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ABSTRACT: Recently, it was shown that the surface modification of silica
particles with −SH functional groups enables their electro-codeposition with
zinc. Here, however, we report that no incorporation into Zn can be observed
for such modified particles with diameters of <100 nm, while incorporation is
possible for particles with diameters of 225 nm and larger. Furthermore,
when silica particles are functionalized with mixtures of −SH and −Cl
functional groups, which affect the interface energy at the particle/metal
interface differently but have similar interfacial energies for the particle/
electrolyte interface, it is found that, for successful incorporation of the particles, a minimum amount of −SH functional groups is
needed. An explanation for these observations has been derived based on energetic considerations regarding the interfaces
involved in the process.
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1. INTRODUCTION

Coatings play an important role in corrosion protection of
metals. Organic coatings, as well as inorganic and metallic
coatings, are used, often in combination. In recent years,
because of steadily increasing requirements, such as the
formability of precoated metal, which leads to unavoidable
defects in the coating,1 a strong demand for so-called “self-
healing coatings” has led to intense research on that subject,
usually with a focus on inorganic coatings (such as sol−gel) or
organic coatings.2−11 Metallic coatings have been widely
neglected so far, although, for instance, standard zinc coatings
for cathodic protection already do provide some degree of self-
healing, which can be enhanced by alloying.12 More-flexible
approaches than just alloying can be only achieved by
incorporating suitable nanocontainers into the metal matrix.
Composite coatings on a metallic basis have already been
prepared in the past, e.g., to enhance mechanical, physical, and
tribological properties, and also the corrosion resistance.13−20

Composite coatings have also been proposed as electro-
catalysts, photoelectrocatalysts, or photoelectrochromic materi-
als.17

Despite the large technological importance in corrosion
protection, only very few composite coatings that are based on
based on Zn have been prepared, because of the difficulties
involved in incorporating particles into the metal matrix.13,21−26

Silica is one of the most promising materials for the storage of
active agents to be incorporated into zinc for enhancing its
protective properties against corrosion, because of its stability at
acidic pH and instability in alkaline pH. Recently, a concept of
“self-healing” coatings using mesoporous silica incorporated
into zinc has been proposed for corrosion inhibition of steel
sheet at the cut edge.27 Industrial Zn electrodeposition is

usually carried out at pH 1.8−2, where silica is stable. On the
steel surface at the cut edge, on the other hand, alkaline pH
prevails and the silica particles decompose, releasing the stored
substances.27 However, unlike other oxides, the incorporation
of silica into metals in general, and especially into zinc, during
electro-codeposition at low pH is very limited.13,28,29 Electro-
codeposition of oxide particles into the metal matrix is a very
complex phenomenon. The incorporation of nanoparticles into
the metal matrix depends on many process parameters, as
discussed in the literature.19,20 The transport of particles toward
the electrode via convection and diffusion is well-understood.30

Particle concentration, as well as the surface charge, type, shape,
and size of the particles also affect the degree of particle
incorporation.19,20,31

Furthermore, the role of the forces that are acting between
the particle and the electrode has been discussed.26,30,32−34 One
early suggestion was that, when touching the electrode, the
particles become mechanically entrapped.35 Later, electrostatic
interactions between the electrode and the surface charge of the
particles were considered to be the main determining factor for
particle incorporation.30,32,36 More recent works on the
incorporation of Al2O3/TiO2/SiO2 into Cu and Ni seem to
favor the concept of the electrostatic force.14−16,36 However,
the argumentations based on electrostatic force considerations
were questioned in other works (see, for example, the work of
Khan et al.26). More convincing seems to be the role of
interface energies. For incorporation, the interface energy
between the particle and the electrolyte should be greater than
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that observed between the particle and the metal matrix.37 For
instance, hydrophilic particles have been shown to be pushed
away by the growing metal matrix, which contradicts the above
concept, based on the electrostatic force, and points toward
making particles more hydrophobic for incorporation.33,37,38

However, making the particles more hydrophobic also
interferes with their dispersion into the galvanizing bath.
Recently, it was shown that focusing on decreasing the interface
energy between the particle and the metal is a promising way to
incorporate silica particles into Zn.26 It was shown that
incorporation at low pH is possible after modification of the
particle surface with thiol functional groups. Unmodified SiO2
particles, or particles modified with a −Cl group, have not been
found to be incorporated into Zn.26 Because −Cl- and −SH-
terminated surfaces show virtually the same contact angles and
critical surface tensions,39−42 −SH groups have been proposed
to substantially decrease the particle/metal interface energy via
the formation of bonds with the growing metal.26 This previous
study was performed exclusively with particles of one specific
diameter of 225 nm.26

