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Abstract Manganese dioxide, a potential catalyst in

many electrochemical reactions, was explored as an

effective activator in Al ? 5% Zn alloy sacrificial anodes.

The catalytic influence of MnO2 on the anodes was micro-

structurally and electrochemically characterized using dif-

ferent electrochemical techniques. The process of

incorporation of MnO2 not only improved the grain size

but also the galvanic performance of the anodes signifi-

cantly. A galvanic performance as high as 80% was

achieved by incorporating an optimum quantity (0.5%) of

MnO2 in the anode matrix. High and steady active open

circuit potential, very low polarization and substantial

reduction in self corrosion were achieved during galvanic

exposure tests. Effective activation of the anodes by MnO2

was also revealed by the results of electrochemical

impedance analysis. The tolerance to biofouling on the

anode surface was studied by quantifying the number of

micro-organisms on the anode surface after immersing in

natural sea water containing the micro-organisms.

Keywords Manganese dioxide � Aluminum �
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1 Introduction

Aluminum and aluminum alloys are extensively used as

sacrificial anodes as they have undeniable economic

advantages in view of their merits such as low density, high

current capacity and reasonable cost. Aluminum is the most

commonly used sacrificial material for cathodic protection

of steel in sea water [1, 2]. However, pure aluminum forms

a passive film on its surface at an open circuit potential of

about -0.800 V versus SCE in sea water [3, 4], which

make it useless as a sacrificial anode in cathodic protection

of steel in sea water. This film is relatively stable in

aqueous solutions over a wide pH range of 4.0–8.5 [5]. The

passivity of aluminum can be overcome by adding suitable

alloying elements such as In, Hg, Ga, Sn, Bi [6–11].

However, most of these metal activated sacrificial anodes

undergo pitting corrosion in chloride environments.

Zinc has an effect of propagation and re-passivation of

metastable pits in Al–Zn alloy. Higher amounts of zinc

causes stable pitting, while lower amounts results in poor

aluminum activation. Muller and Galvele [12, 13], have

reported that the alloying of aluminum with 5% zinc results

in high aluminum activation without substantial pit for-

mation. The addition of 5% zinc to aluminum is the

optimum that leads to significant improvement in metal-

lurgical and electrochemical characteristics of the alloy

through formation of b phase [14]. The same alloy com-

position was also selected for the present work.

Metal oxides play a versatile and important role in

heterogeneous catalysis, gas sensors and corrosion.

Aluminum matrix composites exhibit higher specific

strength, specific modulus and wear resistance when

compared to unreinforced alloys [15–19]. The inclusion of

metal oxides can improve the grain boundaries, suppress-

ing grain boundary corrosion. The oxides of Al and Mn

have been used for the fabrication of high wear resistance

sacrificial anodes [20–22]. Similarly SiO2, ZrO2 and CeO2

have been used to reinforce the Al matrix [23, 24]. The

inclusion of Al2O3 in aluminum alloys can result in sub-

stantial metallurgical improvement [25]. Zinc oxide nano

particles can also be used for the effective activation of
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Al–Zn sacrificial anodes [26]. The effect of TiO2 has been

little investigated since 1970 though its role in fabricating

dimensionally stable electrodes is well established [27, 28].

MnO2 has traditionally received a lot of attention due to

its widespread use in industrial electrochemistry as it has

desirable chemical and electrochemical characteristics

[29]. MnO2 is the most common positive electrode material

used in power sources. It is also extensively used as an

efficient catalyst and as a pseudo capacitor due to its good

electrochemical performance, environmental acceptability

and low cost [30–33]. It has been reported that the incor-

poration of MnO2 into an aluminum matrix significantly

improves both hardness and wear resistance [34, 35].

Though some investigations have been made to improve

the mechanical and micro/macro structural characteristics

of aluminum alloy by MnO2 incorporation [15, 34], no one

has dealt with activation of Al–Zn alloy sacrificial anodes.

In this context the present study explores and evaluates the

catalytic effect of MnO2 for the effective activation of

Al–Zn sacrificial anodes in marine environments.

