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� Uniform distribution of ZnO@SiO2

NPs was achieved by adding
phosphoric and boric acids.

� The role of inorganic acids was
investigated in the separation of
colloid particles.

� Probable mechanisms were proposed
for the uniform deposition.

� The corrosion resistance was
improved by deposition of uniform
nanoparticles.
g r a p h i c a l a b s t r a c t

The formation of the Ni–P/ZnO@SiO2 nano-composite coatings. (A) The agglomeration of nanoparticles
forms the coating with no uniform distribution. (B) In the presence of phosphoric and boric acids,
well-dispersed nano-composite coating is formed.
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High agglomeration of the nanoparticles and low volume fraction of nanosized inert particles within the
nanocomposite thin films are found as the practical problems. In our previous work, silica coated ZnO
nanoparticles (ZnO@SiO2 NPs) were synthesized to prevent dissolution of the ZnO nanoparticles (ZnO
NPs) in the electrolytic Ni bath. The high agglomeration of these core–shell particles led to an unequal
particle distribution in the deposit matrix. In this work, we aimed to prepare a highly homogeneous
nanocomposite coating by stabilizing the nanoparticles in the medium. Adding the buffering agents,
including phosphoric and boric acids to the medium, disclosed their new aspect of these inorganic acids
in the prevention of particle agglomeration. The corrosion study of the resulting well-dispersed Ni–P/
Zn@SiO2 nanocomposite coating confirmed a significant increase in anticorrosion performance. This
increase was about 2.3 times compared to the previously prepared coating. Moreover, the probable
mechanisms of phosphoric and boric acids in particle stability through the steric or/and electrostatic
repulsion at the interfaces between the colloidal nanoparticles (ZnO@SiO2 NPs) and the electrolyte solu-
tion were investigated in detail.
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1. Introduction

The strong tendency of the nanoparticles to agglomerate com-
pared to those of conventional microsized particles raises the prac-
tical problems. In fact, agglomeration of the nanoparticles that
occurs to minimize the high surface energy, by the formation of
large particles, eliminates unique properties of nanoparticles such
as high surface to volume ratio [1]. This phenomenon is an impor-
tant issue during fabrication of nanocomposite thin films. These
films are produced by the various methods such as electrodeposi-
tion [2]. Ni electroplating is an important electrodeposition pro-
cess, which has been developed commercially for the creation of
the nickel layer. The Ni layer formed through this technique is
more attended for the excellent corrosion, wear, and abrasion
resistance [3].

Over the last few decades fabrication of the durable thin films
by incorporating the nanosized inert particles or whiskers ceramic
reinforcements such as Si3N4, Al2O3, TiO2, ZrO2, WC, B4C, SrSO4 and
diamond in the pure metal matrix has attracted so much attention
[4–11]. Even though electrocodeposition of nanoparticles in thin
metal films is a relatively simple, effective, and inexpensive way
to improve the structure, strength and the corrosion protection
of the metal deposits, the agglomeration of nanoparticles is found
as a limitation of this method. Different groups have developed
some strategies such as varying pH and applying the ultrasonic
irradiation before and during electrodeposition to avoid or reduce
the particle agglomeration [12]. Another study has reported the
dilution of electrolyte as an effective way to resolve this problem.
It seems that the electrolyte dilution through a decrease in ion con-
centration leads to a decrease in the van der Waals attractions and
this phenomenon could reduce effectively the particles agglomer-
ation [13].

On the other hand, it has been demonstrated that the stability
of nanoparticles can be provided by steric or electrostatic repulsion
and this precludes discerning the effect of electrolyte dilution on
the prevention of particle agglomeration. The use of surface-
active agent such as polymers (e.g. polyethylene glycol) and non-
ionic surfactants (e.g. Triton X-100) ensures steric stabilization.
Additionally, ionic surfactant (e.g. sodium dodecyl sulfate) can be
used for electrostatic protection of nanoparticles [14]. Further-
more, simultaneous steric and electrostatic stabilization may be
achieved by adsorption of a polyelectrolyte on the nanoparticle
surface [15].