In the initial stages of particle incorporation into a growing
metal, the contribution of the metal/particle interface to the
total free energy of the system is given by the product of the
area in contact with the metal and the particle/metal interface
energy. The initial contact area is expected to scale with the
diameter of the particles. Only brief discussions on the effect of
particle size on codeposition have been given.19,20,31 Moreover,
the critical particle sizes reported in the literature range over
several orders of magnitude.20,43−46For instance, comparing 20-
nm and 2-μm SiO2 for deposition with Zn, the weight fraction
of the smaller particles was lower than that of the larger
particles.46 An experimental and theoretical analysis of the
dependence on the diameter of SiO2 incorporated into Zn is
the first subject of this work.
Furthermore, the particle/metal interface energy is also

affected by the number of modifying functional groups on the
surface of the SiO2 particle. However, to the best knowledge of
the authors, there is no report on the effect of the density of
functional groups on particle surface on codeposition, especially
in terms of interfacial energy. Hence, as a second subject of this
work, the codeposition behavior of particles with mixtures of
−Cl and −SH functional groups on the surface is studied to
elucidate the effect of the density of groups modifying the
metal/particle interface energy alone without altering the
particle/electrolyte interfacial energy.

2. EXPERIMENTAL SECTION
2.1. Materials. Thiol-modified particles (SiO2−SH) with diameters

of 97 nm and 1.7 μm were purchased from Microparticles GmbH. All
chemicalsZnSO4·7H2O (Sigma−Aldrich), tetraethoxysilane (TEOS,
Fluka), ammonia solution (28%−30%, Merck), ethanol (absolute
reagent type, Merck), 3-mercaptopropyltrimethoxysilane (MPTMS,
Aldrich), and 3-chloropropyltrimethoxysilane (CPTMS, Aldrich) were
used as purchased.
2.2. Stöber Silica. Silica particles of different sizes were

synthesized using the Stöber process.47 In a typical synthesis process,
TEOS was added to the basic ethanol−water mixture. After 2 h, the
particles were separated from the solution using a centrifuge. Details
about the amounts are given in Table 1.
2.3. Modification of Silica. Modification of SiO2 particles was

performed according to standard procedures.48 Two milliliters (2 mL)
of the functionalization agent (CPTMS/MPTMS) were added to a
solution containing 100 mg of SiO2 dispersed in 100 mL of an
ethanol−water mixture (95/5, w/w). When functionalization with a

mixture of two functional groups was carried out, different volume
ratios of CPTMS and MPTMS were mixed prior to addition to the
solution. The solution was stirred for a day and the particles were
separated from the solution by centrifugation at 5000 rpm. The
particles were then washed with water three times before they were
dispersed into electrolyte for electro-codeposition.

The prepared particles are referred to as SiO2−Cl for purely Cl-
terminated particles, SiO2−SH:Cl (1:1) for a volume ratio
MPTMS:CPTMS of 1:1 and SiO2−SH:Cl (3:7) for a volume ratio
MPTMS:CPTMS 3:7. Within the limit of the experimental error, the
volume ratio is identical to the molar ratio in a liquid mixture. Because
no exchange reactions are expected on the surface for silanes, the
surface composition of the final modified surface should be reflected
by the bulk composition of the reactants, if reactants with the same
reactivity toward condensation and surface binding (given by the
group R in −Si(−OR)3) are used, as is the case in this study.

2.4. Electro-codeposition. For electro-codeposition, 1.2 M
ZnSO4 was used as the electrolyte. For the codeposition, 150 mg of
the modified silica particles were added into 10 mL of electrolyte.
Potentiostatic electro-codeposition was carried out in a conventional
three-electrode cell at −1.2 V against a Ag/AgCl/3 M KCl reference
electrode. Stainless steel bars with dimensions of ∼4 cm × 1.5 cm × 1
mm were used as working electrodes. Prior to use as working
electrodes, the bars were ground with 1000 grade SiC grinding paper,
followed by cleaning with ethanol and water in an ultrasonic bath.

