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Nickel-layered silicates were electrochemically deposited from acidic bath solutions. Citrate was used as a ligand to stabilize
nickel (II) ions in the plating solution. The silicate, montmorillonite, was exfoliated by stirring in aqueous solution over 24 hours.
The plating solutions were analyzed for zeta-potential, particle size, viscosity, and conductivity to investigate the effects of the
composition at various pHs. The solution particles at pH 2.5 (−22.2mV) and pH 3.0 (−21.9mV) were more stable than at pH 1.6
(−10.1mV) as shown by zeta-potential analysis of the nickel-citrate-montmorillonite plating solution. 𝐸corr for the films ranged
from −0.32 to −0.39V with varying pH from 1.6 to 3.0. The films were immersed in 3.5% NaCl and the open circuit potential
monitored for one month. The coatings deposited at pH 3.0 were stable 13 days longer in the salt solution than the other coatings.
X-ray diffraction showed a change in the (111)/(200) ratio for the coatings at the various pHs. The scanning electron microscopy
and hardness results also support that the electrodeposition of nickel-montmorillonite at pH 3.0 (234GPa) had improved hardness
and morphology compared to pH 2.5 (174GPa) and pH 1.6 (147GPa).

1. Introduction

A steady demand for enhanced coatings at a reduced cost
has been the main focus in the area of corrosion for many
years. Degradation of the coatings takes place because of
unfavorable environmental conditions that lead to many
types of corrosion [1–4]. Since it is difficult to completely
stop corrosion, the best economical idea is to simply reduce
the rate at which it occurs [5]. Low cost, convenience, and
the ability to work at low temperatures have made electro-
deposition one of themore favorable techniques to synthesize
coatings [6]. The applied potential, pH, temperature, and
current all play a role in determining the morphology,
structure, and composition of the coatings [6–8].

One metal commonly used to enhance corrosion resis-
tance is nickel because of its high abundance and capability to

protect against common corrosion [1–4].Nevertheless, corro-
sion resistance from metal coatings tends to be unsuccessful
because of reduced mechanical properties. Forming alloys,
withmetals such as zinc, seems to be the answer to increasing
the corrosion resistance [7]. The alloyed coatings tend to
enhance the corrosion resistance properties but possess
mechanical properties that are comparable to the individual
metals. Ceramic fortification into the metal coatings can
improvemechanical properties. To increase the hardness and
life of nickel coatings, different nanoparticles such as TiO

2
,

CeO
2
, SiC, and Al

2
O
3
have been integrated into the matrix of

the coating [9–14].
The ceramic compounds that are being investigated

for this study are layered silicates, which possess many
advantageous properties such as a high surface area, good
chemical resistance, resistance to extreme temperatures, and
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resistance to pH. Incorporation of the layered silicates into
polymers [15–17] and ceramics [18, 19] to form composites
has enhanced the mechanical properties. In the case of con-
ductive polymer composite coatings, scientists have shown
that layered silicates increase the resistance to corrosion [20,
21]. The incorporation of the layered silicates into the metal
matrix should prove to be fruitful for enhanced resistance to
corrosion and hardness in the nanocomposite coating.

In this work, nickel-layered silicate nanocomposite films
were electrochemically deposited using pulsed potentiostatic
conditions from an acidic plating bath containing exfoliated
layered silicate to enhance adhesion to the substrate, corro-
sion resistance, andmechanical properties. Scanning electron
microscopy (SEM) was chosen to analyze the morphology of
the electrodeposited films. X-ray diffraction (XRD) was used
to analyze the crystal structure of the films. The corrosion
resistance and hardness of the nanocomposite films were
compared with each bath condition using Tafel polariza-
tion, immersion tests, and nanoindentation. The pH of the
plating solution was varied by adding different amounts of
sodium citrate and citric acid. The citrate ligand was used
to stabilize nickel ions in the plating solution. Viscosity,
conductivity, zeta potential, and particle size were all mea-
sured for the addition of montmorillonite to the plating
solution.

