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a b s t r a c t

Corrosion of steel reinforcement concrete structures is monitored through the surface mounting tech-
niques using liquid based reference electrodes. Due to the limited usage of liquid based reference
electrodes solid state reference electrode are introduced recently. In the present study, we fabricated and
characterized Mn3O4 based pellet electrode for corrosion assessment of steel rebar in high alkaline
medium through electrochemical methods and the results are compared with conventional saturated
calomel reference electrode (SCE). The results indicate that the fabricated pellet electrode exhibits better
characteristics suitable for high alkaline concrete environment and differentiate the passive and active
status of steel rebar.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Steel reinforced concrete structures are plays a vital role in civil
infrastructures such as bridges, dams and buildings. Steel rein-
forcement gives structural strength, stability, durability etc. Usually
the pH of concrete structures is found highly alkaline (~12.5e13.5).
This high alkaline pH produces a passive film on the surface of steel
and hinders the further corrosion [1]. Though, the effect of external
pollutants in concretes such as chloride ions, sulphate ions and CO2
ingression affect the pH and induced the localized corrosion on the
surface of steel rebar and promote the corrosion [2,3].

Prior detection and monitoring corrosion of steel in reinforced
concrete structures pave the way to evaluate the lifespan of civil
structures and take appropriate rehabilitation aspect. The non-
destructive electrochemical corrosion monitoring methods such
as galvanic potential measurement [4,5] open circuit potential
measurements, linear polarization measurements and electro-
chemical impedance provides effective information on corrosion
status [6,7] of rebar in concrete. In these methods, the rebar po-
tential was measured with respect of standard reference electrodes
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like Ag/AgCl, Hg/Hg2Cl2 and Cu/CuSO4 [8]. This reference electrode
is consist of liquid part of either saturated chloride or sulphate
solutions andmade up of glass body as one part of it. These types of
glass based liquid filled reference electrodes are not suitable for in-
situ measurements [2] because the liquid part chloride and sul-
phate ions of solution leakage contaminate the concrete structure
and induce the localized corrosion. In another way, most of the
measurements were carried out by surface mounting techniques as
per ASTM C876. This surface mounting technique may produce the
erratic signal, non-reliable potential etc. due to the large distance of
steel in concrete structures and outer surface.

To overcome these issue, embeddable pseudo reference elec-
trodes and solid state reference electrodes is introduced by several
groups [9e16]. Pseudo reference electrode (Quasi reference elec-
trode) is a kind of reference electrode, in which their potentials
were not stable, were dependent on various factors and the po-
tential was not usually defined (Thermodynamic equilibrium
cannot exist) approximately constant under appropriate condi-
tions. Pt and Mo wire, Ag wired covered by Ag-salt of chloride and
bromide is used in this typically as pseudo reference electrode in
various fields which includes of corrosion monitoring of concrete
structure [14]. In solid state reference electrode, the major com-
ponents of sensing materials and embodiments are solid and it is
used to measure the potential of other components (i.e. to be used
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potential measurements instead of conventional reference elec-
trodes) [17e21]. These embeddable reference electrode have
numerous advantages than compared to the liquid based reference
electrodes [2,22e25] and that are usable for in-situ measurements
due to their, smaller size, quick response, long self-life, mainte-
nance free use and applicable to non-aqueous medium
applications.

In concrete structures, the embeddable reference electrodes for
corrosion monitoring of steel attracted by many researchers due to
its reliable status of rebar due to minimized large distance between
outer cover and inner steel rebar surface (minimize iR drops) and it
can be usable for long termmonitoring on the basis of maintenance
free use and also suitable for online monitoring due to their
maintenance free nature [13e15].

In this embeddable reference electrodes most of the system used
metal-metal oxide one of the components andwhich serves asmain
functions to produce stable potential in particular medium. In the
case of MnO2 and NiFe2O4 embeddable reference electrode [9e12],
MnO2 and NiFe2O4 were used as main components in PVC tube
substrate sealed with porous cement plug; high alkaline paste
(mixture of KOH, NaOH and Ca(OH)2) act as conducting medium.
Here the active materials are also deviated from the real concrete
medium and the high solubility of alkaline and alkaline earth metal
creates lake of connectivity between the concrete and sensing ma-
terials. In another case, G. S. Duffo et al. developed embeddable
multi probe sensor based on mixed metal oxide probe as one of
main components [13,14]. In which, there, rare earth high cost Ir, Ta
and graphite rod from dry cell are used. The high cost and low
inadequate availability of Ir and Ta not favored to commercialization.
The graphite rod producing potential is questionable in high alkaline
medium. In these aspects, the development of another active
corrosion monitoring reference electrode is important and inter-
esting. This is offers new kind of reference electrodes in this field.