2.5. Analysis. The Zeiss Leo 1550VP field-emission scanning
electron microscopy (FE-SEM) system was operated at 11 kV to
obtain SEM images. As shown previously, adsorbed insulating particles
are visible in SEM images as bright features, while particles in close
contact with the metal matrix appear dark.21

High-resolution TEM (HRTEM) imaging was performed using a
JEOL JEM-2200 FS microscope operated at 200 kV. A Zeiss Model
1540 XB focused-ion-beam (FIB) system with a Ga+ ion accelerating
voltage of 30 kV was used to prepare the TEM specimen. A TEM
sample with dimensions of ∼25 μm × 25 μm × 0.1 μm was prepared
so that the sample plane remained parallel to the polishing plane.

The modified SiO2 particles were analyzed via X-ray photoelectron
spectroscopy (XPS), using a Physical Electronics Quantum 2000
Scanning ESCA Microprobe. Sample preparation for XPS was done by
pressing the modified silica particles into an indium foil. Each analysis
started with a survey scan from 0 to 1100 eV with a dwell time of 100
ms, with a pass energy of 93.9 eV at steps of 0.287 eV with 5 sweeps.
During acquisition of detailed spectra, the pass energy was set to 23.2
eV at steps of 0.287 eV with 40 sweeps. CasaXPS software was used to
analyze the data.

3. RESULTS AND DISCUSSION
3.1. Size Dependence of Particle Incorporation.

3.1.1. Results for Modified and Unmodified SiO2 Particles.
SiO2 particles of different sizes (225 nm, 700 nm, and 1.7 μm)
were codeposited with zinc at pH 3. Figures 1a and 1b show
SEM images of zinc-plated samples, where zinc was electro-
deposited in the presence of silica particles with diameters of
700 nm and 1.7 μm at pH 3. Particles of all sizes (225 nm to 1.7
μm) were just adsorbed on the coating surface. No partially
incorporated particles have been observed. Hence, it is
concluded that no particle incorporation occurs.
The situation changes when SiO2−SH particles of different

diameters ranging from 97 nm to 1.7 μm were present in the

Table 1. Chemical Composition for the Synthesis of Silica
Particles of Different Sizes

volume of ethanol/NH3
solution/water/TEOS (mL)

mole fraction of
ethanol:NH3:water:TEOS

average particle
diameter (from
SEM) (nm)

328.75/16.75/123.3/31.25 0.608:0.006:0.379:0.007 225
274/208/123.3/31.25 0.083:0.111:0.798:0.008 700

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am301821m | ACS Appl. Mater. Interfaces 2012, 4, 6221−62276222



deposition bath. The resulting surface morphologies are
depicted in Figures 1c−f.
Partially incorporated particles are observed using SEM when

particles with diameters of 225 nm or larger were used in the
deposition bath (see Figures 1d−f). However, no incorporation
was observed for particles that are only 97 nm in diameter
(Figure 1c). These particles are only adsorbed on the zinc
surface, similar to unmodified particles. No incorporation was
observed either when the particles were just modified with Cl-
groups (see Figures 1h and 1g).
SiO2−SH particles 180 nm in diameter were also

codeposited with zinc (see Figure 2). Incorporation of particles
has not been observed. This result indicates that SiO2−SH
particles with diameters of <180 nm do not incorporate inside
the zinc matrix. Hence, there must be a critical diameter above

which SiO2−SH particles become incorporated inside the zinc
matrix.

Figure 1. SEM micrographs of Zn deposited in the presence of (a) 700-nm SiO2 particles and (b) 1.7-μm SiO2 particles. SEM images of Zn-SiO2
composite coatings prepared using SiO2−SH particles with diameters of (c) 97 nm, (d) 225 nm, (e) 700 nm, and (f) 1.7 μm. SEM images of Zn
electrodeposited in the presence of SiO2−Cl particles with diameters of (h) 700 nm and (g) 1.7 μm. All the depositions were carried out at pH 3.
Arrows point to partially incorporated particles.

