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Abstract: The suitability of three electrochemical methods
commonly used for the assessment of efficiency of corro-
sion inhibitors in practical applications has been examined
by a direct comparison of relevant results with an aromatic
corrosion inhibitor as example. Discrepancies between re-
sults are discussed, practical approaches taking inherent
weaknesses of the methods are indicated.
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1 Introduction
Corrosion as a mostly electrochemical process can affect
both activematerials and constructionmaterials in systems
for electrochemical energy conversion and storage. It can
cause lowered efficiency starting with self-discharge grow-
ing into decreased component performance up to system
failure. Except for e.g. the rare case of a disposable, print-
able supercapacitor made entirely of biodegradable and
mostly very environmentally compatible materials [1], met-
als and their alloys and composites are present in most of
these systems. Corrosion inhibition or at least control is
thus important for increased efficiency of these devices
and extended service of safe operation. Various modes
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of corrosion control and inhibition are known and well-
established [2–14]. The use of soluble inhibitors suppress-
ing possibly the anodic metal dissolution and/or the cor-
responding cathodic reaction (most commonly dioxygen
reduction or hydrogen evolution in acidic media) is partic-
ularly attractive in systems with circulating water-based
liquids as coolants like in water-cooled battery or fuel cell
packs.

Assessment of known as well as new inhibitors with
the aim of identifying optimum concentrations is required.
Because of the dominating contribution of electrochemical
processes in the corrosion of metals, electrochemical meth-
ods are frequently used to determine required data [15, 16].
In such studies thermodynamic parameters (i.e. corrosion
potential Ecorr) and kinetic parameters (i.e. corrosion cur-
rent Icorr, corrosion current density jcorr, rate of corrosion
CR) are frequently determined. In addition to the identifica-
tion of best operating conditions for corrosion protection
materials and methods, the corrosion susceptibility of a
material, efficiency of a coating or a corrosion inhibitor, or
the aggressiveness of a possibly corrosive environment can
be verified.

Three standard electrochemicalmethods are frequently
used to determine these thermodynamic parameters and
kinetic parameters: Linear polarization resistancemeasure-
ments LPR [17], electrochemical impedance measurements
EIM¹ [18–22] and potentiodynamic polarization (scan) mea-
surements (PPM, Tafel-evaluation, a generally accepted
acronym has apparently not been established) [23]. LPR
and EIM easily yield a resistance value called in a more
general use of the term polarization resistance Rpol, which
is equivalent to the corrosion resistance Rcorr of the stud-
ied electrochemical interface. It is basically the slope of
the current-potential curve at the electrode potential where
the measurement was performed. Conversion of the charge
transfer resistance Rct (i.e. Rcorr) obtained with EIM from

1 Habitually this method is called electrochemical impedance spec-
troscopy EIS, but because this method does not show typical features
of a spectroscopy this presumably inappropriate term is not used here.
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equivalent circuit evaluation [24] into a corrosion current
Icorr (and also corrosion current density jcorr) is possible
provided the stoichiometry of the corrosion reaction, in
particular the number of electrons z transferred in the elec-
trode reaction, is known. In case of a corroding iron elec-
trode the most likely number of electrons transferred in the
presumably dominating anodic corrosion reaction is two. In
an exact consideration the same questionmust be asked for
the cathodic reaction, this causes an uncertainty because
of the complexities, in particular the various stoichiome-
tries, of the cathode reduction of dioxygen. Slopes taken
from the Tafel-evaluation are needed in case of LPR for this
recalculation using the Stearn-Geary equation [25, 26]. To
avoid these problems when comparing for example corro-
sion inhibitors as done in the present report a comparison
of corrosion resistances Rcorr may be applied.

In the third method Tafel-evaluation of potentiody-
namic polarization scans yields quite reliably corrosion
potentials Ecorr which may be valuable in judging corrod-
ing systems from a thermodynamic point of view. They can
be compared also with Eoc measured as a function of time
after assembly of the electrochemical measurement cell to
verify whether enough time has passed to establish a stable
Eoc and thus the corrosion potential Ecorr. But determina-
tion of Icorr or jcorr from the Tafel-plot is not always as simple
as demonstrated in textbook experiments [27]. Reviews in
particular of DC-methods including critical assessments
are available [28]. Critical comparisons of results of several
methods, both electrochemical and non-electrochemical
ones, in a research report appear to be the exemption but
not the rule [27, 29, 30].