Mn3O4 is a unique mixed metal oxide spinels due to coexistence
of Mn in different valence state of Mn2þ, Mn3þ and used in many
technological applications such as gas sensor, molecular adsorp-
tion, catalyst [25], lithium ion batteries [26] and used in various
other aqueous, non-aqueous and high alkaline medium [27] due to
their excellent physicochemical stability, non-toxic nature, low cost
and high abundance.

Major objective of this work is to develop and characterize a
solid state metal oxide reference electrode for corrosion assess-
ment of steel in reinforced concrete structure. Hence, we described
the fabrication of Mn3O4 based solid state metal oxide pellet
reference electrode preparation and its electrochemical character-
ization in high alkaline environment and the effective use of
corrosion monitoring of steel in reinforced concrete structures.
Based on this study, the Mn3O4 pellet electrode provides unique
and reliable potential applications with respect to SCE.

2. Materials and methods

2.1. Mn3O4 preparation

All the reagents used in this work were analytical grades and
were used without further purifications. Double distilled water was
used in all the experiments. Mn3O4 was synthesized through the
metal chloride precipitation method and typically described as
follows.0.22 mol of MnCl2$2H2O and 0.44 mol NaOH were sepa-
rately dissolved in distilled water. Then NaOH solutionwas added to
the MnCl2 solution with constant stirring. After that, 1.37 m mol of
cetyltrimethylammonium bromide (CTAB; cationic surfactant it
enhances the formation of nanoparticles and suppress the reunion
of nanoparticles [28]) was dispersed into themixtures. The resulting
precipitate was collected and washed with distilled water until the
washing water amperes as neutral pH and then washed with
ethanol. Finally the prepared sample was dried at 60� C for 24 h.

2.2. Characterizations

Structural characterization was performed by X-ray diffrac-
tometry using PAN elliptical D8 advance Diffractometer Cu Ka ra-
diation with wavelength of 1.5406 Å. Fourier transform infrared
spectra (FTIR) was recorded by Bruker-tensor 27 with opus 6.5
version software. The surface morphology of prepared sample was
observed by scanning electron microscopy (SEM) through VEGA3
SB TESCAN SEM and Field-emission scanning electron microscopy
(FE-SEM) using a Carl Zeiss AG Supra 55VP with an acceleration
voltage of 5e30 kV. Phase composition were studied by Energy
dispersive X-ray spectroscopic (EDS) method; which was collected
using X-Flash Detector 410M with Bruker ESPRIT QUANTAX EDS
analyzing software.

2.3. Fabrication of solid reference electrode

Solid state reference electrodes were prepared in PVC epoxy
mold as follows. As prepared 0.5 g of Mn3O4 powder was mixed
with 1% PVA in water (Polyvinyl alcohol) in agate mortar until got
homogeneous dryness and then pressed into a pellet of 10 mm dia
with thickness ~3 mm through hydraulic pressing machine
(10 MPa). The electrical connection was made using Teflon coated
copper wire with silver paste glue and embedded into PVC (poly-
vinylchloride) body using epoxy resin and it can be shown in Fig. 5a.
Before evaluating the performance of Fabricated Pellet Electrode
(FPE), which was polished by fine grade emery, papers in order to
get the homogeneous exposure in test solutions.

2.4. Potential stability measurements for FPE

Potential stability of FPE in different pH solution (phosphate
buffer), synthetic concrete pore solution (SCPS) (0.3 M KOH, 0.1 M
NaOH and 0.01 M Ca(OH)2; pH ~13) and 0.1 M NaOH were
measured with respect to SCE in two electrode setup with help of
high impedance multimeter. The FPE were immersed in test solu-
tion throughout the measured periods in a beaker and then salt
bridge were used between the connection of working electrode
(FPE) and the reference electrode of SCE. In each reading were
taken out after attain the stability of ±5 mV.

