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A B S T R A C T

The aim of this study is to assess the synergistic effect of two corrosion control strategies: application of an
inhibitor and enhancing the surface superhydrophobicity, for protection of electrodeposited nickel in saline
solutions. For this purpose, 4-Mercaptopyridine (C5H5NS) was added to the synthetic sea water solution and its
corrosion inhibition efficiency was evaluated on electrodeposited smooth bright nickel layer and nickel films
with hierarchical micro/nano structure. Stearic acid was used to tune the wetting properties of nickel films, from
hydrophilic to superhydrophobic. Contact angle measurement, scanning electron microscopy, and Fourier-
transform infrared spectroscopy were utilized in the characterization of deposited nickel layers.
Potentiodynamic polarization and electrochemical impedance spectroscopy were employed to assess the cor-
rosion inhibition performance of inhibitor on different nickel films. Our results indicate that simultaneous in-
crease in the surface hydrophobicity and adsorption of corrosion inhibitor strategies does not yield a better
corrosion resistance and that the most effective corrosion inhibition can be obtained on the bright smooth
sample after a prolonged immersion in the corrosive solution. Furthermore, we show that the contact angle alone
cannot be used to indicate the corrosion inhibition capability of an inhibitor.

1. Introduction

Superhydrophobic surfaces can offer anti-corrosion [1,2], anti-icing
[3,4], antifouling [5,6], self-cleaning [7], and anti-bacterial [8] and
superior tribological [9] properties and therefore are found in a wide
range of applications such as medical devices, kitchen wares, buildings,
maritime transport as well as automotive and aircraft industries. Liquid-
infused slippery surfaces are also used in practical applications with
promising repellant properties [9,10]. A superhydrophobic surface is
defined as a surface with the water contact angle larger than 150°, and
sliding angle lower than 10° [11,12]. Inspired by nature [13], multiple
methods have been developed to artificially produce a super-
hydrophobic surface [14,15]. For instance, a rapid one-step procedure
was developed by Chen et al. to fabricate superhydrophobic surfaces
with hierarchical macro/nano scale cauliflower-like structure in an
electrolytic cell containing myristic acid [16]. The same fatty acid was
also recently used for fabrication of superhydrophobic nickel film on

copper [17]. Li et al. prepared superhydrophobic ZnO surface by a
simple combination of hydrothermal process and self-assemble mono-
layer deposition [18] whereas Latthe et al. fabricated transparent and
thermally stable superhydrophobic silica films by the sol-gel co-pre-
cursor method [19]. Other methods such as plasma and chemical
etching [20,21], layer-by-layer assembling [22,23], electrodeposition
[24–26], chemical vapor deposition [27], as well as hybrid laser abla-
tion/chemical modification [28] have also been used in the preparation
of superhydrophobic surfaces. The shared feature among these methods
is the combination of hierarchical micro/nano structures and the ap-
plication of a low surface free energy material, in one or multiple
fabrication steps [15]. Among these methods, electrodeposition is one
of the most favored ones due to its low-cost of manufacturing, the ease
in controlling the fabrication parameters, and the possibility of depos-
iting a variety of simple layers and complex multilayers [29]. Electro-
deposited coatings with different wetting properties may be applied in
various electrodeposition baths by controlling critical parameters such
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as temperature, applied current, pH, ion concentration, deposition time,
and the presence of co-adsorbates [30–35].

Electrodeposition of nickel (Ni) on steel, often with an intermediate
copper (Cu) layer, using non-toxic chemicals is considered as an ef-
fective and environmental friendly method to improve the corrosion
resistance of the substrate. Adsorption of stearic acid (SA) on metallic
surfaces via self-assembly also provides a noticeable corrosion protec-
tion to the substrate [36,37]. Thus, in industrial applications (SA) can
be used, as a low surface free energy material, to chemically modify the
roughened surface of electrodeposited Ni and to make it super-
hydrophobic with improved corrosion resistance properties [38–42].

Another common strategy in improving the corrosion resistance and
reducing the corrosion rate of metals is the application of corrosion
inhibitors, often in small amounts in ppm level [43,44]. Formation of
complexes between inhibitors and metal surfaces is the main me-
chanism in which an inhibitor protects a surface from corrosion. In-
hibitor/metal interaction depends upon the structure of inhibitor,
electronic structure of inhibitor and substrate, hydrodynamic flow
condition, as well as the adsorption competition between the inhibitor
and other solution constituents [45]. For instance, pyridine derivatives
are observed to improve the corrosion resistance of mild steel in HCl
containing solution [46], especially under stagnant condition [47].