Figure 2. SEM micrograph of Zn-SiO2 coating prepared using SiO2−
SH particles 180 nm in diameter at pH 3.
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3.1.2. Particle/Zinc Interface. Figure 3 shows an HRTEM
micrograph at the SiO2/Zn interface of a sample that was

prepared via the electro-codeposition of SiO2−SH particles 225
nm in diameter with zinc. The HRTEM micrograph reveals that
there is no cavity between the particle and the zinc matrix. This
result indicates that, when incorporation occurs, direct contact
between the silica and the metal is established.
3.1.3. Discussion of Size Dependence. To summarize the

above results, no particle incorporation was observed for
unmodified SiO2 and SiO2−Cl particles of any size. Only
SiO2−SH particles with diameters of 225 nm and larger can be
incorporated. The incorporation of SiO2−SH has previously
been explained as being due to the decrease of the interfacial
energy of the metal/SiO2 interface, because of the surface
modification.26 In general, modification of the surface of the
particles causes changes in the interface energies σ. For a more-
detailed analysis, the interfacial energy of the particle/
electrolyte interface (σP/E) and of the particle/metal interface
(σP/M) will be considered, because they play a vital role in the
incorporation of particles into metal. Thermodynamically, the
incorporation of particles into the metal matrix is favorable if
σP/E is large, which can be realized by making particles
hydrophobic.37,49 However, the dispersibility of hydrophobic
particles in aqueous electrolytes sets a limit in the application.49

For SiO2−Cl particles, σP/E increases compared to unmodified
SiO2, but not to an extent sufficient to achieve particle
incorporation. As a result, only adsorption takes place. On the
other hand, for SiO2−SH, σP/E is increased, compared to SiO2

particles, by virtually the same amount as that for SiO2−Cl,
because both possess similar contact angles and critical surface
tensions.39−42 In addition, for SiO2−SH, σP/M is also lowered,
because of a strong interaction of the functional groups with the
metal.50 As shown previously, the reduction of σP/M leads to
incorporation of particles into the metal matrix.26

The experimental results presented here indicate that SiO2−
SH can be incorporated only above a certain diameter. It is
proposed that this critical incorporation diameter exists because
of differences in the number of functional groups directly
interacting with the growing zinc surface during electro-
deposition for particles with different diameters.
Consider the total area A0 of the particle,

π=A d0
2

where d is its diameter. In the initial stage of particle
incorporation, only a cap of height h = Δx with surface area
πdΔx is inside the metal matrix. The projected area on the
metal surface is

π π= − − Δ
⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦⎥a

d d
x

4 4
2

2 2
2

with a being the radius of the projection circle. The situation is
depicted in Figure 4.

The overall energy change (ΔEi) for this initial incorporation
step will then be

π σ σ π σΔ = Δ − −E d x a( )i P/M P/E
2

M/E

with the interface tension σM/E between metal and electrolyte.
For incorporation to occur, ΔEi < 0; hence,

π σ σ π σΔ − − − − Δ ≤⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥d x

d d
x( )

4 2
0P/M P/E

2 2

M/E

Solving for d yields, as a condition for incorporation,

σ
σ σ σ

≥ Δ
− −

⎛
⎝⎜

⎞
⎠⎟d x M/E

P/E M/E P/M (1)

Although full incorporation is only to be expected for σP/M <
σP/E, according to this equation, initial stage incorporation is
even possible, if σP/M > σP/E, as long as σP/M < σP/E + σM/E,
which means that no gap between silica and zinc will form, in
accordance with observations made via HTREM (see Figure 3).
However, it is to be expected that as soon as the zinc

deposition proceeds further, the particle would be squeezed out
of the matrix, because, above a certain stage Δx, it will not
longer fulfill eq 1. However, the prepared particles do possess a
certain surface roughness. If the initial stage incorporation Δx is
large enough, the particle will be held tightly by mechanical
interdigitation with the zinc layer, i.e., for Δx > Δxcrit, where
Δxcrit is the corresponding minimum incorporation depth for
interdigitation. The particle then will continue to be

Figure 3. HRTEM micrograph at the SiO2/Zn interface. The upper
part (lighter color) shows the silica particle, and the lower part shows
the zinc matrix. The enlarged area shows how the amorphous silica
and the crystalline zinc meet without a gap between them. Figure 4. (Left) Depiction of a particle as a sphere with diameter d; h

is the height of the cap. (Right) Scheme of two particles, having
different areas A1 and A2, approaching the cathode; Δx represents the
growth of the zinc layer on the cathode during the initial phase of
codeposition.
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incorporated. This will be the case for all particles with a d value
such that