2.5. Steel corrosion monitoring in solution medium

In order to evaluate the practical utility of fabricated electrode in
concrete environment, we took steel rebar (5 cm length and 8 mm
dia) in high alkaline pHmedium of 0.1 M NaOH for passive medium
and 0.1 M NaOH with 1% and 2% of NaCl for active medium.

2.6. Electrochemical studies for corrosion monitoring of steel rebar
in solution medium

Potential of steel rebar (working electrode) was periodically
measured with respect to the SCE (Saturated Calomel Electrode)
and FPE through the two electrode cell setup. All the potential
studies were measured in room temperature (30 ± 2 �C).

Potentiodynamic polarization and impedance studies were
done using Gill automated potentiostat (ACM instrument, UK) in
three electrode cell setup in which steel rebar served as working
electrode, Pt foil (1 cm2) served as counter electrode and SCE served
as reference electrode. Similar experiments were also performed
using FPE instead of SCE for the comparison purpose. In each
measurement, the open circuit potential (OCP) was measured for



Fig. 1. (a) Schematic illustration of casted concrete cube with embedded FPE and (b) electrochemical studies setup of concrete cube embedded and ex-situ reference electrode of
SCE.

Fig. 2. (a) X-Ray diffraction pattern and (b) Fourier transform infrared spectrum of as prepared Mn3O4.
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the exposure period of 1 h to ensure their steady state potential and
then potentiodynamic polarization was carried out. The potentio-
dynamic condition corresponds to ±200 mV from the OCP with
scan rate of 1 mV s�1.

Corrosion current density was obtained fromRp and the slope of
polarization curvewas obtained by using the following relationship
equation (1) [29].

icorr ¼ ba$bc
2:303 Rp ðbaþ bcÞ ¼

B
Rp

(1)

where ba and bc is the anodic and cathodic slope of the polarization
curve.

Electrochemical impedance spectra were measured in the fre-
quency range of 0.1 Hze100 kHz with AC amplitude of 5 mV and 30
reading per decade with respect to SCE and FPE using three elec-
trodes cell setup was described above. The polarization resistance
(Rp in U.cm2) was measured at the lower frequency region using
curve fitting method by using ACM software.
2.7. Steel corrosion monitoring in cement mortar specimen

In order to assess the real time use of FPE for corrosion assess-
ment of steel rebar in concrete, we used concrete mortar specimen
which was similar to our previous studies [30]. In brief it was dis-
cussed as follows. Ordinary portland cement (OPC); composition is
given in Table 1. Thermo mechanically treated (TMT) rebar's
(50 mm length and 12 mm dia) and locally available river sands
were used. Cement mortar of 10 � 10 � 10 cm was prepared by
using of concrete mix consists of 1:2.75:0.5 of cement, sand and
water. For inducing of corrosion NaCl was mixed 0, 1, 2 and 3% with
water. Before embedding the steel rebar was cleaned by picking
solution consisting of hydrochloric acid, antimony trioxide and
stannous chloride which was described in ASTM G1 and electrical
lead was taken from one end. In order to avoid exposing of elec-
trical contact in cement mortar, this was sealed using epoxy resin.
Schematic illustration of as prepared concrete cube shown in Fig. 1a
and it was is similar to Fig. 2a of our previous studies [30]. The
specimens were demoulded after 24 h and then cured in distilled
water at room temperature for 1 month.

Polarization and electrochemical impedance measurements
were carried out using three electrode cell setup, in which, steel
rebar embedded in concrete cube serve as working electrode,
stainless steel covered around the concrete cube serve as counter
electrode and FPE serve as embedded (in-situ) reference electrode.
0.04 N NaOH solution was used as electrolyte. Fig. 1a of bottom one
and Fig. 1b shows the schematic and experimental setup of elec-
trochemical measurements which is similar to our previous studies



Fig. 3. (a) SEM (b) FESEM images and (c) Energy dispersive X-ray spectrum of as prepared Mn3O4.

Fig. 4. E-pH (Pourbaix) diagram of 0.2 M MneH2O system at 80 �C. The red vertical
line represents the chemistry of the electrolyte used in this study. Reprinted with
permission from Ref. [35]. Copyright (2014) American Chemical Society.