Although the three electrochemical methods presented
above can be readily performed with current instrumen-
tation which contains in terms of hard- and software all
necessary features for the methods as well as the evalua-
tion of data in the majority of reported studies only one
method is used. Unfortunately the evaluation procedures
sometimes lack transparency (in particular when done au-
tomatically as part of the used computer software), critical
judgment of the reader is not supported; assessment of
e.g. fits of EIM using equivalent circuits is not offered be-
cause of the absence of proper representations neither are
Tafel-plots displayed.

In our previous studies [31] of disubstituted aromatic
amines (nitroanilines, phenylenediamines, toluidines)
and taking into account the well-known carcinogenic-
ity of at least one ortho-substituted aromatic amine (o-
toluidine [32, 33]) we have selected o-phenylenediamine
(o-diaminobenzene) as the most effective inhibitor and as
a sample a common mild steel (C45 according to EN, com-
mon designation 1.0503, for details see below) in contact

with an acidic aqueous environment of 1 M HCl taking into
account an overview of experimental methods including
critical considerations of various methods [15].

2 Experimental
From commercially supplied steel C45 (standard composi-
tion 0.0 .. 0.42 wt% carbon, 0.00 .. 0.40 wt% silicon, 0.50 ..
0.80 wt%manganese, 0.00 .. 0.045 wt% phosphorus, 0.00
.. 0.045 wt% sulphur, 0.00 .. 0.040 chromium, rest to 100%
iron) cylindrical samples with an exposed surface area of 1
cm2 were cut and mounted to a holder cut from plexiglass.
The sample surface examined later was polished with abra-
sive paper (wet paper, type 240, 320, 400, 600 and 1000)
followed by a final polishing with an aqueous slurry of 13
µm particle size α-Al2O3 to a mirror-like appearance. The
circumference of the cylindrical sample was covered with
PTFE-tape. Between measurements polishing (mostly the
last step only) was repeated when traces of corrosion prod-
ucts had appeared on the shiny surface. HCl (37%, VWR)
was used as obtained to prepare a 1 M aqueous electrolyte
solution. As inhibitor o-phenylenediamine (VEB Jenapharm
Laborchemie Apolda) was used as received and added to
the electrolyte solution at various concentrations. In a three-
electrode H-cell a platinum sheet counter electrode (1 cm2

size) and a saturated calomel reference electrodewere used.
All measurements were performed at room temperature
and after a stable electrode potential value Eoc had been
established (usually after a few minutes).

LPR and PPMmeasurements were performed on a po-
tentiostat IVIUM COMPACTSTAT PLUS Electrochemical In-
terface at experimental conditions (scan rates 2 mV·s−1 and
50 mV·s−1, respectively) as recommended elsewhere [15].
EIM was performed at Eoc with a potentiostat Solartron SI
1287 connected to a frequency response analyzer SI 1255
interfaced to a PC in the frequency range 50 kHz to 1 Hz,
with 10 data points per frequency decade at a sine wave am-
plitude of 5 mV. Measurements of impedance and Eoc were
repeated five times per sample. For data handling, in partic-
ular for fitting of the obtained impedance data, Boukamp
software (version 2.4) was used. A Randles-type equivalent
circuit (Figure 1) was assumed as has been employed in pre-
vious studies reported by the present authors [34–36] with
the constant phase element Q instead of a simple double
layer capacitance taking into account the non-ideal capaci-
tive behavior of the electrochemical double layer [37–41];
for a broader discussion see ref. [24]. All parameters of all
equivalent circuit elements have been fitted, only the val-
ues of Rct (i.e. the corrosion resistance Rcorr) relevant for
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Figure 1: Equivalent circuit used in impedance measurements.

this comparative study are listed and discussed below. Aver-
ages of five or more measurements are reported, no further
statistical treatment was applied.

3 Results and discussion
Typical plots of potentiodynamic polarization measure-
ments of the steel sample in plain aqueous 1 M HCl
solution and in a solution containing in addition o-
phenylenediamine as an inhibitor are shown in Figure 2.
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Figure 2: Tafel-plots of a C45 electrode in aqueous 1 M HCl solution
without/with inhibitor 12 mM o-phenylenediamine.

As already addressed in passing in the introduction
above determination of Icorr from the displayed plots is
not as easy as suggested from synthetic plots assuming
only charge transfer control (see for examples [15, 27]) and
consequently showing straight lines at sufficiently large
overpotentials η (in case of a two-electron process at η >
± 59 mV the minor partial current drops to less than 1% of
the major partial current). In the displayed plots at these
sufficiently large overpotentials the plots are not linear at
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Figure 3: LPR plots of selected systems, for details see labels.
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Figure 4: Results of impedance measurements (top: Nyquist plot,
bottom: Bode plot); symbols: measured data, lines: fit and simula-
tion.

all. The lines shown in Figure 2 were placed at η = ± 59 mV
and the intersections were used to find the value of Icorr.
Results are collected in Table 1.