In this research, we want to show how the addition of phospho-
ric and boric acids in the medium could prevent aggregation
despite an increase in electrolyte concentration. For this purpose,
we have compared new results with our previous data. In our pre-
vious work, sono-synthesis of the ZnO NPs was carried out and the
surface of these nanoparticles was coated with the protective shell
of silica. SiO2 due to high chemical and thermal stability functions
as an ideal shell composite to protect the inner core [16,17]. The
resultant silica-coated ZnO NPs were suspended in the simple
nickel-plating bath (just composed of the Ni salts as the sources
of the Ni2+ ions) to better clarify the influence of the presence of
these nanoparticles on the stability of the medium. Our previous
results showed that the core–shell nanoparticles in the simple bath
formed a large number of aggregates on the coating surface.

In the present research, phosphoric and boric acids have been
added to the previously used bath and the effects of these com-
pounds usually applied as the buffering agents on the bath stabil-
ity, particle agglomeration, chemical composition and the
corrosion resistance of the coating have been inspected.

To find the influence of these inorganic acids on the structural
properties, the morphology and chemical composition of the
resulting Ni–P/ZnO@SiO2 film have been studied by scanning
electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDS) and the results have been compared to the previous
experimental data.

In addition, the performance of the protective silica shell in the
prevention of ZnO NPs dissolution in the presence of phosphoric
and boric acids has been estimated by flame atomic absorption
spectrometry (FAAS). The electrochemical methods have been
applied to evaluate the anticorrosive performance of the Ni–P/
ZnO@SiO2 nanocomposite coatings. Concerning the amount of
embedded nanoparticles in the Ni–P matrix, electrochemical mea-
surements, and comparison with previous data, the effect of the
uniform nanoparticles distribution on the enhancement of the cor-
rosion resistance of the Ni deposit has been determined.

For the first time, the probable mechanism of phosphoric and
boric acids in the prevention of the particle agglomeration has
been proposed. The inhibiting effects of these inorganic acids have
been assigned to the phenomena that occur at the interfaces
between the charged colloidal nanoparticles (ZnO@SiO2 NPs) and
the electrolyte solution. The influence of these surface phenomena,
including the steric and/or electrostatic repulsion between colloids
and the charged species in the electrolyte on the nanoparticle sep-
aration has been elaborated in this paper.

2. Experimental

2.1. Materials

Chemicals used in this work, including zinc chloride, potassium
hydroxide, absolute ethanol, tetraethyl orthosilicate (TEOS) (>98%),
concentrated ammonia solution (25%), nickel sulfate, nickel chlo-
ride, sodium chloride, phosphorous acid and boric acid were pur-
chased from Merck company and used without any purification.
The mild steel (composed of Fe-99.340, Cu-0.043, Sn-0.001, Co-
0.007, Al-0.059, Ni-0.031, Mo-0.001, Ti-0.001, P-0.013, S-0.033,
Cr-0.028, C-0.024, Si-0.058, Mn-0.387-wt.%) was chosen as
substrate.

2.2. Procedure

2.2.1. Preparation of the ZnO@SiO2 NPs
The procedure applied for the synthesis of the ZnO@SiO2 core–

shell NPs was the same method used in our previous work [18]. In
summary, the procedure as follows: at first for the preparation of
the ZnO NPs, 50 ml of 0.5 M ZnCl2 solution was added gently to
50 ml of 1 M KOH solution at 80 �C. During the synthesis (about
40 min) the reaction medium was irradiated by a sonicator
20 kHz (XL 2020). The white precipitates obtained from this
method after centrifugation were washed with distilled water
and ethanol several times. The resultant sample was put in an oven
at 80 �C for 18 h. In the next step, for the coating of the ZnO NPs
surface with the SiO2, 0.5 g of ZnO NPs was added to the solution
containing distilled water and ethanol at 1:4 ratio. Then 2.5 ml of
concentrated ammonia (25%) was added gently to the solution
under the constant stirring (600 rpm). For the next step, 2.04 ml
of tetraethyl orthosilicate (TEOS) was added to the above solution
at the regular intervals (0.34 ml per hour). After 6 h that the coat-
ing process was completed, the precipitates were collected and
washed with distilled water several times. The obtained sample
was put in an oven at 80 �C for 18 h. These ZnO@SiO2 NPs core–
shell were used for more characterization and for co-deposition
in the electrolytic Ni bath.