2. Experimental

2.1. Materials. Nickel-layered silicates were electrochemi-
cally deposited from acidic plating baths at pH 1.6, 2.5, and 3.0
at 25∘C. The montmorillonite (MMT) (5 g/L) aqueous solu-
tion from Southern Clay Products was mechanically agitated
using a magnetic stirrer over 24 hours to obtain exfoliated
layered silicate platelets. Citric acid anhydrous and/or sodium
citrate dihydrate was utilized as a ligand to stabilize nickel
(II) ions. The composition of nickel-citrate plating baths at
different pHs was prepared from NiSO

4
⋅ 6H
2
O (Alfa Aesar)

and Na
3
C
6
H
5
O
7
⋅ 6H
2
O (Fisher Scientific) or H

3
C
6
H
5
O
7

(Fisher Scientific) as shown in Table 1.
The exfoliated MMT solution was added to the nickel

and citrate salts and then stirred with a magnetic stirrer
until dissolved. The pH of the plating solution was measured
with a Corning pH meter and Pasco Scientific pH electrode.
The electrochemical cell was comprised of three electrodes:
chromel wire (counter electrode), saturated calomel (refer-
ence electrode), and stainless steel discs (working electrode).
Stainless steel discs with a diameter of 1 cm2 were polished
mechanically with 600, 800, and 1000 grit silicon carbide
paper and then with 3 and 1 𝜇m diamond solution on felt
cloth. After the electrode was polished to a mirror-like finish,
it was sonicated in deionized water for 10 minutes.

2.2. Electrodeposition. An EG&G PAR Potentiostat/Galvan-
ostat Model 273A was used for all depositions, cyclic voltam-
metry, and corrosion studies. Pulsed electrodeposition of the
film was carried out using a potential of −1.1 V for 10 seconds
then steped to −0.58V for 3 seconds until a total charge of
70C.

Table 1: Values of the acidic plating bath composition for nickel,
citrate, and citric acid.

Chemical pH 1.6 pH 2.5 pH 3.0
NiSO4⋅6H2O 77.8 g/L 77.8 g/L 77.8 g/L
Na3C6H5O7⋅6H2O — 35.3 g/L 52.9 g/L
H3C6H5O7 57.6 g/L 34.6 g/L 23.0 g/L

2.3. Solution Studies. The solutions prepared for measure-
ment of kinematic viscosity, zeta potential, particle size, and
conductivity consisted of the exfoliated MMT solutions and
the nickel-citrate plating solution. The zeta potential of the
various plating solutions were measured using a Delsa Nano-
C (Beckman-Coulter Instruments). The size of the parti-
cles in the solution was determined by photon correlation
spectroscopy using the Delsa Nano-C. The samples were
allowed to equilibrate at 25∘C for 60 seconds using a peltier
device in the instrument. The samples were measured for
zeta potential three times to show reproducibility of the
measurement. Kinematic viscosity (cSt) was measured with
a Cannon Ubbelohde viscometer size 50. The viscometer
with 20mL of sample was placed into a Brinkmann RM6
water bath at 25∘C and allowed to equilibrate for 20 minutes.
The flow time was measured in seconds and multiplied by
the kinematic viscosity constant (cSt/s). Each sample was
measured five times to show reproducibility of the kinematic
viscosity measurement. The conductivity was measured with
a Thermo Orion 550A conductivity meter.

2.4. Characterization Techniques. The surface morphology
of the films was characterized with an Environmental FEI
Quanta 200 scanning electron microscope (SEM). X-ray
diffraction data was obtained on a Siemens D-500 Diffrac-
tometer using Cu K𝛼 radiation (𝜆 = 0.1541 nm) at 35 kV and
24mA. The scans were run from 2–100∘ 2𝜃 at a step size of
0.05 degrees and dwell time of 1 second.

2.5. Corrosion Measurements. Corrosion behavior was stud-
ied by electrochemical techniques. A four-electrode elec-
trochemical cell was used as a corrosion testing system
composed of the working electrode of the nanocomposite
film, two graphite rods, and a saturated calomel electrode
(SCE). Tafel plots were acquired in a 3.5% sodium chloride
solution. A ±100mV potential range was applied to the cell
without stirring the solution; the resulting current density
was then measured. In each scan, the run started at open
circuit potential𝐸ocp with a scan rate of 1mV/s. Both cathodic
and anodic scans were recorded starting from OCP. The
nickel-layered silicate films were also immersed in a 3.5%
sodium chloride solution for extended periods (30 days)
while monitoring OCP.