A plot of LPR data for two studied systems (the same as
in Figure 2) is shown in Figure 3. Different from the uncer-
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Table 1: Collected results for the studied systems

System: 1 M HCl 1 M HCl + 2 mM
o-phenylenediamine

1 M HCl + 7 mM
o-phenylenediamine

1 M HCl + 12 mM
o-phenylenediamine

Method Parameter - - - -
Eoc Ecorr. vs SCE/V −0.497 −0.497 −0.486 −0.486

PPM
Ecorr. vs SCE/V −0.499 −0.508 −0.505 −0.503

Icorr/A 2.6·10−4 2.8·10−4 2.2·10−4 2.6·10−4

Rcorr/Ω 49 45 58 49
LPR Rcorr/Ω 65 60 79 84
EIM Rcorr/Ω 52 58 75 89

tainties discussed above for PPM the linear interpolations
provide precise results. Results are also collected in Table 1.

Finally impedance results are shown in Figure 4 for
the selected examples already used for the preceding DC-
method measurements. The listed values of Rcorr are the av-
erage of five measurements. Agreement between the other
parameters in the runs required to fully define the equiva-
lent circuit as shown in Figure 1 is good, because the data
are not relevant here they are not listed.

Relevant results from the EIM are again collected in
Table 1.

The values of Ecorr recorded after they reached a stable
value (after a few minutes) scatter without providing obvi-
ous evidence of a particular corrosion protection provided
at any of the studied inhibitor concentrations. In partic-
ular a significant and systematic shift to positive values
as expected for such action cannot be observed. This is in
qualitative agreement with observations for these systems
reported earlier [31], it also confirms the limited predic-
tive value of Ecorr regarding the performance of corrosion
inhibitors stated elsewhere [36]. The same conclusion is
reached when inspecting the values of Ecorr taken from the
Tafel-plots (for examples see Figure 3).

For reasons discussed above the present comparison
of the methods and the inhibition efficiency at different
inhibitor concentrations is based on the obtained values
of Rcorr. Values obtained from LPR and EIM agree quite
well for all studied inhibitor concentrations. For the in-
clusion of results obtained with PPM from the respective
Tafel-plots Icorr were taken and converted into Rcorr taking
into account the considerations critically discussed above.
For all systems values of Rcorr are significantly lower than
those obtainedwith the othermethods. Thismeans, in turn,
that evaluation of the Tafel-plots has yielded values of Icorr
which appear to be too large in comparison. Values listed
in Table 1 show in addition no systematic growth of Rcorr
with growing inhibitor concentration. This can be ratio-
nalized when taking into account the inherent problem of

“real world” Tafel-plots already addressed: With growing
overpotentials further contributions become relevant re-
sulting in a non-ideal Tafel-plot negatively impacting the
graphical evaluation. This has been addressed in previous
reports [12, 28]. The particular reasons for the deviation
of Tafel-plots from straight lines at higher overpotentials
are not relevant here, only the consequences regarding
the use of Tafel-plots alone for determination of kinetic
data should be considered: Within a given system where
presumably similar processes causing such non-linearity
will operate the result of the non-ideality does not affect
a rating of inhibition efficiency. In the present case with
increasing concentration of o-phenylenediamine corrosion
inhibition grows as expected confirming conclusions re-
ported in our previous report [31] based on PPM only. Given
the noticed experimental uncertainties the use of PPM only
may be sufficient and seems to be appropriate only in case
of studies where just relative effects (e.g. the differences
between inhibitor concentrations of between structurally
different inhibitor molecules) are of interest and were dif-
ferences in corrosion currents can be reasonably deduced
from changes in Icorr.

In case determination of corrosion currents which are
of interest in studies where corrosion rates are needed the
use of more than one method is recommended with partic-
ular attention to the pitfalls encountered when calculating
Icorr from PPM data.

4 Conclusions
Corrosion resistance values obtained with LPR and EIM
agree quite well, whereas those obtained with PPM differ
significantly and even do not show the expected change
with growing inhibitor concentration. For comparative stud-
ies a single method may be sufficient to asses the corro-
sion efficiency of an inhibitor, but in investigations wherein
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more than one experimental parameter is varied (e.g. com-
parisons between different metals and different inhibitors)
verification by at least twomethods is recommended. Based
on the reported observations LPR and EIM are particularly
useful.
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