2.2.2. Surface activation of the plate and bath preparation
The mild steel as substrate was cut into size of

20 mm � 20 mm � 1 mm. Since the treatment of the plate before
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the electrodeposition is important, any contaminants such as
grease, mineral and organic oils were removed from the surface
with acetone. Then for reduction of the roughness and having the
uniform electroplating on the smooth and flat surface, each sample
was polished by an abrasive paper. To clean the chemical oxide
layer from the metal, the plate was immersed into a beaker con-
taining of hydrochloric acid (12 M HCl) for 30 s. After rinsing with
distilled water, NaOH aqueous (1 M) was used to neutralize the
excess acid on the surface. At the final step, by soaking the plate
in acid solution (HCl, 0.1 M) the surface was activated. This surface
is highly susceptible to oxidation due to exposure to the air. Hence,
the plate was put in the Ni plating bath immediately after treat-
ment. Electroplating was done in the glass cell as the reaction con-
tainer and to have a reliable control of temperature during the
reaction, the container was equipped with a water jacket.

To have a meaningful comparison, with the exception of phos-
phoric and boric acids, all plating parameters were kept at the
same levels earlier used.

For all experiments the volume of the bath was 100 ml, the rect-
angular graphite with the dimensions 20 mm � 10 mm � 2 mm
was used as the anode and the plating was lasted 30 min. The pH
value was adjusted within the range of 4.8–5.0 by adding the dilute
NaOH solution to the reaction medium and the stirring speed were
kept constant at 300 rpm. The composition and the electroplating
parameters are summarized in Table 1.

2.3. Determination of the stability of the prepared nanoparticles in the
Ni bath

Since the external surface of the ZnO was coated with silica to
enhance the stability of the ZnO NPs in the Ni bath, the perfor-
mance of this shell in the protection of the ZnO NPs in the presence
of phosphoric and boric acids was studied as well. To evaluate the
stability of the ZnO and ZnO@SiO2 NPs during the co-deposition
process, the nanoparticles were collected carefully after electro-
plating and weighted after washing with distilled water. It seems
that the difference between the initial and the final amount of
the nanoparticles could be assigned to the value incorporated into
the Ni matrix, but to reach a correct conclusion, dissolution of the
particles during the reaction, which led to the generation of the
Zn2+ ions, was considered as another possibility. To check this pos-
sibility, the residual electrolytic baths (initially composed of
0.025 g of the ZnO and ZnO@SiO2 NPs) after centrifugation and sep-
aration of the residual nanoparticles were analyzed by the flame
atomic absorption spectrometer (Shimadzu AA-670). This status
was calibrated by the silver ion and the absorbance value of
0.239 is equal to the 1 ppm of the Ag+ ion concentration. Then
2 ml of the residual solution of each Ni electroplating bath (with
a final volume of 90 ml) was diluted 50 times and the concentra-
tion of the Zn2+ ions was measured in these diluted solutions.
The obtained values were used to estimate the amount of dissolved
nanoparticles. Because of the small amount of silica around the
Table 1
The composition and electro-deposition parameters of the used bath.

Deposition parameters Amount

Concentration of NiSO4 5.00 (g/100 ml)
Concentration of NiCl2 1.50 (g/100 ml)
Concentration of NaCl 0.50 (g/100 ml)
Concentration of H3PO3 1.50 (g/100 ml)
Concentration of H3BO3 0.75 (g/100 ml)
ZnO NPs, ZnO@SiO2 NPs 0.025 (g/100 ml)
T 70.00 (�C)
Time 30.00 min
Current density 12.50 (mA/cm2)
pH 4.80–5.00
ZnO nanorod, the mass of coated and uncoated ZnO NPs was
assumed the same (1 mole � 81 g).

2.4. Study of the corrosion resistance of the coatings

To get access more accurate results, corrosion measurements
were carried out by two different electrochemical techniques
including linear polarization resistance (LPR) and Tafel
extrapolation.

2.4.1. LPR method
Linear polarization resistance tests were performed by using

the ACM instrument (Gill AC potentiostat). A three-electrode set
up including a working electrode (test sample), a platinum auxil-
iary electrode, and a saturated calomel reference electrode (SCE)
was used for the electrochemical measurements. In this method
small perturbation of potential (10 mV below to 10 mV above of
EOCP) is applied. The plot of the applied potential versus the mea-
sured current is linear in this small region of potential and its slope
named as polarization resistance (Rp) [19].

