1 in the forward scan and a single cath- 
odic peak ( -  1100 mV) on the reverse scan. On 
increasing the sweep rate above 6 0 m V s  -~ a 
plateau I ( - 9 0 0  mV) and a broad peak I I  at 
- 7 2 5  mV appears in the forward scan, and a 
shoulder I I I  at - 1025 mV and a sharp peak IV 
at - 1075 mV appears in the reverse scan (Fig. 3). 

At 80~ a sharp anodic peak I at - 8 9 0 m V  
(independent of  sweep rate) appears in the for- 
ward scan and a cathodic peak I I  at - 1070 mV 
appears in the reverse scan (Fig. 4). On repeated 
cycling the charge flowing under these peaks 
increases, suggesting that the reactions are con- 
jugated. 

3.3. Behaviour in IO M N a O H  solution 

An anodic peak I at - 9 7 5 m V  (sweep rate 
dependent) and a plateau II  around - 700 mV in 

Fig. 3. Typical cyclic vo l tammogram for 
pure iron in 6.0M deoxygenated NaOH 
solution at 60 ~ C. Sweep rate = 400 mV s -  ~. 
E2 a = - 0 . 5 V .  

the forward scan, and a sharp cathodic peak I I I  
at - 1 0 7 0 m V  on the reverse scan appear  at 
30~ at sweep rates below 160mVs 1 (Fig. 5). 
On repeated cycling the first peak flattens while 
the second plateau becomes sharp; the charge 
consumed at the second peak increases. At 
sweep rates above 160 mV s-  i the single well- 
defined anodic peak obtained at - 9 0 0  mV is 
independent of  sweep rate and the current falls 
to a minimum afterwards. 

Studies carried out at 60 ~ C and 80 ~ C (Fig. 6) 
reveal a single well-defined anodic peak I 
around - 875 mV and the reverse scan reveals a 
cathodic peak I I  at - 1050 mV. The plots of  Ep 
and log ip with log v were linear. On repeated 
cycling the anodic peak potential remains con- 
stant while the cathodic peak potentials shift 
towards more active values. This suggests that 
the overpotential for the reduction reaction is 

I I 

I 1 , ~  L---- I _,3v / y o ,  _o,v 
E/V Ys 

Fig. 4. Typical cyclic vo l tammogram for 
pure iron in 6.0M deoxygenated NaOH 
solution at 80 ~ C. Sweep rate = 100 mV s -  1. 
E.~ a = - 0 . 5 7 .  
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Fig. 5. Typica l  cyclic v o l t a m m o g r a m  for 
pure  i ron  in 10.0 M deoxygena ted  N a O H  
solut ion at  30 ~ C. Sweep rate = 60 mV s -  ~. 
E)o~ = - -0 .55V.  

enhanced due to non-availability of the species 
formed in the forward scan. The charge con- 
sumed under both the peaks increases on repeated 
cycling, suggesting that they are conjugated. 

4. Discussion 

X-ray, electron diffraction and electrochemical 
methods have identified the anodic films formed 

as Fe (OH)2, Fe304, F%O3 and 7-Fe203-t-I20 
under varying conditions. Comparing cyclic 
voltammetric peak potentials with thermo- 
dynamic potentials, though dangerous, is useful 
in checking the proposed oxidation-reduction 
mechanism in the light of the equilibrium 
potentials of varying reactions. The oxidation- 
reduction processes may involve overpotentials, 
and a necessary condition for an oxidation 

l 

- I . 3 V  - I . I  - 0 . 9  - 0 . 7 V  

" - ~  E / V  vs  5CE  

11" 

Fig. 6. Typica l  cyclic v o l t a m m o g r a m  for 
pure  i ron in 10.0M deoxygena ted  N a O H  
solution at  60~ Sweep rate = 2 0 0 m V s  -I . 
E2~ = - -0 .55V.  
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process to take place is Ep > Eo or Ep should 
occur a t  potentials noble to Ee. Similarly, a 
reduction process can occur at potentials nega- 
tive to Ee (i.e. Ep < Ee). Equilibrium potentials 
have been calculated (Table 2) using the Atlas of  
Electrochemical Equilibria [20]. 