Fig. 5. (a) Photographs of PVC-epoxy molded fabricated Mn3O4 pellet electrode (1-
Mn3O4 pellet, 2- Mn3O4 pellet embedded in PVC substrate, 3- front view of fabri-
cated electrode and 4-back view of fabricated electrode) and (b) measured potential of
FPE in 0.1 M NaOH and various pH solutions with respect SCE.
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[30]. A potentiodynamic polarization condition corresponds to ±
200 mV from the OCP with scan rate of 1 mV s�1. Electrochemical
impedance spectra were measured in the frequency range of
0.1 Hze100 kHz with AC amplitude of 5 mV and 30 reading per
decade. In order to compare the results of FPE, similar experiments
were also conducted using conventional SCE as ex-situ reference
electrode.
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3. Results and discussion

3.1. Structure and morphology of Mn3O4

Fig. 2a shows the X-ray diffractions pattern of as prepared
Mn3O4 powder. In which, the diffraction patterns (101), (112),
(200), (103), (211), (004), (220), (204), (105), (312), (303), (321),
(215), (116), (400), (411), (305), (413), (422), (404), (217) and (415)
diffraction planes are observed. These highly intensive narrow
peaks coincide with the tetragonal Mn3O4 (JCPDS file No 24-0734).
No other peaks of MnOx impurities phase are detected. The well-
defined sharp peaks suggest as prepared Mn3O4 well crystalline
and good purity.

In order to get more information about prepared Mn3O4, Fourier
transform infrared spectra (FTIR) studies were performed and
shown in Fig. 2b. In which, the twomajor peaks are observed in the
region of 400e700 cm�1. The peaks around at 624 cm�1 and
520 cm�1 inwhich corresponds to the coupling of MneO stretching
of tetrahedral and octahedral sites, respectively. These results is
closely resemble to the recent literature of F. A. Al Sagheer et al. and
K. Subramani et al. [31,32]. These results support X-ray diffraction
studies and suggest the formation of Mn3O4 phase at lower tem-
perature [31].

Fig. 3 shows the SEM and FESEM images of Mn3O4 sample. At
lowmagnification (Fig. 3a) as prepared sample exhibits sponge like
morphology [33]. At high magnification (Fig. 3b), it can be seen that
the sponge likes structures are consists of agglomerated Mn3O4

tetragonal bipyramids [34]. In order to investigate the composition
of Mn3O4, we performed Energy dispersive X-ray spectroscopic
analysis (EDAX) and it can be shown in Fig. 3. It conform that
samples purely consist of Mn and O with wt% ratio of 2.45:3.62;
which is close to the empirical ratio of 3:4 chemical constituents.

3.2. The prospective use of Mn3O4 in alkaline environment

Pourbaix diagram is a well-known tool to assess the possible
stable phase at equilibrium in aqueous electrochemical system. In
this regards the potential vs. pH diagram of MneH2O system is
shown in Fig. 4 which shows the possible thermodynamic stability,
redox couples, phase and ionic species at different pH values.
Accordingly, the Mn3O4 was chosen in this study, due to their
thermodynamic stability of Mn in Mn3O4 state at high pH regions.
Mn3O4 reverse disproportionation and Mn(OH)2 should not occurs
at solution [35,36]. It gives possible stability status at high alkaline
concrete like environment. In addition, the different phase of Mn in
aqueous medium, Mn3O4 phase exhibits more stability in wide
range of pH and above the ordinary room temperature. Further, the
cyclic voltammogram of Mn3O4in aqueous neutral and high alkaline
medium pH medium shows evidence of non-redox reaction
behavior at the applied potentials widow of 0e1 V with respect to
RHE (Reversible Hydrogen Electrode, it has potential 0 V in all pH
range [37]) [16,38,39]. In this, characteristics are most suitable and
offer new usage in high alkaline concrete like environment. Because
of the concrete environment pH is found in the range of ~12.5e13.5.

3.2.1. Potential performance of fabricated Mn3O4 solid electrode
In general, the reference electrode potential were described by

Nernst equation which is shown in equation (2) [40e42].
Table 1
Chemical composition of as used ordinary portland cement (OPC).