2.4.2. Tafel extrapolation
The potentiodynamic polarization (PDP) measurements were

carried out by using a potentiostat/galvanostat (SAMA 500;
Electro-analysis System) through a three-electrode setup
including a working electrode (test sample), a platinum
auxiliary electrode, and an Ag/AgCl as a reference electrode. In
this method, potential was applied from 200 mV below to
200 mV above of EOCP.

For all electrochemical measurements, the species were left for
30 min to stabilize. All experiments were performed at room tem-
perature and the surface area of 1 cm2 for each coated plate was
exposed to the electrolyte (NaCl solution 3.5 wt.%). The LPR and
Tafel polarization tests were conducted at the scan rate of
0.166 mV/s and 1 mV/s, respectively.

3. Results and discussion

3.1. Characterization of ZnO NPs and ZnO@SiO2 NPs

3.1.1. TEM analysis
The detailed morphological characterization of coated ZnO NPs

is presented here. The characterization of the ZnO NPs was
reported earlier [20]. The XRD analysis of the primary ZnO NPs
confirmed the formation of the pure phase of zinc oxide and the
TEM images of this white powder revealed that the sono-
synthesized ZnO had nanorod structures grown preferentially
along c-axis. From the micrographs, it could be concluded that
the diameter of these nanorod structures was almost the same,
but they had an unequal length. The length of the nanorods was
in the range of 100–300 nm with a mean diameter of approxi-
mately 20–30 nm.

The TEM images of the ZnO@SiO2 NPs taken with a Philips BioT-
win CM120 TEM are presented in Fig. 1(a) and (b).

These images confirmed that the overall surface of the ZnO
nanorods was uniformly covered by a thin layer of silica (the
chemical nature of this layer was assessed by the FTIR analysis,
Section 3.1.2) and the thickness of this protective shell was esti-
mated about 10–15 nm. In addition, the morphology of the parti-
cles before and after coating revealed that the coating process
led to the small structural changes. It seems that the ZnO nanorods
with the pyramidal caps were partially dissolved during the forma-
tion of silica shell and it might be a result of exposure to ammonia.
Hence, these pyramidal nanorods were converted to the rod-like
nanostructures (Fig. 2).



Fig. 1. TEM images of; (a) sono-synthesized ZnO nanoparticles covered by a thin layer of silica, (b) isolated ZnO@SiO2 core–shell nanoparticle.

Fig. 2. The sono-synthesis of the ZnO NPs and the coating with silica. The small structural changes in ZnO nanorod before and after coating process may be due to the
exposure to ammonia.
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3.1.2. FTIR analysis
The FTIR spectra were recorded by Thermo Nicolet, Avatar 370

FTIR in the range of 400–4000 cm�1 with the KBr technique. Fig. 3
points to the FTIR spectra of the ZnO and ZnO@SiO2 NPs.

For both samples, the distinct peak at 520 cm�1 is due to the
Zn–O bond. As it is known the peaks around this region are due
to M–O (metal–oxygen) vibration bands [21].

In the case of the coated ZnO particle, the typical vibration
bands of SiO2 (marked with black stars), including Si–O–Si sym-
metric stretching at 803 cm�1, Si–O–Si asymmetric stretching at
1090 and 1170 cm�1, and Si–O–H stretching vibration at
953 cm�1 confirmed that the surface of ZnO NPs was successfully
coated with silica.

The other extra peaks (marked with red stars) are due to the
presence of the CO2 and H2O molecules absorbed from the air.
The weak peak at 2400 cm�1 (which is more distinguishable in
the FTIR spectrum of the ZnO NPs) was assigned to the asymmetric
O–C–O stretching mode of carbon dioxide.

Another noticeable point in the FTIR spectra is the observation
of the characteristic peaks of the carbonation species. The peaks
near 1404 cm�1, 1492 cm�1 were attributed to the symmetric
and asymmetric O–C–O stretching vibrations of carbonate groups
(these peaks are more pronounced in the spectrum of the coated
ZnO NPs). Additionally, another peak at 1078 cm�1 was assigned
to the C–O symmetric stretch vibration mode of carbonate species.
This peak is more distinguishable in the FTIR of the ZnO NPs and it
might be hidden by the strong peaks of the vibration bands of SiO2

in this region. The formation of the carbonate species due to the
reaction between adsorbed H2O and CO2 on nanomaterials is in
agreement with the few studies that have reported this



Fig. 3. FTIR spectra of the coated and uncoated ZnO NPs recorded in the region of
400–4000 cm�1. The typical vibration bands of SiO2 (marked with black stars)
confirmed that the surface of ZnO NPs was coated successfully with silica. Some
other extra peaks (marked with red stars) are attributed to the unwanted species
such as H2O and CO2 molecules. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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phenomenon [22]. This observation elucidates the strong tendency
of the silica coated ZnO nanoparticles to absorb the water and car-
bon dioxide molecules from the air.