3. Results and Discussion

3.1. Kinematic Viscosity. The layered silicate was stirred over
24 hours resulting in exfoliated montmorillonite (MMT)
platelets. A certain amount of anionic exfoliated MMT was
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Figure 1: Kinematic viscosity of montmorillonite (MMT) solutions.

able to suspend in the aqueous solution forming an equilib-
rium of the individual particle repulsions. If the MMT con-
centration is too high, agglomeration and precipitation occur,
resulting in an increase of viscosity. The optimum amount
of MMT is chosen from viscosity based on the kinematic
viscosity curve (Figure 1). The exfoliated MMT are non-
spherical particles; thus, the rotary Brownian motion may
lead to non-Newtonian effect even in the diluted solution.
The addition of more MMT particles changes the magnitude
of the kinematic viscosity because of its platelet shape and
charged surface, which results in a deviation of Newtonian
behavior [22]. According to Figure 1(b), the viscosity of the
MMT solution gradually increases until 0.5%MMT.Then the
viscosity starts to dramatically increase whenMMT is higher
than 1% as seen from the steep increase of the slope. The
viscosity increase is linear at very low concentration ranges.
The kinematic viscosity values for the concentrations of 0.5%
MMT was 1.33 cSt at 25∘C. The MMT concentration of 0.5%
is selected to be used in the nickel plating solution because
the viscosity stays stable at about this concentration. When
introducing an exfoliated MMT into the nickel solution, it
becomes a thickened fluid because the opposite charge of
nickel ion is electrostatically adsorbed onto the clay surface
(negative-charged) leading to agglomeration of the particles.
Once citrate ions are added into the nickel-MMT solution,
the viscosity decreases because citrate ligands help stabilize
nickel ions in the solution.However, the viscosity ofNi-citrate
in MMT solution is still higher than that of only Ni-citrate
solution because free nickel cations are able to be adsorbed
onto the MMT surface.

3.2. Zeta Potential and Particle Size. As shown previously,
typically the surface forces can be the key factor for incor-
poration of particles into a metal matrix during electrodepo-
sition [23].The zeta potential of layered silicate nanoparticles
were measured at three different pHs (1.6, 2.5, and 3.0).
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Ni-MMT-pH 1.6
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Figure 2: Cyclic voltammograms of nickel-layered silicate (0.5%
MMT) plating solution for various pHs (1.6, 2.5, 3.0).

Table 2: Plating solution measurements of conductivity, viscosity,
zeta potential, and particle size for various pHs (1.6, 2.5, 3.0) of the
plating bath.

Plating
solution
pH

Conductivity
(𝑛 = 3)
(mS/cm)

Viscosity
(𝑛 = 3)
(cSt)

Particle
size
(nm)

Zeta potential
(𝑛 = 3)
(mV)

pH 1.6 24.3 ± 0.1 2.86 ± 0.03 3120 −10.1 ± 0.3
pH 2.5 28.1 ± 0.2 2.64 ± 0.01 2756 −22.2 ± 0.9
pH 3.0 33.7 ± 0.3 2.21 ± 0.01 2517 −21.9 ± 0.4
0.5%
MMT 0.502 ± 0.008 1.33 ± 0.01 591 −43.2 ± 0.8

In order to investigate the influence of the bath composition
and pH, the zeta potential of each condition was analyzed for
particle stability (Table 2). The zeta potential of the charged
particles helps predict colloidal stability and electrostatic
interaction of the particles. The zeta potential represents the
repulsive forces between particles. Because most aqueous
colloidal systems are stabilized by electrostatic repulsion, the
larger repulsive forces between particles result in the particles
being stabilized in solution, which reduces the possibility for
the particles to aggregate. The exfoliated MMT is known to
have a negative charge on its surface [24]. The exfoliated
MMT (0.5%) solution has a zeta potential of −43.2mV. It is
stable and able to suspend in the aqueous solution while the
nonexfoliated MMT precipitates. Based on the results from
the zeta-potential analysis of the nickel-citrate-MMT plating
solution, pH 2.5 (−22.2mV) and pH 3.0 (−21.9mV) solutions
are more stable than pH 1.6 (−10.1mV) solution (Table 2).
The adsorption of the nickel and citrate at the MMT surface
shifted the zeta potential toward positive values dropping
the electrostatic stabilization of the dispersion. However, the
particles at pH 2.5, and pH 3.0 aremuchmore stable than that
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Figure 3: Scanning electronmicroscopy (SEM) images of Ni-MMT (0.5%) films electrodeposited from plating baths at pHs 1.6 ((a) and (a)),
2.5 ((b) and (b)), and 3.0 ((c) and (c)).

at pH 1.6.This was also confirmed by allowing the solution to
sit stagnant for 24 hours in which time the pH 1.6 solution
precipitated out, whereas the pH 2.5 and 3.0 stayed stable in
solution for 3-4 more days.