In 1.0 M solution the current peaks I, II and V 
are closely related and the peaks III and IV are 
conjugated. Peak I is due to the electro-oxida- 
tion of  adsorbed hydrogen on the electrode in 
the initial stages of oxidation; peak I! is due to 
the conversion of Fe to Fe(OH)2 as it appears at 
potentials noble to E~ of  Fe-Fe(OH)2; peak V is 
due to the reduction of Fe(OH)2 to Fe. Peak III 
may be due to the oxidation of  Fe(OH)2 to 
FeOOH. 

Since 

Fe + 2H20~ ~Fe(OH)2 + 2H + + 2e 

(3) 

Ee = - 0 . 047  - 0.0591 pH at 25~ 

Fe(OH)2~ ' [ F e O O H ]  + H + + e (4) 

Ee = 0.271 - 0.0591pH at 25~ 

3Fe(OH)2~ ~Fe304 + 2H20 + 2H + + 2e 

(5) 
Ec = --0.202 + 0.0591 pH at 25~ 

the potential difference is 318mV for FeOOH 
and - 1 5 5 m V  for Fe304 at constant pH and 
temperature. The observed potential difference 
at 205mV is due to the change in OH ion 
activity at the electrode caused by potential 
sweeping. Hence it is due to the conversion of 
Fe(OH)2 to FeOOH. The peak IV is due to the 
reduction of FeOOH to Fe(OH)2 which subse- 
quently undergoes reduction to Fe. This is simi- 
lar to those results reported earlier [15]. 

On repeated cycling at higher temperatures 
the charge flowing under peaks I, II and V 
remains constant while under peaks III and IV it 
increases continuously, suggesting the direct 
conversion of Fe to FeOOH in parallel to the 
formation of Fe(OH)~. On reverse scan the 
[FeOOH] formed undergoes reductive dissolu- 
tion to HFeO~-. The charge flowing under peaks 
III and IV increases with repeated cycling sug- 
gesting that more and more [FeOOH] dissolves 
to form HFeO~ and not Fe(OH)2. If  more and 

more Fe(OH)2 had been formed on repetitive 
cycling then the charges under peak V would 
have increased. Direct reduction of [FeOOH] to 
Fe is not favoured at the potential in which the 
peak appears. 

In 6M N aO H  solutions at 30~ the occur- 
rence of peaks at - 975 and - 700 mV is due to 
the formation of  Fe(OH)2 and FeOOH respec- 
tively, and the cathodic peak is due to the reduc- 
tion of Fe(OH)3-FeOOH to Fe(OH)2 which 
can dissolve in higher alkali concentration 
giving HFeO~-. Since all the Fe(OH)2 that was 
formed dissolved to yield soluble Fe(II) species, 
there is no peak corresponding to the reduction 
of Fe(OH)2 to Fe. 

The results obtained at 60~ are interesting. 
The appearance of  a plateau at sweep rates 
above 60 mV s-1 is due to the chemical dissol- 
ution of the oxides formed or to thickening of  
the oxide film. The charge under the anodic 
plateau (Qa) is always greater than that for the 
cathodic peak (Q~) at all sweep rates, suggesting 
that chemical dissolution of  oxide can take place 
at elevated temperatures. 

From the theory of  electrochemical formation 
of metallic oxides using a chrono-amperometric 
method with linear variation of potential [21] the 
appearance of a limiting current of  plateau in the 
E-i  curves indicates cases where one or both 
oxides are soluble with the formation of oxide or 
oxides obeying Langmuir and Temkin-Frunkin 
conditions. 

In 1.0 M NaOH solution the linear plots of 
Ep vs log v and log ip vs log v for the anodic peaks 
suggest formation of  Fe(OH)2 and [FeOOH] 
monolayers or a layer of constant thickness. The 
slope of the Ep,H vs log v plot for the first poten- 
tial sweep is -~ 40 mV per decade; this may indi- 
cate the formation of a Fe(OH)2 film with a low 
degree of coverage obeying the Langmuir adsorp- 
tion isotherm. The Ep,IH VS log v plot for the third 
peak reveals a Tafel slope of 40 +_ 5mV; this 
suggests the following reaction sequence: 

Fe + OH ~ ' [Fe(OH)]ad + e (6) 

[Fe(OH)]ad , [Fe(OH)]~ + e (7) 

[Fe(OH)]~ + O H - ,  ' Fe(OH)2 (8) 

Fe(OH)2 + O H -  ~ ' [FeOOH] + H20  + e 

(9) 
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In 6.0 M NaOH solutions at 30 ~ C, the Ep,n vs 
log v linear plot gives a slope of  110 _+ 15 mV 
and (6 log ip/6 log V)o H_ = 0.9 _ 0.1, suggesting 
that Reaction 9 with equilibrium potential Ee = 
0 . 2 7 1 -  0.0591pH at 25~ involves charge 
transfer as the rate determining step (rds). 