Constituents CaO SiO2 Al2O3 Fe2O3 MgO SO3 LOI

% 62.70 20.80 5.40 4.60 0.60 2.60 3.30
EMnþ=M ¼ E+ þ RT
nF

ln
aMnþ

aM
(2)

Where Mnþ and M are the activities of the oxidized and reduced
species respectively. E, R, T, n and F stands for the electrode po-
tential, gas constant, temperature, number of electron transfer
during the oxidation and reduction, Faraday's constant respectively.
Let us consider the conventional reference electrodes of Hg/Ha2Cl2,
Ag/AgCl and Hg/HgO and its electrolytes of KCl, NaCl, NaOH and
KOH [43]. In these conventional reference electrode, the potential
arises due to the reversible redox reaction active species and the
activities of electrolyte ions like Cl� and OH� and hence, it follows
the Nernst equation to represent the equilibrium potential and vice
versa [22,43].

However, the Nernst's law applies quite well for neutral and
acidic solutions (1 < pH < 7). Nevertheless in alkaline solutions this
linear relationship with pH is no more valid (especially in concrete
medium which have a pH of ~12.5e13.5) [19]. So, the Nernst laws
cannot be used in this case to determine the half-cell reaction of the
reference electrodewhen it is to bemade up of special noblemetals
like Pt, Ag and carbon and addition to this when it is to be used in
special environment like solid or gas [44,45]. The activities of
oxidized and reduced species are unknown and hence the behavior
of the electrode is unpredictable by the Nernst law but it exhibits
stable potential behavior with time [14,17,42]. This kind of refer-
ence electrodes are said to be pseudo reference electrode. Hence,
most of the solid state reference electrodes are similar to pseudo
reference electrode and it gives potential with respect to pH of test
medium [14,46]. This present study describes the possible utiliza-
tion of Mn3O4 materials to fabricate the solid state reference elec-
trode for corrosion monitoring of steel rebar in concrete structure.
It has the solid component of Mn3O4 alone in the form of pellet.
Hence, it is able to give some potential like pseudo reference
electrode without any redox reaction like MMO reference electrode
studied byG. S. Duffo et al., and U. Guth et al. [14,17,46]. And thereby
the Mn3O4 is believed to be thermodynamically highly stable in
alkaline pH it was described by the Pourbaix diagram [35,36].

In most of the embeddable reference electrode potential de-
pends on the concrete environment and which may not stable for
long-term due to the high pH and chlorides [47]. So, before
embedding into the concrete, evaluation of potential stability in
concrete like high alkaline environment was important factor. In
order to investigate the potential stability of FPE in high alkaline
environment (similar to concrete) for corrosion monitoring, we
took alkaline solutions such as 0.1 M NaOH and synthetic concrete
pore solution (0.3 M KOH, 0.1 M NaOH and 0.01 M Ca(OH)2; pH
~13). Fig. 5b shows the measured potential of FPE with respect to
SCE. It can be seen that, the FPE potential was found to be�250 mV
and �300 mV with respect to SCE in 0.1 M NaOH and synthetic
concrete pore solution respectively. At the same time the measured
potential was found stable without much deviation. It indicates
that the fabricated solid state reference electrode furnish stable
potential at the equilibrium state in high alkaline aqueous medium
and this results closest to thermodynamic stable state of Mn in the
form of Mn3O4 phase [35,36].

Addition to the alkaline solution studies, the potential behavior
of FPE were studied in different pH solutionwhich includes of pH of
4, 7 and 9.2. Fig. 5b shows the FPE potential (vs. SCE) in different pH
solution for the immersion periods of 10 days. In these studies, the
potential of FPE was found pH dependent, in which the lower pH at
4 around �50 mV was found. The increase of pH from acid to
alkaline measured potential value was increased in negative di-
rection and it was found to be �130 mV and �204 mV at pH 7 and
9.2 respectively. No large significant potential changes were



Fig. 6. Measured steel potential in different solution with respect to (a) SCE and (b) FPE.
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observed during the exposure periods in different pH solutions.
These results inwere accordance with earlier studies of potential of
MMO electrode for corrosion monitoring in reinforced concrete
structures [14,17,48]. The influence of other metal cations and an-
ions solution toward the influence of potential was not studied in
this study and it was beyond the scope of study. This potential
performance evolution of test solution of alkaline solution and SCP
solution were taken from the literature studied by G. S. Duffo et al.,
Guofu Qiao et al., H. Yi et al., H. Yu et al., Shi-Gang Dong et al. and S.
Muralidharan et al. [12e15,17,42,48].