2 Experimental methods

2.1 Fabrication of the anode

Commercially available pure aluminum (99.90%) and zinc

(99.95%) ingots were used for casting Al ? 5% Zn alloy

anodes. The required quantities of the metal ingots were

heated in a graphite crucible in a muffle furnace. A silicon

carbide rod was used for homogenization of the melt. The

melt at 725 ± 10 �C was poured into a graphite die having

dimensions 4 9 2 9 0.3 cm. The cast anodes were pol-

ished by using different grades of emery paper down to

300, degreased with trichloroethylene and dried by blowing

hot air at 60 �C. For the fabrication of the MnO2-incor-

porated anodes, the required amount of MnO2 (Merck

India, assay-99.0%) was added to the melt with sufficient

stirring and reheated again before casting the Al ? 5% Zn

alloy anode.

2.2 Physicochemical characterization

A Hitachi S-2400 instrument was used to record scanning

electron micrographs of the anode surface. The metallo-

graphic samples for SEM analysis were cut from the centre

of the bulk anode. They were finely ground and polished to

the required extent. During the polishing stage, the metal

was protected from galvanic deterioration by means of

dehydrated ethanol for lubrication and cleaning. The

samples were etched with 5% NaOH solution, washed

with distilled water and examined by secondary electron

signal.

The hardness of the anodes was determined as per

ASTM 384-89 by using a Vickers micro hardness indenter.

The hardness values were measured at different places on

each anode and the average values were recorded. The

standard deviation was found to be less than five units in

any case.

2.3 Electrochemical evaluation

2.3.1 OCP and CCP variation

The open circuit potential (OCP), the potential difference

between the test anodes relative to a saturated calomel

reference electrode (SCE), was continuously monitored,

commencing from the introduction of the anode into the

electrolyte. The OCP plot of OCP versus time up to

60 days is interpreted in terms of the electrode–electrolyte

interphase. All the anodes were immersed in 3% NaCl

solution at 30 ± 2 �C. The closed circuit potential (CCP)

of the test anodes with respect to SCE was continuously

monitored when the anode was coupled with a mild steel

cathode and the couple was kept immersed in 3% NaCl

solution prepared with analytical grade chemicals and

distilled water. The CCP variation was monitored for a

period of 60 days.

2.3.2 Polarization

The anodes were anodically polarized potentiostatically,

against a larger surface area platinum counter electrode. A

SCE was the reference electrode. The polarization experi-

ments were repeated to test reproducibility. The anodes

were equilibrated in 3% NaCl solution for sufficient time

prior to each polarization. A standard potentiostat (BAS,

USA) was used.

2.3.3 Self corrosion

The anodes were immersed in 3% NaCl solution for a

period of 90 days. The difference in the weight of the

coupons before and after immersion was measured after

cleaning the anodes using a standard procedure (ASTM G

31). The anodes were kept undisturbed mechanically and

electrochemically using suitable supports and complete

insulation. The corrosion rate was calculated based on the

weight loss data.

2.3.4 Efficiency

The test anode and a steel cathode having 10 times

larger surface area was coupled using a copper wire. The

cathode had the composition (Fe,C-0.089%, Mn-0.0535%,

Si-0.0284%, P-0.043%, S-0.043%, Cr-0.0287%, Ni-0.146%,
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Cu-0.043%, Al-0.035%, Ti-0.007%, Sb-0.178%) with

dimensions of 10 9 4 9 0.5 cm. The electrical contacts

and the top surface of the anodes were insulated. All the

similar couples comprising the anodes of determined

exposed surface area were immersed in 3% NaCl solution

for a period of 90 days. The current was continuously

monitored. The weight of the anode before and after

immersion was measured after cleaning the anode by a

standard procedure (ASTM G 31). From the weight loss

data the theoretical current capacity of the anode was

calculated. The anode efficiency can be defined as the

useful ampere hours charge derived from the anode in

practice compared with that theoretically obtainable.

Efficiency ð%Þ :
Effective current capacity� 100

Theoretical current capacity

Parallel experiments were conducted with other

electrode couples to ensure reproducibility.