In 6.0 M Na OH solution at 60 ~ C, the forma- 
tion of Fe(OH)2 involves Reaction 7 as the 
formation of [FeOOH] involves Reaction 9 as 
the rds. The appearance of  limiting currents near 
the formation of these two oxides indicates a 
potential independent process. These oxides can 
dissolve chemically to yield soluble Fr (II) and 
Fe (III) species. 

At 80 ~ C in 6.0 M NaOH solution the appear- 
ance of  a single anodic peak is due to the dissolu- 
tion of iron via Fe(OH)2 formation. The 
Fe(OH)2 formed initially undergoes chemical 
dissolution to give HFeOs 

Fe(OH)2 + O H - ,  ' H FeO2 + H20(10) 

The soluble HFeO~- formed undergoes further 
oxidation at high anodic potentials to give 
FeO2, a soluble Fe (III) species. These two 
soluble species can combine to form Fe304: 

H F e O 2 ,  ' F e O 2  + H + + e (11) 

HFeOs + 2FeOf  + H20 

' Fe304 + 3 O H -  (12) 

In 10.0 M NaOH solutions the appearance of  
an anodic peak I and a limiting current around 
- 8 0 0  mV suggest that both oxides are soluble 

and yield Fe (II) and Fe (III) species, and that 
the reduction reaction is the conversion of  
[FeOOH] to Fe(OH)2 or HFeO2.  At faster 
sweep rates the direct oxidation of iron to 
HFeO2,  FeOOH or Fe (III) soluble species via 
Fe(OH)2 as intermediate occurs and the cathodic 
reaction is the reduction of FeOOH to Fe(OH)2 
which chemically dissolves to yield HFeOy .  

The overall electrochemical behaviour involved 
in the passivation and dissolution of iron in 
N aOH solutions should involve hydroxo, oxy 
species along with soluble H F e O f ,  FeO 2 or 
Fe (III) species under non-steady-state conditions. 

Fe + O H -  , ' [Fe(OH)]aa + e (13) 

[Fe(OH)]ad , [Fe(OH)+]ad + e (14) 

[Fe(OH)+]aa + O H - ,  ' Fe(OH)2 (15) 

These steps are the same as proposed for iron 
dissolution in acid media [15]. The transforma- 
tion of  [Fe(OH) + ]aa to soluble Fe (II) species or 
Fe(OH)2 depends on pH and temperature. 

In 6M N aO H  solutions and temperatures 
above 60~ [Fe(OH)+]ad can transform into 
H F e O f  as 

[Fe(OH)+]ad + 2 O H -  , H F eO f  + H20 

(16) 

At higher anodic potentials Fe(OH)2 can react 
with O H -  to form FeOOH as 

Fe(OH)2 + O H -  , [FeOOH] + H20 + e 

(17) 

The direct oxidation of  Fe to FeOOH may also 
follow the same sequence. [FeOOH] can dissolve 
to yield Fe (III) species, or HFeO2 formed in the 
solution can undergo oxidation. 

H F e O f ,  ' F e O 2  + H + + e (18) 

o r  

FeOOH + OH ~ ~FeO2 + H20 (19) 

The species (HFeO2)  and (FeO2) can form 
Fe304 

HFeOs + 2FeO~- + H 2 0  

Fe304 + 3 O H -  (20) 
o r  

2[FeOOH] , [Fe203 �9 H20] (21) 

The formation of Fe203"H20 involves the 
formation of FeOOH which is formed by Reac- 
tions 13-15 and 17. The formation of  Fe304 is 
due to the transformation of  fl-FeOOH via 
FeO~-, a soluble Fe (III) species. 
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