Accordingly these studies results suggest that the FPE deliver
stable potential in high alkaline medium and their potential line-
arly vary with respect to pH of test solution. These are very suitable
Fig. 7. Measured steel potential with respect to SCE and F
high alkaline medium concrete medium.

3.2.2. Corrosion potential sensing in active and passive condition of
steel

In order to evaluate the corrosion monitoring of steel rebar in
concrete like high alkaline environment, we exposed steel rebar in
0.1 M NaOH with 1% and 2% NaCl (active) and without NaCl (pas-
sive). The steel rebar potential was measured with respect SCE and
FPE, that's similar to ASTM C876. From the measured potentials
(Fig. 6) the status steel rebar was assessed and described as follows.
Inwhich Fig. 6a the measured potential of steel with respect to SCE,
increase of potential in negative direction from �220 mV
to�250mV in 0.1MNaOH and�400mV to�500mV indicates, the
PE in 0.1 M NaOH and 1% NaCl and 2% NaCl solution.



Fig. 8. Steel rebar corrosion current density measured with respect SCE and FPE in
0.1 M NaOH and 1% NaCl and 2% NaCl solution.

Table 2
Polarization parameters of steel with respect to SCE and FPE in various solutions.

Solution Reference
electrode

Ecorr icorr ba bc

(mV) (mA cm�2) (mV dec�1)

0.1 M NaOH SCE �309 0.000869 270 41
FPE1 �172 0.000889 319 52
FPE2 �162 0.000900 331 36

0.1 M NaOH þ 1% NaCl SCE �473 0.006184 786 29
FPE1 �234 0.000889 1016 42
FPE2 �246 0.006043 820 28

0.1 M NaOH þ 2% NaCl SCE �690 0.017304 7125 25
FPE1 �459 0.016138 1026 20
FPE2 �489 0.016451 1387 24

FPE1 and 2: Fabricated Pellet Electrode 1 and 2.
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steel rebar moving towards active state from the passive state.
Behalf of these results of half-cell potential the visual observation of
corrosion status can be shown Fig. 7d by photographic image. From
this study, the high alkaline immersion of steel itself has passive
Fig. 9. (a) Electrochemical impedance plot of steel with respect to SCE and FPE in with 2% Na
EIS of steel rebar in high alkaline medium.
nature to corrosion compared to the presence of Cl� content and
the long term exposure increases the corrosion of steel rebar. In
addition, the increase of steel potential vs. SCE in negative direction
is directly proportional to the corrosion status [8].

Fig. 6b shows the steel rebar potential measured with respect to
FPE. In which the passive state of state steel rebar potential was
found to be in the range of �25 to �120 mV. In the case of active
chloride environment, the steel rebar potential was increased in
negative direction from the initial potential of �160 mV
to �300 mV. This increasing of potential in negative direction in-
dicates that the rebar corrosion rate increases with respect to
exposing days in presence of Cl�. These results are coinciding with
the corrosion current density measured with respect SCE and FPE
by potentiodynamic polarization studies it can be shown in Fig. 8.

These results are very similar to corrosion potential measure-
ment with respect to SCE, the FPE having the ability to differentiate
the steel rebar in corroding environment, whether it is in an active
or passive state.
3.2.3. Corrosion studies by potentiodynamic polarization method in
solution

To investigate the fabricated electrode suitability for corrosion
monitoring of steel in high alkaline environment, we performed a
potentiodynamic polarization studies and the result were
compared with conventional SCE in various solutions after expo-
sure of 15 days. Fig. 7 shows the obtained Tafel curves of Ecorr (vs
SCE and FPE) vs log icorr and the resulting parameters are given in
Table 2. In the case of steel exposed in 0.1 M NaOH (Fig. 7a) the
corrosion potential (Ecorr) and current density (icorr) was found to
be �309 mV and 0.000869 mA cm�2 with respect to SCE
and �165 mV and 0.000900 mA cm�2 with respect to FPE. In
another case of steel exposed in 1% NaCl added solution Ecorr and
icorr was found to be �470 mV and 0.006184 mA cm�2 with respect
to SCE and �240 mV and 0.006000 mA cm�2 with FPE respectively.
The lower corrosion potential (Ecorr) and higher current density of
(icorr) indicates the active state of steel rebar in 1% NaCl with 0.1 M
NaOH solution. When the chloride content in which of NaCl
increased from 1% to 2% the corrosion rate are increased. This will
increase the corrosion potential and corrosion current density.
Fig. 8 shows the overall corrosion current density (icorr) measured
in different test solution with respect to SCE and FPE. It can be seen
Cl and without NaCl in 0.1 M NaOH and (b) Electrical equivalent circuit of model for the



Table 3
Electrochemical impedance parameters of steel rebar with respect to SCE and FPE.