2.3.5 Accelerated electrochemical test

An accelerated electrochemical test was carried out to

determine the efficiency of the anodes (ASTM G 97). The

tests were carried out by impressing an anodic current

density of 1 mA cm-2 on the anode coupled with mild

steel cathode, for a period of 5 h in the aerated test solu-

tion, simulated to ocean water with an initial pH 8.3

according to ASTM D 1141.

The effective current capacity of an anode is the total

columbic charge produced by unit mass of the anode as a

result of electrochemical dissolution. The theoretical cur-

rent capacity can be calculated according to Faraday’s law.

Theoretically Al ? 5% Zn alloy has a current capacity of

2,882 Ah kg-1.

2.3.6 Impedance characterization

Electrochemical impedance spectra were carried out using

an Auto lab PGSTAT3plus FRA 2 measuring system. An

Ag/AgCl, Pt and anodes having 1 cm2 exposed area were

used as reference, counter and working electrodes respec-

tively. The measurements were performed after immersion

of the anodes in 3% NaCl solution at 30 ± 2 �C for 2 h in

order to obtain steady state conditions.

2.4 Bio-growth

The bio-growth on the anodes was assessed by counting the

viable microorganism on the anode surface due to exposure

to natural sea water for 1 week. The total viable count

(TVC) was determined by a standard plate count method.

After 1 week, the biofilm formed on the anode surface was

transferred into peptone water. The mixture was shaken for

5 min so that all microorganisms were serially diluted with

sterile water to get 10-5 dilution. One ml samples were

then spread on to zohell marine agar medium. The com-

position of the zohell marine agar media used was given in

the Table 1. The pH and temperature were 7.6 ± 0.2 and

25 �C respectively. The incubation of the plates was car-

ried out for 24–48 h at 37 �C. The colony forming units

(CFU) were enumerated and the original counts were cal-

culated from the dilution factor.

Microbial counts ¼ Number of CFU � Dilution factor:

3 Results and discussion

3.1 Metallurgical characteristics of the anode

Figure 1a shows the morphology of the Al–Zn anode, and

Fig. 1b shows that of the MnO2-incorporated Al–Zn anode.

A significant difference in morphology of the two anodes is

apparent. The MnO2 incorporated anode had uniform

morphology with smaller and well defined grains. The

grain size and uniform distribution have a large influence

on galvanic performance. Generally, anodes with small

grains have high current capacity and efficiency [36, 37].

The good wettability and the presence of an optimum

amount of MnO2 in the Al alloy can prevent the precipi-

tation of the composite. No other specific defects like

voids, channels and segregations were found. The existence

of MnO2 at the grain boundaries is the likely cause of

the metallurgical improvement of the Al–Zn anode. The

role of MnO2 is not confined to the activation process

Table 1 Chemical composition of the zohell marine agar medium

Chemicals Concentration/g L-1

Peptone 5.0000

Yeast extract 1.0000

Ferric citrate 0.1000

Sodium chloride 19.4500

Magnesium chloride 8.8000

Sodium sulphate 3.2400

Calcium chloride 1.8000

Potassium chloride 0.5500

Sodium carbonate 0.1600

Potassium bromide 0.0800

Strontium chloride 0.0340

Boric acid 0.0220

Sodium silicate 0.0040

Ammonium nitrate 0.0016

Disodium phosphate 0.0008

Agar 15.0000
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alone; it also causes substantial reduction in self-corrosion.

The presence of MnO2 in grain boundaries is the cause for

suppression of non-columbic loss of grains and hence the

self corrosion. Similar inferences were arrived from the

SEM micrographs at higher magnifications Fig. 1c, d.

The maximum concentration of the MnO2 in the sacri-

ficial anodes was limited to 0.5%, since higher amount of

the MnO2 could decrease the energy density of the anode

mass. It was also difficult to obtain a homogeneous alloy

melt before casting, due to segregation of the MnO2 in the

melt. By means of MnO2-incorporation, the mechanical

properties of the anodes were slightly improved. The

hardness of the Al-matrix incorporated with 0.5% MnO2

was found to be *52.14 VHN and that of the pure Al–Zn

was *39.92 VHN. The increase in hardness is attributable

to dissolution of Mn to Al–Zn alloy [34].