Despite the fact that the above-mentioned strategies, i.e. application
of inhibitors and improving surface hydrophobicity, have been suc-
cessfully utilized separately to improve the corrosion performance of
metallic substrates, however, their synergistic effect via simultaneous
application of these two strategies has not yet been studied. In this
paper, we address the collegial effect of formation of a super-
hydrophobic surface and addition of an inhibitor, 4-mercaptopyridine
(4Mpy, C5H5NS), on corrosion behavior of Ni films in 3.5 wt% NaCl
solution. For this purpose, we first deposited Ni films with different
surface structure and wettability and thoroughly characterized their
microstructural and surface chemistry using scanning electron micro-
scopy equipped with energy dispersive spectroscopy (SEM/EDS), con-
tact angle (CA) measurement, and Fourier-transform infrared (FTIR)
spectroscopy. Then we assessed the corrosion behavior of as-deposited
Ni film (hereafter, bright film), structured Ni film (hereafter, hydro-
philic film), and the structured Ni film with adsorbed SA layer (here-
after, superhydrophobic film), with and without the presence of the
inhibitor in solution, with electrochemical measurements such as
electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization (PDP).

2. Experimental

2.1. Preparation of bright Ni coating

A bright film was prepared by electrodeposition of Ni layer on a Cu
support. For this purpose, a pure Cu disc with a thickness of 1mm and
diameter of 1 cm, which was mounted in a polymeric resin, was used as
the cathode. The cathode was ground and polished using successive
grades of SiC paper (down to 3000 grade) and alumina slurry on pol-
ishing cloth. Then, the sample was electropolished at 20mA·cm−2 for
1min in a solution comprising 50 g·L−1 disodium carbonate (Na2CO3)
and 10 g·L−1 potassium hydroxide (KOH). Finally, the sample was put
in 10 wt% hydrochloric acid (HCl) solution at 25 °C for 30 s and washed
by deionized water.

A 99.5% nickel (Ni) sheet (40mm×40mm×1mm) was used as
the anode. Both cathode and anode were immersed in an electro-
deposition bath containing 240 g·L−1 nickel sulfate hexahydrate
(NiSO4·6H2O), 75 g·L−1 nickel chloride hexahydrate (NiCl2·6H2O),
45 g·L−1 boric acid (H3BO3), and a commercial brightener agent. The
electrodeposition bath was stirred with a magnetic stirrer and its tem-
perature was kept at 60 ± 1 °C. The current density was set at
20mA·cm−2 for 8min to deposit a bright Ni layer with a thickness of
~3.5 μm.

2.2. Preparation of hydrophilic and superhydrophobic Ni coatings

Hydrophilic and superhydrophobic Ni coatings were also electro-
deposited on a Cu support. The cathode and anode were prepared si-
milar to the previous section while the bath contained 200 g·L−1 nickel
chloride hexahydrate (NiCl2·6H2O), 30 g·L−1 ammonium chloride
(NH4Cl), and 150 g·L−1 boric acid (H3BO3). The electrodeposition bath
was similarly stirred with a magnetic stirrer and its temperature was
kept at 60 ± 1 °C. To fabricate a Ni film with micro/nano hierarchical
structure, two current density levels were applied using a DC power
supply. First, the current density was set to 20mA·cm−2 for 8min.
Then, the current density was adjusted to 50mA·cm−2 for 1min. The
fabricated hydrophilic surface was then chemically modified with
6mmol·L−1 stearic acid in ethyl alcohol for 10min to achieve a su-
perhydrophobic surface.

2.3. Surface characterization

The surface morphology of the electrodeposited films was assessed
with an SEM/EDS (Leo 1450 VP/equipped with EDS Oxford instru-
ments X-Max, England). Surface chemical composition was analyzed by
a FTIR (Thermo Nicolet-AVATAR 370) with 4 cm−1 resolution and 32
scans. The CA measurements were performed with 4 μL water droplet at
ambient temperature, using an optical contact angle meter (Adeeco
static/dynamic). The ImageJ software was used to analyze the CA re-
sults.