In addition, the particle’s size decreased as pH increased
with changing citrate concentration (Table 2). The particle
size of 0.5% MMT in water is 591 nm. When the MMT
concentration is introduced to the nickel plating bath,

the particle size becomes larger than the native MMT par-
ticles. A slight change was observed from 3120 to 2517 nm
as the pH increased, which follows the decrease in viscosity
as pH increases (Table 2). At pH 1.6, mostly free Ni2+ ions
are present to adsorb to the surface of the MMT, whereas at
the higher pH values of 2.5 and 3.0 a nickel-citrate complex
(NiHCit) is formed removing some of the free Ni2+ ions that
could bind to MMT [25]. This follows the result where the
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Figure 4: X-ray diffraction (XRD) patterns of Ni-MMT (0.5%) films electrodeposited at various pHs (a) 1.6, (b) 2.5 and (c) 3.0 (SS: substrate
stainless steel peaks).

particle size and viscosity decrease as the pH is increased
from 1.6 to 3.0.

3.3. Cyclic Voltammetry. Cyclic voltammetry (CV) was run
for the nickel-layer silicate plating solutions at pHs of 1.6,
2.5, and 3.0 and shown in Figure 2. The pH influences the
electrodeposition of Ni-MMT. The reduction peak for Ni-
MMT at pH 3.0 is shifted to a more negative potential
(−0.6V). Also the working window of the electrodeposition
was expanded at pH 3.0, pushing the hydrogen evolution
further cathodic and resulting in smoother films (Figure 2)
[26]. The nickel-citrate species varied with respect to pH
values [26]. For a nickel-citrate bath at pH less than 4, the pre-
dominant species is NiCitH with trace amount of NiH

2
Cit+

(less than 2%). At pH lower than 2, most of the nickel exists
as free nickel ions; as the pH increases from 2 to 3, the
nickel-citrate species are mostly represented as NiCitH and

NiH
2
Cit+, with less free nickel ions [26–28]. MMT improves

adhesion and provides for a smoother film because the
nonelectroactive platelets slow down the reduction reaction
and push hydrogen evolutionmore cathodic (as seen in cyclic
voltammetry). Also the nickel films without MMT at these
pHs tended to have poor adhesion.The pH 3 nanocomposite
film was the optimal coating giving the best results of overall
properties for adhesion, corrosion protection andmechanical
properties.

3.4. Film Characterization. The pH also affects nickel crys-
talline growth as shown by SEM (Figure 3) and XRD
(Figure 4). At very low pH there is more hydrogen formation
and the plating rate is faster resulting in a non-uniform
film and larger grain size. At pH of 2.5 and 3.0 the rate of
electrodeposition is slower and hydrogen evolution decreases
resulting in smoother uniform films and longer deposition
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Table 3: Nanoindentation hardness and young modulus of the Ni-
MMT (0.5%) nanocomposite films electrodeposited at various pHs
(1.6, 2.5, 3.0).

Ni-MMT
coatings pHs

Young modulus
(GPa ± SD, 𝑛 = 25)

Nanoindentation hardness
(GPa ± SD, 𝑛 = 25)

pH 1.6 147 ± 50 4.1 ± 1.5
pH 2.5 174 ± 52 3.3 ± 1.2
pH 3.0 234 ± 57 5.3 ± 1.6

time for the same accumulated charges. Pulse electrode-
position is applied for depositing the nickel-MMT films at
low pH (1.6–3.0). Through experiments, it was determined
that the electrodeposition of nickel at pH values greater
than 3.5 tended to have poor adhesion that required other
pretreatment of the stainless steel substrate or a different
plating bath for adhesion of the coating. By pulsing, there
is an increase in the replenishment of nickel cations in the
diffusion layer and diffusion of hydrogen away from the
electrode surface [7, 29]. Also, the pulse deposition method
provided a uniform, smooth film with good adhesion. A
direct potential method was attempted but it was found
that the films deposited in a non-uniform manner and
had poor adhesion. SEM micrographs of the deposits show
microstructures with grain sizes in the micrometer range.
However, it is clear from Figure 3 that at pH 3.0 there is a
progressive change in the crystal orientation from an almost
random texture to a stronger (200) texture. This may be due
to the stronger nickel-citrate chelate NiHCit formation at pH
3.0, which stabilizes the nickel in solution and allows for
slower dissolution at the electrode surface.This truncation of
the pyramidal grains (observed for pH 1.6 and 2.5) occurs for
pH 3.0 (Figure 3) which would support the enhanced (200)
texture of the pH 3.0 deposits.

TheNi-MMTfilms fabricated at pH 1.6 are crystalline and
give a random XRD pattern that matches the PDF no. 00-
004-0850 for nickel (Figure 4). When pH of the plating bath
is increased to 2.5 and 3.0, Ni-MMT films start to show an
orientation preference for (200) growth. An electrostatic sta-
bilization of dispersion of the nickel-citrate-MMT particles
benefits insertion of MMT into the nickel electrodeposited
films. The nanoindentation results also support that the
hardness is highest for coatings deposited at pH 3.0 (234GPa)
over that of coatings deposited at pH 1.6 and 2.5 (Table 3).