The substantial improvement in the mechanical prop-

erties of the Al–Zn anode by MnO2-incorporation is mainly

due to two factors. Firstly, the relatively finer size of the

intermetallic layer MnAl6 which results from nucleation

provided by numerous alumina particles generated by the

reduction of relatively fine MnO2 particles. Second reason

is the reinforcement of the matrix alloy by the formation of

in-situ Al2O3 within the metal matrix [34, 35].

3.2 Electrochemical evaluations

3.2.1 OCP decay

Figure 2 shows the OCP decay of the galvanic anodes

incorporated with different concentrations of MnO2, in 3%

NaCl solution as a function of time. The OCP values were

found to lie in the range -0.940 to -0.970 V initially and

they shifted to -0.934 to -0.967 V as a result of 2 months

immersion. There were fluctuations of potential only at the

beginning of the test period and then they became almost

stable with a very slight gradual increase in the potential

values. This fluctuation in the potential variation versus time

is attributable to the non-uniform corrosion of the anode,

especially pitting in the case of sacrificial anodes [11].

The anode incorporated with 0.5% MnO2 exhibited the

highest OCP. In this case very little potential fluctuation

was observed, also at the beginning of the study and then it

became almost stable with a very slight gradual increase.

On the other hand the pure Al–Zn anode exhibited a heavy

anodic OCP shift. This is attributable to the formation of

oxide films on the anode surface leading to ennoblement of

the potential [3]. Even though all the MnO2 incorporated

anodes exhibited higher OCP than the pure Al–Zn anode,

Fig. 1 Surface morphology of

(a) pure Al ? 5% Zn anode,

(b) MnO2 incorporated

Al ? 5% Zn anode, (c) and

(d) respectively at higher

magnifications
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the best candidate could not be ascertained based on these

result alone. In this context, the variation in CCP of the

anodes was monitored under the condition of being gal-

vanically coupled with steel cathodes.

3.2.2 CCP variation

Figure 3 shows the CCP variation curves of the Al ? 5%

Zn alloy anodes incorporated with different concentrations

of MnO2 under a current density of l mA cm-2. All the

anodes exhibited high cathodic initial CCP values ranging

from -0.929 to -0.950 V, which were substantially higher

than that of the pure Al–Zn anode and in accordance with

the OCP values. The anode incorporated with 0.5% MnO2,

exhibited more active behavior than all other anodes.

Generally an active CCP is desirable because a relatively

noble potential indicates passivation [38]. Normally CCP

values are considered more simulated to actual galvanic

exposure, the only difference being the very low currents.

Conventionally, CCP values are measured only when the

actual galvanic reactions are proceeding. Hence the varia-

tion in CCP values could be considered as significant during

evaluation of anodic characteristics. In the present case, the

galvanic anode incorporated with 0.5% MnO2 exhibited

more active behavior compared to all other anodes.

3.2.3 Anodic polarization

The polarization trends of Al ? 5% Zn alloy anode

incorporated with different concentrations of MnO2 are

shown in Fig. 4. The polarization curve of the Al ? 5% Zn

alloy sacrificial anode was characterized by a broad passive

region within the entire current range. This is attributable

to the formation of protective oxide films on the aluminum

surface. The 0.5% MnO2 incorporated anode exhibited the

least polarization among all the anodes studied. Higher and

lower amounts of MnO2 caused high polarization revealing

that the optimum and critical concentration of the MnO2 is

0.5%. Addition of MnO2 to the alloy anodes produces such

metallurgical characteristics that the anode surface forms

an efficient double layer interface with the electrolyte

resulting in more cathodic polarization.