2.4. Electrochemical measurements

All electrochemical measurements were performed in 3.5 wt% NaCl
containing aqueous solutions with and without 4Mpy, at room tem-
perature using an Autolab potentiostat/galvanostat instrument
(PGSTAT 302 N). Following our previous study [47], we used 0.2 g·L−1

of 4Mpy in this work, as in the case of similar inhibitor (i.e. 2-mer-
captopyridine) 0.2 g·L−1 concentration of inhibitor provided an op-
timum corrosion protection efficiency on steel with the efficiency
of> 98%. Saturated calomel electrode (SCE) and platinum plate were
used as reference and counter electrodes, respectively. The reference
electrode was set in the nearest possible distance from the working
electrode. The samples were immersed in the solutions for at least 0.5 h
to be stabilized prior to the PDP measurements. PDP curves were ob-
tained at a scanning rate of 1mV·s−1 ranging from −300mV vs. open
circuit potential (OCP) to potentials that gave the current density of
1mA·cm−2. Similar PDP tests were repeated for samples after immer-
sion in 3.5 wt% NaCl solution for 120 h. The EIS measurements were
conducted in the frequency range between 0.01 Hz and 100 kHz, with a
sinusoidal signal perturbation of± 10mV. EIS measurements for bright
Ni, hydrophilic film, and superhydrophobic film were performed after
different immersion times (30min, 2 h, 4 h, 6 h, 8 h, 10 h, 24 h, 48 h,
120 h, 168 h, 216 h, 288 h) in 3.5 wt% NaCl solution. The experimental
EIS spectra were interpreted based on the equivalent electrical circuit
and the Zview software was used to obtain the electrochemical fitting
parameters. Beside the choice of suitable equivalent circuit model with
a relevant physical meaning, the accuracy of the EIS fitting parameters
was guaranteed by maintaining the fitting errors below 5%.

3. Results and discussion

3.1. Surface morphology and chemistry of the electrodeposited Ni films

Fig. 1(a–c) shows the surface morphology of the electrodeposited
micro/nano structured Ni film, in different magnifications. The micro-
structure of the electrodeposited micro/nano structured Ni film, pre-
pared by two current density levels, is consistent with the previously
reported structures on similar systems [38,48]. These figures clearly
depict the formation of so-called micro/nano cone-shaped structures.
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(a) (b) 

(d) (c) 

Fig. 1. (a–c) SEM surface morphology of the micro-nano structured Ni film on a Cu substrate with different magnifications. (d) EDS analyses of the micro-nano
structured electrodeposited film (e) Cross-sectional SEM images. The inset shows the EDS elemental line profile analysis along the yellow line. The interface between
Cu substrate and Ni film is marked with a dashed line based on the EDS line profile results.
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Previous experimental and simulation studies showed that micro-nano
cones form with a screw-dislocation driven crystal growth mechanism
[49,50]. According to the classical crystal growth theory super-
saturation of ionic species controls the driving force for crystal growth
[51] and screw-dislocation driven growth is generally dominant at low
supersaturation [52]. Therefore, in the first step of electrodeposition,
i.e. in low current density level, preferential nickel ions growth on the
screw-dislocations result in the formation of micro cones. Whereas in
the second step of electrodeposition, i.e. when the high current density
is applied, nickel ions may grow non-preferentially anywhere and
therefore nano cones are formed.

Fig. 1d shows the EDS analysis of the freshly prepared micro-nano
structured film right after electrodeposition. The EDS spectra taken
from multiple points on the sample were consistent. The absence of Cu
peak in the EDS results confirms the full coverage of the Cu substrate
with the electrodeposited Ni film. In Fig. 1e the SEM cross-section of the
micro-nano structured Ni film and the Cu substrate is presented where
no contrast is observed between the Cu substrate and the Ni film.
However, combined with the EDS line profile for Cu and Ni along the
line marked with the yellow line the interface between the Cu substrate
and the micro-nano structured Ni film is determined 4 μm from the
surface and is marked with a dashed line.

Similarities between the FTIR spectra obtained from the super-
hydrophobic film and that of SA powder (Fig. 2) confirm that the ad-
sorption of SA, as low surface free energy material, is responsible for the
formation of the superhydrophobic surface. In these spectra, peaks at
~2918 cm−1 and ~2850 cm−1 correspond to asymmetric and sym-
metric CH2 in SA, respectively. The peak at ~2940 cm−1 appears due to
the Fermi resonance splitting of stretching and bending overtone of
methyl group [53] in SA. The peaks at ~1700 cm−1 and ~1469 cm−1

are related to C]O and bending methylene vibrations δ(CH2) in SA,
respectively [54].