Solution Reference electrode Rs (U cm2) Rct (U cm2) Cdl (F cm�2)

0.1 M NaOH SCE 9.1 5.8 � 103 4.9 � 10�4

FPE1 8.4 5.6 � 103 3.7 � 10�4

FPE2 4.9 5.6 � 103 4.8 � 10�4

0.1 M NaOH þ 2% NaCl SCE 3.8 4.2 � 102 9.7 � 10�4

FPE1 2.5 4.4 � 103 6.9 � 10�4

FPE2 2.7 4.3 � 103 6.9 � 10�4

FPE1 and 2: Fabricated Pellet Electrode 1 and 2.
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that, the measured current density is repeatable and reproducible
and is similar to the conventional SCE reference electrode. In this
regards, the FPE electrode demonstrates the ability to differentiate
active and passive state steel rebar's in concrete like high alkaline
environment.

3.2.4. Impedance measurements
Corrosion status of steel rebar was further studied by electro-

chemical impedance spectroscopic (EIS) method and Fig. 9a shows
the results of Nyquist plots measured in 0.1 M NaOH with 2% NaCl
and without NaCl measured with respect to SCE and FPE. The
resulting parameters are shown in Table 3. It can be seen that, the
measured corrosion behavior of steel in both fabricated electrode
showed same values and the results closely resembled to SCE.

We suggest the schematic equivalent circuit of Fig. 9b to inter-
pret electrochemical impedance behavior and its derived parame-
ters of steel rebar which is similar to recent studies [49,50],
whereas Rs, Rct and Cdl are the solution resistance, charge transferee
resistance and double layer capacitance of system respectively. For
in this case, basis of results the lower value of Rs in the presence of
2% NaCl than compared to 0.1 M NaOH indicate the active corrosion
state of steel rebar [49] and the steel rebar sensitive to electrolyte
and breakdown the steel rebar passive film that means defective
surface of steel rebar. These EIS results support the relative use of
FPE in corrosion status assessment studies similar to SCE and it
suggest that, strong correlation exists between the SCE and FPE.

3.3. Corrosion studies by potentiodynamic polarization method in
concrete cube

The effectiveness of FPE as embeddable in-situ corrosion status
assessment of steel rebar in concrete structure were studied with
rebar in the concrete cube (Fig. 1a) by the FPE as in-situ reference
electrode and the results were compared with the SCE as ex-situ
reference electrode through the potentiodynamic polarization
method. Table 4 summaries the results of steel rebar corrosion
potential (Ecorr) concrete cube exposed in distilled water (passive)
and 3% NaCl in water. The increase of corrosion potential in the
negative direction with respect to SCE and FPE clearly states that
the steel rebar undergoes corrosion with increasing exposing time
and it is also found that the ability of FPE to differentiate the active
and passive state of steel rebar is similar to the SCE.
Table 4
Measured corrosion potential of steel in concrete mortar.

Measured at the day of Specimen Corrosion
potential (Ecorr)
mV

SCE FPE

33rd Bare (Passive) �247 �235
3% NaCl added (Active) �436 �308

67th Bare (Passive) �310 �302
3% NaCl added (Active) �483 �372
4. Conclusion

In this present study, Mn3O4 based pellet reference electrode
was successfully fabricated and characterized in high alkaline so-
lution environment. The electrochemical studies reveal that FPE
gives pH dependable potential. Corrosion monitoring studies of
steel rebar was conducted through the potentiodynamic polariza-
tion and electrochemical impedance method and the results were
compared with conventional SCE reference electrode. The resulting
data showed the better characteristics of FPE in high alkaline
concrete like environment. When it is used in steel rebar corrosion
assessment of concrete structures, it can easily differentiate the
passive and active state of steel rebar.
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