3.2.4 Self corrosion

The overall galvanic performance of the MnO2-incorporated

Al–Zn alloy sacrificial anodes are compared in Table 2. All

the anodes containing MnO2 exhibit better galvanic
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Fig. 2 OCP decay curves of Al ? 5% Zn anode with different

amounts MnO2 incorporation. (s) Al ? 5% Zn, (h) Al ? 5%

Zn ? 0.05% MnO2, (D) Al ? 5% Zn ? 0.1% MnO2, (d) Al ? 5%

Zn ? 0.2% MnO2, (j) Al ? 5% Zn ? 0.5% MnO2, (m) Al ? 5%
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Fig. 3 Variation in CCP of the Al ? 5% Zn anode with different

amounts of MnO2 incorporation. (s) Al ? 5% Zn, (h) Al ? 5%

Zn ? 0.05% MnO2, (D) Al ? 5% Zn ? 0.1% MnO2, (d) Al ? 5%

Zn ? 0.2% MnO2, (j) Al ? 5% Zn ? 0.5% MnO2, (m) Al ? 5%

Zn ? 1% MnO2

-1

-0.9

-0.8

-0.7

-0.6

-2.5 -1.5 -0.5 0.5 1.5 2.5

log ( i/ mA cm-2)

E
le

ct
ro

de
 p

ot
en

tia
l/ 

V
 v

s 
S

C
E

Fig. 4 Anodic polarization behavior of Al ? 5% Zn anode with

different amounts MnO2 incorporation. (s) Al ? 5% Zn, (h)

Al ? 5% Zn ? 0.05% MnO2, (D) Al ? 5% Zn ? 0.1% MnO2, (d)

Al ? 5% Zn ? 0.2% MnO2, (j) Al ? 5% Zn ? 0.5% MnO2 (m)

Al ? 5% Zn ? 1% MnO2
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performance such as more cathodic OCP and CCP, high

galvanic efficiency and low self corrosion. The major

drawbacks of the Al–Zn sacrificial anodes are non-coulum-

bic loss and low galvanic efficiency. In the present work, self

corrosion of the anode was determined to assess the non-

coulumbic loss. From Table 2 it is clear that all the MnO2

incorporated anodes exhibit low self corrosion for a period of

3 months in 3% NaCl solution, when compared with pure

Al–Zn alloy anode. The self corrosion value of pure Al–Zn

alloy sacrificial anode is 10.860 9 10-6 g cm-2 h-1 and

that of MnO2-incorporated anodes are in the range

8.215 9 10-6–7.129 9 10-6 g cm-2 h-1. Among all the

MnO2-incorporated anodes, 0.5% MnO2 exhibited the least

value, which is in accordance with the results of OCP decay

and polarization studies. The reduction in self corrosion

values may be attributed to reduction in grain boundary

corrosion due to better grain refinement [20]. Thus it is clear

that the inclusion of MnO2 suppresses the self corrosion of

Al–Zn sacrificial anodes.

3.2.5 Galvanic efficiency

The galvanic efficiency values of anodes with different

concentrations of MnO2 are given in Table 2. The galvanic

efficiency and self corrosion values are in good agreement

for all the anodes. The pure Al–Zn anode exhibited an

efficiency of just 58.5%. Aluminum and aluminum alloys

generally suffer from pitting and localized corrosion in 3%

NaCl solutions. This is the main cause of low galvanic

efficiency and high self-corrosion of aluminum anodes

[39]. On the other hand the 0.5% MnO2 incorporated anode

exhibited remarkably high efficiency, around 80%, sug-

gesting uniform anode dissolution. The incorporation of

higher concentrations of MnO2 caused a drastic decrease in

the efficiency and hence the incorporation of higher con-

centrations of MnO2 was not further considered.

3.2.6 Accelerated electrochemical test

With reference to 0.5% MnO2 incorporation as the best

and optimum, the galvanic efficiency of other anodes

incorporated with different concentrations of MnO2 are

compared in Table 2. The efficiency was determined by an

accelerated test involving the impression of an anodic

current density of 1 mA cm-2 on the anode coupled with a

mild steel cathode, for a period of 5 h. The 0.5% MnO2

anode showed higher efficiency than that of other anodes.