3.2. Wettability

Photographs of water droplets on samples with bright Ni, hydro-
philic, and superhydrophobic coatings are shown in Fig. 3(a–c). Elec-
trodeposited bright Ni film (Fig. 3a) shows a CA of 80°, which is con-
sistent with previous works on similar films [24,25,55]. With the

formation of micro/nano hierarchical structure the CA of Ni layer de-
creases dramatically and on the freshly prepared sample it approaches
values below 10°. As described by Khorsand et al. [48] the reduction of
CA upon the formation of micro/nano structure can be explained by
Wenzel's model which assumes a full penetration of water into the
troughs of the surface texture [56,57]. According to this model, in-
creasing the surface roughness of hydrophilic surfaces with high surface
free energy results in the reduction of CA to very low values. Adsorption
of airborne organic hydrocarbons on the hydrophilic surface results in a
gradual increase of CA [48] upon sample exposure to the lab air,
therefore, the CA measurements on hydrophilic surfaces were per-
formed on freshly electrodeposited films. Similarly, adsorption of SA, as
a low surface free energy material, on the hierarchical nano/micro
structures transforms the surface to a superhydrophobic surface with
the CA>150° (Fig. 3c). According to the Cassie-Baxter model [58]
after treating the hierarchical micro/nano structures with SA, air
pockets will be trapped underneath the liquid, which results in an in-
crease of CA. Similar properties are obtained in slippery surfaces where
the repellence performance relies on infused oil layer rather than air
gap [9]. Based on this model the CA may be calculated by following
equation [58]:

= +cos f cos(( 1) 1)CB s 0 (1)

where θCB is the CA of the liquid droplet on the structured surface, θ0 is
the intrinsic CA on a flat surface, and fs is the fraction of solid-liquid
contact [58]. Fig. 3 (d–g) clearly shows that a drop of water does not
stick to the superhydrophobic surface and is easily detached when the
needle tip is retracted. However, the presence of the needle in these
measurements might slightly interfere with the shape of droplets, ren-
dering these results only valid for qualitative analysis.

3.3. Electrochemical measurements

In order to assess the collegial effect of surface hydrophobicity and
addition of an organic inhibitor on the corrosion of Ni in saline solution,
we performed electrochemical measurements (PDP and EIS) on samples
with different degrees of hydrophobicity (i.e. hydrophilic, hydrophobic,
and superhydrophobic) with and without the addition of 4Mpy as a
corrosion inhibitor.

Fig. 2. FTIR spectra of superhydrophobic electrodeposited film and stearic acid powder. The resolution was set to 4 cm−1 and the number of scans was 32.
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3.3.1. Potentiodynamic polarization
The results from PDP measurements on electrodeposited bright Ni,

hydrophilic Ni, and superhydrophobic Ni with and without 0.2 g·L−1

4Mpy after 30min immersion in 3.5 wt% NaCl solution are presented in
Fig. 4a. To evaluate the effect of immersion time on the corrosion be-
havior of these samples, the corresponding PDP results after 120 h
sample immersion in 3.5 wt% NaCl solution are provided in Fig. 4b. The
corrosion current density (icorr), corrosion potential (Ecorr), the slope of
the cathodic region (βc), and the slope of the anodic region (βa) are
calculated using Tafel extrapolation method and reported in Table 1.
Apparent surface area is used for all these calculations. In this table the
corrosion inhibitor efficiency of inhibitor which is calculated via the
following equation is also provided;

= ×i i
i

% 100corr corr

corr

0

0 (2)

In this equation, i0corr and icorr are corrosion current densities of each
Ni film in the absence and presence of inhibitor, respectively [59].

As is evident from PDP results and results in Table 1, for short im-
mersion times (Fig. 4a) corrosion rate of the bright electrodeposited Ni
film is higher than that of the hydrophilic film, and superhydrophobic
sample exhibits the lowest corrosion rate. Formation of an air layer in
the micro-nano grooves of the superhydrophobic surface is responsible
for the low icorr and therefore low corrosion rate of the super-
hydrophobic surface [27,55]. This air layer forms between the sample
surface and the electrolyte and limits the access of aggressive electro-
lyte and consequently the electron transfer in this region [25]. Addition
of inhibitor to the system, improves the corrosion performance of all

Fig. 3. Photographs of water droplets during the contact angle measurement on (a) bright Ni (b) hydrophilic and (c) superhydrophobic surfaces. (d–g) Steps showing
the water droplet contacts the superhydrophobic surface, deforms during the approach, deforms during the departure, and finally departs the surface. The water
droplet does not stick to the superhydrophobic surface and is easily detached.