Furthermore, the characteristic peak at about 1600 cm�1and a
broad peak at 3200–3600 cm�1 were attributed to the bending
and stretching vibration of the O–H bond of water. It should be
mentioned for the ZnO@SiO2 NPs, these pronounced peaks (at
1600 cm�1 and a broad peak at 3200–3600 cm�1) in addition to
the water molecules could be assigned to the OH groups in silanol
groups (–Si–OH) that form H bond with physisorbed water mole-
cule [23].
3.1.3. SEM analysis
The morphologies of the surfaces monitored by 3D microscope

(LEO 1450 VP) are presented in Fig. 4.
Fig. 4(a) and (b) point to the SEM images of the coatings with

and without ZnO@SiO2 NPs respectively (at 30,000� magnifica-
tion). As can be seen in Fig. 4(a) the solid electroformed Ni film
has a smooth feature whereas the deposit containing the ZnO@SiO2

NPs has not a smooth surface (Fig. 4(b)). Indeed, the ZnO@SiO2 NPs
suspended in the electrolytic Ni bath affected the final morphology
of coating. A large number of fine nubs on this surface (some of
them are marked with yellow1) could be related to the presence
of the nanoparticles in the metal matrix of plated layer. The surface
of these nanoparticles was covered by a gray thin film of nickel
because of the simultaneous Ni deposition.

Another reason confirmed the incorporation of the nanoparti-
cles in the coating structure was higher thermal resistance of this
coating. As a result, taking the SEM image at higher levels of mag-
nification (e.g. 50,000�) was not possible for the coating without
nanoparticles. On the other word, scanning of the surface by focus-
ing the beam electron led to burn the surface of the Ni coating
whereas SEM analysis did not damage the surface covered with
the nanocomposite coating. In comparison with our previous
results, the agglomeration of the nanoparticles didn’t observe on
the coating surface. The significant reduction in the particle
agglomeration was assigned to the presence of phosphoric and
boric acids in the medium.
1 For interpretation of color in Fig. 4, the reader is referred to the web version of
this article.
3.1.4. EDS analysis
The analytical spectra and chemical composition of the Ni–P

and Ni–P/ZnO@SiO2 NPs coatings were obtained from EDS analysis
(the EDS system is attached to the SEM microscope). The results
are shown in Fig. 5(a) and (b). The chemical analysis showed that
both coatings contained the phosphorous (the content of phospho-
rus is about 8–9 wt.%). Therefore, the resultant coatings are classi-
fied in the medium phosphorus nickel deposit [24]. In the case of
the Ni–P/ZnO@SiO2 NPs coating, the EDS analysis confirmed the
presence of the expected elements, including zinc, oxygen, nickel
and phosphorus and the small amount of the silicon in the coating.
The presence of the zinc element in this coating (in addition to the
ZnO@SiO2 NPs embedded in the matrix) could be due to the reduc-
tion of the Zn2+ ions, which were generated from the partial disso-
lution of the nanoparticles during electroplating.
3.2. Evaluation of the synthesized nanoparticles stability in the Ni bath

The Zn2+ content was determined by the flame atomic absorp-
tion spectrometry. The absorbance values of the diluted elec-
trolytic baths initially contained 0.025 g of the ZnO and
ZnO@SiO2 were 0.807 and 0.356 respectively. Regarding the dilu-
tion factor and the calibration scale, these values are equivalent
to 0.0152 and 0.0067 g of zinc respectively, and the amounts of
the dissolved ZnO and ZnO@SiO2 were 0.0188 and 0.0082 g.

With the help of this analysis, the amount of the core–shell
nanoparticles embedding in the Ni–P matrix could be estimated.
As it was mentioned, the ZnO@SiO2 NPs were collected carefully
after electroplating and weighted. The difference between the ini-
tial and the final amount of the nanoparticles was equal 0.0108 g.
On the other hand, the amount of the dissolved coated particles
during electroplating estimated by FAAS was 0.0082 g. Therefore,
it can be concluded that the amount of embedded core–shell
nanoparticles in the Ni–P matrix was about 0.0060 g (this value
for the uncoated nanoparticles was estimated about 0.0026 g). All
experimental data obtained from this analysis are summarized in
Table 2.