Theoretically, uniform anode dissolution will give maxi-

mum efficiency. Either secondary cathodic reaction on the

surface interface and/or mechanical grain loss due to local

macro/micro corrosion cells will reduce anode efficiency.

With the addition of higher concentrations of MnO2, het-

erogeneity in the Al–Zn alloy melt was noticed. The

performance of the anode under practical exposure condi-

tions would be still better as the current density would be

relatively low under such circumstances.

3.2.7 Impedance analysis

In the present work, the impedance technique was used as a

basis for a comparative study to show the corrosion behavior

of the anodes viz; Al ? 5% Zn and Al ? 5% Zn ? 0.5%

MnO2. The EIS were recorded only after the anodes attained

steady state i.e., after 2 h in 3% NaCl. The analysis was made

within the frequency range 1–10 MHz, with reference to

OCP. The Bode and Nyquist plots of the Al ? 5% Zn and

Al ? 5% Zn ? 0.5% MnO2 anodes are shown in Fig. 5a, b

respectively. At the high frequency limit, the impedance ‘z’

was dominated by the solution resistance (Rs) while at the

very low frequency limit; the impedance approached the sum

of solution and polarization resistance (Rp). The impedance

spectra showed a depression in the modulus of impedance,

|Z| obtained at lower frequencies corresponding to a

Al ? 5% Zn alloy anode revealing pitting behavior [23].The

Al ? 5% Zn ? 0.5% MnO2 anode exhibited significantly

lower resistivity when compared with Al ? 5% Zn, a

favorable criterion for a good sacrificial anode. The Rp, CPE/

F and n values of the alloy and the matrix sacrificial anodes

were 83.56, 9.257 9 10-9, 1.251 and 74.848, 1.180 9 10-8,

1.312 respectively. The variation in the polarization resis-

tance may be attributed to the MnO2 induced activation of the

sacrificial anodes.

Table 2 A comparison of the galvanic performance of the MnO2 incorporated Al ? 5% Zn alloy sacrificial anode [Electrolyte: 3% NaCl]

Sl. No. Amount of

MnO2 (wt.%)

O.C.P. versus

SCE (V)

C.C.P. at

i = 1 mA cm-2 (V)

Self-corrosion 9 10-6

(g cm-2 h-1)

Efficiency (%) Efficiency

(i = 1 mA cm-2) (%)

1 – -0.930 -0.912 10.860 58.5 25

2 0.05 -0.940 -0.923 8.215 60.0 28

3 0.1 -0.945 -0.927 8.152 61.0 30

4 0.2 -0.948 -0.930 7.861 63.0 32

5 0.5 -0.970 -0.950 7.159 80.0 66

6 1.0 -0.959 -0.943 7.299 75.0 59
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3.3 Bio-growth

The number of viable micro organisms observed by a

standard plate count method after incubation is shown in

Fig. 6. The number of cell colonies attached to the pure

Al–Zn anode was approximately 2360 CFU cm-2 while

the MnO2 incorporated anodes exhibited cell colonies in

the range 2,160–1,290 CFU cm-2. With increasing MnO2

concentration there was a significant reduction in bacterial

adhesion. Thus, MnO2 incorporation results in effective

suppression of biofouling and the possibility of microbially

induced corrosion.

4 Conclusions

The optimum quantity of MnO2 incorporation facilitated

effective activation of the anodes. The metallurgical char-

acteristics of the anodes were improved substantially by

means of MnO2 incorporation leading to a substantial

reduction in self corrosion. The galvanic performance of

the anodes was improved significantly by incorporating

MnO2. This led to a significant increase in efficiency from

58.5 to 80%. The anode incorporated with 0.5% MnO2

exhibited very low polarization during galvanic exposure

as predicted based on the results of anodic polarization by

impressed current. It also exhibited a high and steady

negative OCP and CCP. The incorporation of the MnO2 in

optimum quantity was crucial as other combinations had

negligible or even adverse effects. These promising anodes

are associated with further advantages in terms of low cost,

easy development, tolerance in aggressive media and bio-

resistance.
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