Fig. 4. The potentiodynamic polarization curves of bright, hydrophilic, and superhydrophobic electrodeposited Ni film in 3.5 wt% NaCl solutions with and without
inhibitor (a) after 30min (b) after 120 h immersion.
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samples and the order in corrosion rates remains as bright film >
hydrophilic film > superhydrophobic film. However, the extent of
which the corrosion performance is improved with the introduction of

the inhibitor to the system is different on these samples. Addition of
inhibitor provides an initial inhibition efficiency of> 40% to the bright
Ni film, whereas its corrosion inhibition efficiency on the samples with

Table 1
Electrochemical parameters obtained from the polarization curves in the presence and absence of 4Mpy in 3.5 wt% NaCl solution after 30min (after OCP stability
immersion) and 120 h (long time immersion).

Sample βa (V/dec) βc (V/dec) Ecorr (V vs. SCE) icorr (A/cm2) %η

Bright nickel - 30min 0.13 0.18 −0.34 2.07E−06 –
Bright nickel – inhibitor - 30min 0.16 0.20 −0.22 1.21E−06 41.6
Bright nickel - 120 h 0.17 0.09 −0.37 1.01E−06 –
Bright nickel - inhibitor - 120 h 0.145 0.20 −0.12 1.85E−08 98.2
Superhydrophobic - 30min 0.15 0.14 −0.20 4.88E−08 –
Superhydrophobic - Inhibitor - 30min 0.13 0.17 −0.27 4.63E−08 5.2
Superhydrophobic - 120 h 0.10 0.27 −0.35 2.47E−07 –
Superhydrophobic - inhibitor - 120 h 0.21 0.12 −0.22 2.92E−08 88.1
Hydrophilic - 30min 0.16 0.15 −0.20 8.55E−07 –
Hydrophilic -inhibitor - 30min 0.32 0.09 −0.33 8.00E−07 6.5
Hydrophilic - 120 h 0.16 0.12 −0.33 1.98E−06 –
Hydrophilic -inhibitor - 120 h 0.11 0.51 −0.26 6.53E−07 67.1

Fig. 5. EIS results for superhydrophobic Ni film without inhibitor (a) Nyquist and (b) Bode (resistance magnitude and phase angle) representation. (c) and (d) show
the Nyquist and Bode results for the superhydrophobic sample with 0.2 g/L 4Mpy inhibitor in solution. EIS curves for different immersion times are presented with
different symbols. Lines are fits to the experimental data (symbols).
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micro/nano structures is very low (i.e. ~6% and ~5% for hydrophilic
and superhydrophobic samples, respectively). We hypothesize that
energy barrier (i.e. surface repulsion force) for the adsorption of in-
hibitor on the samples with micro/nano structures is larger than that for
the smooth film (i.e. bright sample). Presence of hydrophobic SA mo-
lecules on the superhydrophobic surfaces may also further prevent the
adsorption of the inhibitor on this surface. After 120 h immersion in
3.5 wt% NaCl solution, icorr decreased for the bright Ni film whereas it
increases for samples with micro/nano structures (i.e. hydrophilic and
superhydrophobic films). Surface oxide growth on the bright sample
upon prolonged immersion is responsible for the reduction of icorr on
this sample. In contrast, for the samples with the micro/nano structures,
especially on the hydrophilic sample with the lowest CA, the con-
centration of corrosive ions in the surface micro-nano grooves increases
by time and thus leads to increase of icorr on these samples. The order of
icorr on samples after 120 h immersion in 3.5 wt% NaCl becomes as;
hydrophilic film > bright film > superhydrophobic film. As was dis-
cussed earlier, the addition of inhibitor to the solution reduces the
corrosion rate of all samples. Presence of the inhibitor in solution for
the samples with prolonged immersion time results in a higher corro-
sion inhibition efficiency compared to those with shorter immersion
time and after 120 h immersion, the corrosion inhibition of inhibitor
reaches> 98%, 88%, and 67% for bright, superhydrophobic, and hy-
drophilic electrodeposited Ni films, respectively.

As is evidenced by the PDP results, simultaneous implementation of
the two common corrosion control strategies, i.e. fabrication of super-
hydrophobic surfaces and introduction of inhibitors, does not improve
the corrosion resistance of electrodeposited Ni films in saline solutions.
In fact, the best corrosion performance is obtained either by fabrication
of a superhydrophobic surface without the addition of an inhibitor or
by application of inhibitors on smooth surfaces.