These measurements disclosed that the dissolution of the ZnO
and ZnO@SiO2 NPs in the present bath was higher than those val-
ues measured in the previous work. More dissolution in the pres-
ence of phosphoric and boric acids could be related to the higher
ionic strength of the medium.

By comparison with our previous results, it can be concluded
that these inorganic acids had key role in the formation of the
well-dispersed Ni–P/ZnO@SiO2 coating. The probable mechanisms
of these compounds in the reduction of particle agglomeration are
investigated in the following sections.
3.3. The role of phosphoric acid in the prevention of the nanoparticles
agglomeration

As it is known, hydroxyl groups give silica colloids a large neg-
ative zeta potential at neutral and basic pH. Zeta potential mea-
surements of silica colloids as a function of pH show that the
isoelectric point (IEP) of silica nanoparticles is close to pH 2 [25].
A lower isoelectric point means there are fewer positive charges
(and more negative ones). It was assumed that the isoelectric point
(IEP) of synthesized silica shell was near 2. Therefore, at pH = 4.8–5
some hydroxyl groups existing on the surface of the ZnO@SiO2 NPs
are deprotonated and silanolate ions (Si–O�) are formed. Forma-
tion of the silanolate ions in the lower pH is reported in the litera-
ture [26]. Silanolate ion (Si–O�) and silanol (Si–O–H) could interact
with the charged species in the medium.

On the other hand, the dominant form of phosphoric acid at
pH = 4.8–5 is dihydrogen phosphate ions (H2PO

�
4 ). These ions by



Fig. 4. SEM micrographs of the resulting surfaces at magnifications of 30,000�; (a) the Ni–P layer, and (b) the Ni–P/ZnO@SiO2 nanocomposite coating. A large number of fine
nubs on this surface (some of them are marked with yellow) were assigned to embedded nanoparticles in the deposit matrix.

Fig. 5. The EDS spectra and chemical composition of: (a) electroformed Ni–P deposit, and (b) Ni–P deposit containing the ZnO@SiO2 NPs. (the reported values are assigned to
the marked area and measurements at other points show the same trend).
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surrounding the core–shell nanoparticles creates the repulsive
forces to balance the van der Waals attractive forces acting on
the nanoparticles. Thus, by steric and electrostatic repulsion, the
separation between the colloids are provided and subsequently
the ZnO@SiO2 NPs are stabilized in suspension. Schematic view
of the proposed mechanism is shown in Fig. 6.
In this figure the electrostatic interactions arising from coulom-
bic interactions between dihydrogen phosphate ions and silanolate
ions or/and silanol groups are shown as dotted green lines. The
repulsive forces between dihydrogen phosphate ions encircling
the colloids leads the more stability of the nanoparticles and less
tendency to aggregate.



Table 2
Experimental data obtained from the FAAS technique.

Sample (residual bath containing of NPs) ZnO NPs ZnO@SiO2 NPs

Adsorptiona values 0.807 0.356
Zn2+ ion concentration (g) 0.0152 0.0067
Dissolved nanoparticles (g) 0.0188 0.0082
Residual nanoparticles (g) 0.0036 0.0108
Incorporated NPs in the Ni–P coatings (g)b 0.0026 0.0060

a In the previous work, the adsorption values of the solutions containing ZnO and
ZnO@SiO2 NPs were 0.310 and 0.214 respectively.

b The amount of the ZnO and ZnO@SiO2 NPs incorporating into the Ni coatings
were 0.0058 and 0.0080 respectively.
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3.4. The probable mechanism of boric acid in the separation of
nanoparticles

In addition to the tendency for nanoparticles to agglomerate to
minimize their excess surface energy, the ability of the water
Fig. 7. Agglomerated particles in the presence of moisture. Most oxides, like ZnO@SiO2

forming hydrogen bonds.