3.5. Corrosion Studies. The electrochemical corrosion pa-
rameters from the Tafel data (Figure 5) are summarized
in Table 4. 𝑅

𝑝
is the polarization resistance experimentally

observed between the applied electrochemical current den-
sity and potential for the corroding electrode within a few
millivolts of the polarization from the corrosion potential
(𝐸corr). The corrosion current density (𝑖corr) is approximately
calculated from a simplified rearranged Stern and Geary
equation with respect to the two anodic and cathodic Tafel
slopes. The corrosion rate is inversely proportional to the
polarization resistance. However, the film fabricated from
pH 3 exhibited a passive region (plateau region) with a
higher anodic potential of the polarization (Figure 5). The
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Figure 5: Tafel plot of Ni-MMT (0.5%) films measured in 3.5%
NaCl solution at 25∘C. Coatings were electrodeposited from a
plating solution at various pHs (1.6, 2.5, and 3.0) onto stainless steel
substrates.
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3.5% NaCl for nickel-layered silicate films electrodeposited from
various pHs (1.6, 2.5, 3.0). Values are an average of three runs with a
standard deviation of ±0.02.

corrosion parameters, (𝑅
𝑝
, 𝐸corr, and 𝑖corr), are all within the

same range for pH 1.6, 2.5, and 3.0 (Table 4). The corrosion
potential of the films decreases from −0.32, −0.34, and
−0.39V for different pHs of 1.6, 2.5, and 3.0, respectively,
while the corrosion rate improves for the pH 3.0 coating.The
immersion corrosion tests were conducted at ambient tem-
perature to monitor OCP values for one month (Figure 6).
The films deposited at pH 3 show the greatest improvement
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Figure 7: Sample images of Ni-MMT coatings electrodeposited from plating baths at various pHs of 1.6, 2.5, and 3.0 before immersion in
3.5% NaCl (a)–(c), and after (d)-(f), respectively.

in corrosion protection taking 13 days to reach the OCP of
the stainless steel. The coatings deposited at pH 1.6 began to
corrode within a day based on the immersion OCP values
matching stainless steel. The immersion test was run three
times for each of the pHs and the average was taken to create
Figure 6 with an overall standard deviation of ±0.02. Figure 7
shows the coatings at pH 1.6, 2.5, and 3.0 before and after
30 days of immersion in 3.5% NaCl. At pH 1.6, corrosion
is visible for the coating (Figure 7(d)), whereas pH 2.5 just
starts to show corrosion effects at the edges of the substrate
(Figure 7(e)). The coating at pH 3.0 still shows no visible
corrosion at 30 days and is the most stable of the coatings.

4. Conclusion

Theoptimal bath compositionwas developed to improve film
adhesion to stainless steel, corrosion protection, andmechan-
ical properties. To obtain the stable layered silicate particles
for the codeposition with nickel, the viscosity, conductivity,
zetapotential, and particle size were analyzed.The particles at
pH 2.5 (−22.2mV) and pH 3.0 (−21.9mV) were more stable
than that at pH 1.6 (−10.1mV). Corrosion was investigated
by Tafel polarization and open circuit potential measurement
versus time. XRD determined that the (111)/(200) ratio
changed with deposition pH. The SEM and hardness results

Table 4: 𝐸corr, 𝑖corr and polarization resistance (Rp) of the Ni-MMT
(0.5%) nanocomposite film electrodeposited at various pHs (1.6, 2.5,
3.0) of the plating bath.

Ni-MMT
coating
deposited at

𝐸corr (V)
± SD (𝑛 = 3)

𝑖corr (A⋅cm
−2)

± SD (𝑛 = 3)
Rp (Ω⋅cm2)
± SD (𝑛 = 3)

pH 1.6 −0.32 ± 0.02 9.02 ± 3 × 10−7 1.47 ± 0.5 × 105

pH 2.5 −0.34 ± 0.02 9.48 ± 3 × 10−7 1.84 ± 0.4 × 105

pH 3.0 −0.39 ± 0.02 7.34 ± 2 × 10−7 1.16 ± 0.2 × 105

also supported that the nickel-MMT nanocomposites at pH
2.5 (174GPa) and 3.0 (234GPa) were better than at pH 1.6
(147GPa). From all the combined data, the pH 3.0 coating
with incorporated MMT gave the best adherence, hardness,
and corrosion protection for the nanocomposite coatings.
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