3.3.2. Electrochemical impedance spectroscopy (EIS)
Multiple parameters such as surface microstructure, surface wett-

ability, adsorption of inhibitors or other organic molecules to the sur-
face, as well as surface oxide growth affect the interactions between the
electrode (i.e. electrodeposited Ni film in this case) and the electrolyte
(3.5 wt% NaCl solution). Indeed, such interactions may alter by time, as
the electrode surface evolves. In order to gain a deeper understanding
on the contribution of different parameters in the corrosion of elec-
trodeposited Ni films in saline solutions, with and without the presence
of the inhibitor, we performed complementary EIS measurements and
the results are discussed here.

The EIS results obtained on the superhydrophobic Ni film in 3.5 wt
% NaCl solution with and without the inhibitor are plotted in Fig. 5
with the Nyquist and Bode (impedance module and phase angle shift)
representations. Similar measurements were performed on the hydro-
philic and bright Ni film and the corresponding results are provided in
Figs. 6 and 7, respectively. The Bode magnitude and phase angle plots
for all samples after prolonged immersion depict the existence of two or
more time constants.

To perform a quantitative comparison between the effect of dif-
ferent interfacial layer constituents (i.e. solution, surface roughness,
oxide layer, and the presence and absence of SA and inhibitor), we
fitted the EIS data using equivalent circuit models. The surface con-
stituents for the electrodeposited bright, hydrophilic, and super-
hydrophobic Ni films with and without the inhibitor are different.
Furthermore, the surface of samples undergoes dynamic changes upon
immersion in solution. Therefore, different equivalent circuit models
were used to fit the EIS results in Figs. 5–7. The equivalent circuit
models superimposed on schematic representations of sample surface
are presented in Fig. 8 and the corresponding obtained fitting para-
meters are provided in Tables S1–S6 in the Supplementary information.
A summary of the conclusions of these results are provided here:

(1) Superhydrophobic surface: As mentioned before, in the initial

stages of sample immersion, the presence of an air gap layer be-
tween the hierarchical micro/nano structures of the super-
hydrophobic Ni film and electrolyte improves the corrosion re-
sistance of the superhydrophobic coatings. The contact between the
electrolyte and the sample in this stage is limited (Fig. 8a) and the
corresponding EIS response can be expressed with one time con-
stant and a Randle-like equivalent circuit consisting of a series link
between Rs (solution resistance) and a CPE1 (constant phase ele-
ment, as a non-ideal capacitor) which is connected in parallel to a
R2 (charge transfer resistance of the electrolyte double layer), refer
to Table S1 in Supplementary information. For n= 1, CPE has a
unit of capacitance (F). The parameters C (capacitance), and CPE
factors (Q and n) in this table are calculated using Eqs. (3) and (4)
[25,43], where Q has a unit of (Ω·cm−2S−n).

= × ( )
C Q R

R
( ) n

1

(3)

=CPE
Q j

1
( )n (4)

In these equations Q is the CPE constant, which nominally equals to
the pure capacitance of the system for n=1; j2=−1, ω is the angular
frequency (rad/s), and the value of n ranges between 0 and 1. Time
dependence EIS results show that this situation is stable up to the first
few hours of immersion. With longer immersion time, up to 168 h, the
volume of the air layer between the electrolyte and Ni surface decreases
facilitating the access of electrolyte to Ni surface (Fig. 8b). At this stage,
two time constants can be observed in the EIS results (Fig. 5a and b)
which are considered in the additional elements in the equivalent cir-
cuit model as CPE2 (constant phase element for surface Ni layer) and R3
(charge transfer resistance of surface Ni layer). At 216 h immersion
time, the electrolyte eventually penetrates to the Ni layer and may even
reach the Ni/Cu interface at some points. As showed in Fig. 8c, the
equivalent circuit at such prolonged immersion contains a Warburg
element (Ws) representing a diffusion element in a short range. Ws is
defined as Eq. (5) where RWs is the short-range Warburg coefficient,
TWs= d2/D (d is the effective diffusion thickness, and D is the effective
diffusion coefficient of the ion species), and nWs ranges between 0 and
1. The corresponding fitting parameters are provided in Table S1.

=W R j T
j T

tanh(( ) )
( )s

Ws Ws
n

Ws
n

Ws

Ws (5)

Comparing Fig. 6a and c, it becomes clear that in the absence of
inhibitor the corrosion resistance decreases by increasing the immer-
sion time whereas in the presence of the inhibitor this trend is the
opposite. In other words, the durability of the superhydrophobic film
increases by adding inhibitor to the electrolyte. The extracted EIS
parameters for the superhydrophobic sample immersed in an electro-
lyte with the inhibitor are reported in Table S2.