Fig. 6. The separation between two core–shell ZnO@SiO2 NPs. The formation of the single
The protonated and deprotonated functional groups are arbitrarily located on the surfa
references to color in this figure legend, the reader is referred to the web version of thi
molecules to form a network of self-associated molecules through
hydrogen bonding can be considered as an important factor in
nanoparticle agglomeration (Fig. 7). The H2O molecules around
the nanoparticles by the formation of hydrogen bonding result in
nanoparticle agglomeration. In the case of the ZnO@SiO2 NPs, both
forms of functional groups, including (Si–O–H) and (Si–O�) could
participate in the formation of hydrogen bonds. The hydrogen
bonds could be formed via the electrostatic attraction between
hydrogen (H) atom of water molecules and oxygen (O) of silanolate
ions or/and via interaction of oxygen atom of water molecules and
the hydrogen atom of silionol group. This mechanism is shown
schematically in Fig. 7 (to avoid complication, all functional groups
are shown in deprotonated form).

It is well known that boric acid (or orthoboric acid) is a weak
acid (pKa �9 at 25 �C). This inorganic acid has a trigonal planar
arrangement of OH groups about the boron atom in the crystal.
The molecules are held together in sheets by hydrogen bonds
core–shell NPs, due to existence of hydroxyl groups on their surface, are capable of

layer of dihydrogen phosphate ions, which can bind to the surface of nanopartilecs.
ce and the dotted green lines represent hydrogen bonds. (For interpretation of the
s article.)



Fig. 8. Schematic view of boric acid structure and its ability to form hydrogen bonding, (A) Hydrogen-bonded layer in the structure of crystalline orthoboric acid. (B) Each
trigonal planar B(OH)3 molecule can engage in up six hydrogen bonds with water molecules. In both cases dotted red lines represent hydrogen bonds. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Schematic illustration for the formation of the Ni–P/ZnO@SiO2 nanocomposite coatings: (a) in the absence and (b) in the presence of phosphoric and boric acids.

298 Z. Sharifalhoseini et al. / Journal of Colloid and Interface Science 464 (2016) 291–300
(Fig. 8(a)). Hydrogen bonding allows boric acid to form parallel lay-
ers in the solid state (not shown here). When this compound is
added to medium, some hydrogen bonds must be broken to allow
the molecules move around. According to its pKa, this compound
exists in aqueous solutions at or below pH 7 as undissociated boric
acid. Hence it could be assumed that at pH = 4.8–5 some water
molecules can engaged into hydrogen bonding with boric acid
molecules. Each boric acid molecule can engage in up to six hydro-
gen bond with surrounding water molecules (Fig. 8(B)). This phe-
nomenon can reduce the possibility of hydrogen bonding
between water molecules and nanoparticles. The ability of boric
acid molecules to form hydrogen bonding with silanolate ion (Si–
O�) and silanol (Si–O–H) exciting on the surface of core–shell
NPs lead to steric repulsion between the nanoparticles.

Based on the proposed mechanisms, the dihydrogen phosphate
ions by steric or/and electrostatic repulsion and the boric acid
molecules just by steric repulsion could decrease the particle
agglomeration. Fig. 9. represents the formation of the Ni–P/
ZnO@SiO2 coatings in the presence and absence of boric and phos-
phoric acids. This figure illustrates schematically how the repulsive
forces due to the single layer of dihydrogen phosphate ions around
the nanoparticles form a composite coating with an equal nanopar-
ticle distribution.
3.5. Corrosion resistance evaluation

The LPR tests were performed and the values of the polarization
resistance (Rp) for all samples were obtained. The Stern–Geary
equation that defines a relationship between the corrosion current
and the Rp as follows:

icorr ¼ babc

2:303ðba þ bcÞ
� �

1
Rp

� �

in where, ba and bc are the anodic and cathodic Tafel slopes (V/dec)
and Rp is the polarization resistance (X cm2) [27]. The values of the
corrosion current extracted for all specimens are summarized in
Table 3.

The results indicated that the Ni–P deposit containing ZnO NPs
shows higher polarization resistance compared to the Ni–P layer.
Additionally, the Rp value of the Ni–P/ZnO@SiO2 coating about 3
times higher than the Ni–P/ZnO coating.



Fig. 10. Tafel plots of the samples.

Table 3
Electrochemical data obtained from LPR method.

Sample EOCP (V vs. SCE) Ba (mV/dec) R (kX cm2) icorr (lA/cm2)

Bare surface �0.820 27.94 1.77 15.70
Ni–P coat. �0.379 52.26 13.53 3.86
Ni–P/ZnO coat. �0.280 36.54 22.56 1.61
Ni–P/ZnO@SiO2 coat. �0.246 52.53 65.35 0.80

a B values were calculated by Tafel slopes obtained from Tafel curves B ¼ ba jbC j
2:303ðbaþjbC jÞ

� �
.
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The PDPmeasurements were also carried out and the Tafel plots
extracted from this electrochemical technique are shown in Fig. 10.