(2) Hydrophilic surface: The main difference between the electro-
deposited hydrophilic and superhydrophobic Ni films is the absence
of low surface energy material in the former and therefore the lack
of the air layer between electrolyte and sample surface.
Consequently, the electrolyte can easily penetrate through the
surface grooves of the hydrophilic surface with low CA [55]. Ac-
cording to Fig. 6a and b, in the absence of the inhibitor, the EIS
results for the initial hours of immersion exhibit a complicated
behavior, which is due to the formation of an incomplete interfacial
layer between the electrolyte and the micro/nano structured Ni
film. At this stage corrosive Cl− ions may penetrate into the mico/
nano hierarchical grooves. The corresponding equivalent circuit is
presented in Fig. 8d and the fitting parameters are provided in
Table S3. Between 24 h and 48 h immersion, the surface is saturated
with the solution and micro-nano grooves are filled completely.
Accordingly, the equivalent circuit changes to Fig. 8e. With the
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further immersion of the sample in solution, after 216 h, the solu-
tion may completely penetrate the Ni film and reach the Ni/Cu
interface. The diffusion path at this stage becomes infinite and is
not stable anymore. In this case, an infinite Warburg diffusion
element (WO) may be used in the equivalent circuit model (Fig. 8f)
to describe the corresponding EIS results. The value of WO is de-
fined as:

=W R j T
j T

coth(( ) )
( )O

Wo Wo
n

Wo
n

Wo

Wo (6)

where RWo is the long-range Warburg coefficient, TWo=d2/D (d is the
effective diffusion thickness, and D is the effective diffusion coefficient
of the ion species), and nWo ranges between 0 and 1. The corresponding
fitting parameters are provided in Table S3.

When added to the solution, the corrosion inhibition property of
4Mpy results in a considerable reduction of the corrosion rate (Table
S4), up to 120 h immersion (Fig. 6c and d), whereas the corrosion re-
sistance of the system without inhibitor constantly declined in this
period. After this initial period, corrosion resistance of the hydrophilic
sample even in the presence of the inhibitor decreases and the corrosive

electrolyte completely penetrates into the substrate.

(3) Bright Ni surface: Unlike the electrodeposited hydrophilic and su-
perhydrophobic Ni films which feature hierarchical micro/nano
structures, the bright Ni exposes a less complex surface structure to
the electrolyte. Therefore, it is expected that the EIS response on
this sample also differs from those on the micro/nano structured
samples. Fig. 7a and b represent the EIS curves of the bright Ni
sample for different immersion times in the absence of the inhibitor,
where two time constants can be observed in all immersion times.
The corresponding equivalent circuits as well as the fitting para-
meters are provided in Fig. 8 (g–i) and Table S5, respectively. Ac-
cording to these results, the corrosion resistance, and probably the
thickness of the oxide layer, monotonically increases on this sample
with prolonged immersion up to 48 h. Within the first 48 h im-
mersion, the impedance (|Z|) rises from 18,800Ω·cm2 to
29,200 Ω·cm2. After 48 h immersion, corrosion resistance declines
due to the diffusion of electrolyte into the substrate.

According to Fig. 7c and d, EIS spectra of the bright Ni film reveal a

Fig. 6. EIS results for hydrophilic Ni film without inhibitor (a) Nyquist and (b) Bode (resistance magnitude and phase angle) representation. (c) and (d) show the
Nyquist and Bode results for the superhydrophobic sample with 0.2 g/L 4Mpy inhibitor in solution. EIS curves for different immersion times are presented with
different symbols. Lines are fits to the experimental data (symbols).
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better corrosion performance of the sample in the presence of the in-
hibitor. The corresponding fitting parameters are presented in Table S6.
Nevertheless, it is evident from this table that the corrosion inhibition
efficiency of 4MPy reaches> 90% after 24 h immersion. The corrosion
inhibition efficiency of the inhibitor on bright Ni film then decreases
slightly up to 168 h immersion. Further prolongation of immersion
(> 216 h) results in the penetration of electrolyte through the adsorbed
inhibitor and causes instability of the protective layer. After this stage
corrosion occurs in Ni film as well as on the Ni/Cu substrate. Fig. 9a and
b graphically summarize the absolute impedance module (at 0.01 Hz)
for different samples with and without the presence of the inhibitor and
the corrosion inhibition efficiency of the inhibitor as a function of im-
mersion time, respectively. The EIS results confirm that simultaneous
application of corrosion control strategies (i.e. making the surface su-
perhydrophobic and applying corrosion inhibitor) does not provide a
beneficial synergistic effect, which is consistent with the conclusion
from our PDP results (vide supra).