The electrochemical parameters deducted from the Tafel
extrapolating including anodic and cathodic Tafel slopes (ba, bc),
icorr, Ecorr, are listed in Table 4.

The results obtained from PDP method were in good agreement
with those data collected by LPR technique. In both methods, the
Rp values of the samples showed the same trend. The value of
the EOCP (which is generally considered as corrosion potential
(Ecorr)) for the Ni–P/ZnO@SiO2 nanocomposite coating shows more
positive shift. Furthermore, this coating shows smaller current
density. Indeed, positive shift in the value of the EOCP (Ecorr) and
the low current density implies that the less tendency to corrode.

The less tendency for the corrosion observed in both nanocom-
posite coatings (compared to the Ni–P layer) could be attributed to
the embedded nanoparticles in the Ni matrix. In our previous work,
we showed these nanoparticles act as the glue or cement to bind
the electroformed phase structure together. In addition, it could
be assumed that the presence of the ZnO and ZnO@SiO2 NPs as
the semiconductor in the coatings by trapping of electron act as
the barrier to ion transfer. This mechanism was suggested for the
ZnO particles as anticorrosive pigments in the organic coatings
[28,29]. In the case of a metal coating, a decrease in ion transfer
leads to a decrease in the extent of metal dissolution.

The higher polarization resistance of the Ni–P/ZnO@SiO2 coat-
ing in relation to Ni–P/ZnO deposit could be illustrated by more
the incorporation of the ZnO@SiO2 core–shell NPs into the metal
Table 4
Electrochemical parameters of the samples derived from Tafel plots in 3.5 wt.% NaCl solut

Sample Ecorr
(V vs. Ag/AgCl)

ba
(mV/dec)

Bare surface �0.776 265
Ni–P coat. �0.345 198
Ni–P/ZnO coat. �0.254 211
Ni–P/ZnO@SiO2 coat. �0.232 245
matrix (the amount of the ZnO@SiO2 NPs embedding in the coating
was about 2.4 times more than ZnO NPs).

The enhancement of the corrosion resistance of the resulting
nanocomposite coatings (Ni–P/ZnO and Ni–P/ZnO@SiO2) in com-
parison to those of previous coatings (Ni–ZnO and Ni/ZnO@SiO2)
could be due to the phosphorous content in these deposits. The
portion of phosphorous in the enhancement of polarization resis-
tance was estimated by the comparison of the Ni and Ni–P coat-
ings. Regarding this portion (� 9 kX cm2) Ni–P/ZnO coating
doesn’t show higher Rp than Ni/ZnO coating and this is due to
the a slight amount of the ZnO embedding in the deposit of Ni–P.

A noticeable improvement in the polarization resistance of the
Ni–P/ZnO@SiO2 coating respect to the Ni/ZnO@SiO2 (�30X cm2)
despite the less incorporated NPs could be assigned to the homo-
geneity of this coating. On the other word, highly equal distribu-
tion of the core–shell nanoparticles in the deposit matrix
(confirmed by SEM images) discloses the key role of uniform distri-
bution of nanoparticles on improvement in anticorrosive
performance.

4. Conclusion

In summary, the pure phase of the sono-synthesized ZnO
nanorod structures were coated with silica. The resultant core–
shell nanoparticles were used to prepare the nanocomposite coat-
ing through electroplating method. Adding phosphoric and boric
acid to the electrolytic Ni bath led to form a well-dispersed
nanocomposite coating. Based on experimental data, the possible
mechanisms of these compounds in the prevention of particle
agglomeration were investigated and the inhibiting effects of these
inorganic acids were assigned to the phenomena that occur at
interfaces between charged colloidal particles (ZnO@SiO2 NPs)
and electrolyte solution. Furthermore, the results of the electro-
chemical measurements disclosed the significant influence of
equal particle distribution on the improvement in the corrosion
resistance.
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bc
(mV/dec)

R
(kX cm2)

icorr
(lA/cm2)

�85 1.65 16.93
�306 14.73 3.55
�140 27.67 1.32
�239 62.68 0.83
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