Along with the EIS measurements, the CA of water droplet over the
superhydrophobic film with different immersion times in corrosive
solution with and without the inhibitor was measured and the results
are presented in Fig. 10. This figure demonstrates that by adding the

inhibitor, the durability of superhydrophobicity increases as compared
to that in solutions without inhibitor. In the presence of the inhibitor,
the superhydrophobic film can maintain its superhydrophobic property
during long time immersion (e.g. for> 120 h) in 3.5 wt% NaCl solu-
tion. Although the CA falls to values below 150° after 288 h immersion,
this high CA indicates the good stability of the superhydrophobic
property of the film in 3.5 wt% NaCl with 0.2 g/L 4Mpy solution
whereas, without inhibitor in the solution, the CA reaches values close
to 100 after 288 h immersion. It should be noted that after such rela-
tively long immersion time (i.e. 288 h) in a solution containing the
inhibitor, the electrodeposited superhydrophobic Ni film did not have
the best corrosion performance (Fig. 9). Thus, it is clear that the mea-
surement of water CA alone is not a sufficient criterion in designing
corrosion control strategies and that time dependence PDP and EIS
measurements can provide useful insights into the sustainability of the
corrosion control strategy.

4. Conclusions

In this research, the corrosion inhibition efficiency of 4-mercaptopyr-
idine (4Mpy) as an inhibitor on the electrodeposited smooth bright,

Fig. 7. EIS results for bright Ni film without inhibitor (a) Nyquist and (b) Bode (resistance magnitude and phase angle) representation. (c) and (d) show the Nyquist
and Bode results for the superhydrophobic sample with 0.2 g/L 4Mpy inhibitor in solution. EIS curves for different immersion times are presented with different
symbols. Lines are fits to the experimental data (symbols).
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Fig. 8. Equivalent circuits models superimposed on the schematic representations of (a–c) superhydrophobic, (d–f) hydrophobic, and (g–i) bright Ni surface in
solution. In (a–f) the micro and nano structures are schematically presented out of scale. The presence of the inhibitor in solution is not graphically shown here but is
concluded in the corresponding equivalent circuit models. The equivalent circuit models in the left column correspond to the surface of samples in the initial stages of
immersion. The middle and right columns represent changes of the surface constituents with prolonged immersion in corrosive solution. The obtained fitting
parameters are presented in Tables in the Supplementary information.

Fig. 9. Effect of immersion time on (a) absolute impedance module at 0.01 Hz and (b) corrosion inhibitor efficiency on bright, hydrophilic and superhydrophobic Ni
surfaces immersed in 3.5 wt% NaCl solution. The lines connecting the symbols (experimental data) are guide to the eyes.
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hydrophilic, and superhydrophobic Ni films is investigated to address the
question whether or not two common corrosion control strategies, i.e.
fabrication of superhydrophobic surface and application of corrosion in-
hibitors, may exert beneficial synergistic effects. According to electro-
chemical measurements, despite the fact that the presence of inhibitor
generally improved the corrosion performance of the Ni films, the most
efficient inhibition effect of 4Mpy was observed on the bright Ni film after
prolonged immersion in 3.5wt% NaCl corrosive solution. The corrosion
current density on the samples with inhibitor in solution were as; bright
(18.5 nA·cm−2) < superhydrophobic (29.2 nA·cm−2) < hydrophilic
(653 nA·cm−2). The bright Ni film also showed the highest polarization
resistance, in compare with superhydrophobic and hydrophilic Ni film,
after 5 days of immersion. This behavior may be related to the surface
structure and low surface energy of the bright Ni film which accommodate
adsorption of inhibitor molecules via electron donation. Our results show
that simultaneous application of inhibitors and surfaces with high degrees
of hydrophobicity (e.g. superhydrophobic surfaces) does not provide
beneficial collegial effects. Finally, we showed that high CA values alone,
even after long-time immersion, cannot be used as a reliable criterion in
determining the corrosion inhibition capability of an inhibitor, and that
complementary time dependence electrochemical measurements deem
essential for designing the most efficient corrosion control strategies.
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