σ
σ σ σ

≥ = Δ
− −

⎛
⎝⎜

⎞
⎠⎟d d xcrit crit

M/E

P/E M/E P/M (2)

and if σP/M < σP/E + σM/E.
Because most of the interfacial energies are difficult to

determine precisely, and Δxcrit is also not known, the exact
magnitude of the dcrit is difficult to obtain from pure theoretical
considerations. However, it is suggested that Δxcrit will be at
least slightly larger than the surface roughness of the particle, in
order to enable the proposed interdigitation.
Additional factors may play a role, especially the interaction

time of the particles with the surface in relation to the
deposition rate, but also diffusion and hydrodynamic effects
may affect whether mechanical interdigitation will occur. From
the experimental results obtained here, it is concluded that, in
the case investigated here (i.e., for SiO2−SH particles), 97 nm <
dcrit < 225 nm.
The result just derived not only shows that, for a successful

incorporation of particles into the metal matrix, the particle
must have a diameter larger than the critical incorporation
diameter, but also give an indication that the interfacial energies
are important. The interfacial energies involving the particle are
related to the number of functional groups on the particle
surface. That leads to the hypothesis that incorporation is also
affected by the number of functional groups on the particle
surface. This hypothesis has been tested by the preparation of
SiO2 particles whose surface was modified by different mixtures
of −Cl and −SH functional groups and subsequent electro-
codeposition experiments, as will be described in the next
section.
3.2. Variation of the Surface Composition of SiO2

Particles. 3.2.1. Characterization of the Modified Particles.
XPS was used to characterize the functionalized silica particles.
Figure 5 shows the XPS spectra of SiO2 particles that were
functionalized with a mixture of −SH and −Cl functional
groups.
Figure 5a shows the core level spectra of sulfur (S 2s and S

2p) and chlorine (Cl 2p) for SiO2−SH:Cl (1:1). Both S 2s and
Cl 2p have almost the same intensity. Because of the
inhomogeneity of the photoelectron escape depth of XPS on
the nanoparticles, the peak ratio, as typically analyzed for flat
interfaces, is rather difficult to interpret. Figure 5b shows the
intensities SiO2−SH:Cl (3:7). The results show a reduction of
the sulfur-related peaks relative to the Cl 2p peak, as expected
for the lower fraction of −SH in the particle surface.
3.2.2. Effect of Functional Groups during Codeposition.

To investigate the effect of the density of functional groups on
particle incorporation, experiments were performed with
particles modified with both −SH and −Cl groups, described
above. For these experiments, three different particle diameters
(225, 500, and 700 nm) were chosen. In Figure 6, typical SEM
images obtained from the different resulting zinc coatings are
shown.
While SiO2−SH:Cl (1:1) particles with diameters of 500 and

700 nm are incorporated into the zinc metal matrix, in no case
has any incorporation been observed for SiO2−SH:Cl (3:7)
particles with diameters of 700 nm as well as for SiO2−SH:Cl
(1:1) particles with diameters of 225 nm.
3.2.3. Discussion of the Effect of Functional Groups on

Incorporation. Based on the results shown above, it can be

concluded that SiO2 particles 500 and 700 nm in diameter
covered with at least 50% −SH will be incorporated into zinc.
On the other hand, only adsorbed particles are obtained on the
zinc surface when SiO2 particles 225 and 700 nm in diameter,
with 50% and 30% or lower −SH coverage, respectively, are
used during the deposition. This finding confirms the
hypothesis stated in section 3.1.3 and can be explained in
terms of the interfacial energies. Modification of the particles
with different functional groups changes the interfacial energies
(σP/M and σP/E). When the particles 500 and 700 nm in
diameter are covered with at least 50% −SH functional groups,
σP/M becomes sufficiently lower, compared to unmodified
particles, because of the bond formation of −SH with the metal,
which leads to incorporation of the particles into the metal
matrix. When the particles 225 and 700 nm in diameter are
covered with 50% and 30% or less −SH functional groups,
respectively, σP/M is not sufficiently reduced to enable the
incorporation of particles. This result also indicates that the
critical number of −SH functional groups required for
incorporation of the 700-nm-diameter SiO2 particles lies
between 30% and 50% coverage.
The results of the 700-nm SiO2 particles functionalized with

− Cl/−SH or a combination of both are summarized in the
scheme shown in Figure 7.

4. CONCLUSIONS
In this paper, it was shown that, for the incorporation of −SH-
modified silica particles into zinc, a critical diameter exists
below which no incorporation can occur. This is explained by
the need of a mechanical interdigitation of zinc and silica,
because, supposedly, the interfacial energy between zinc and
the particle is not lowered enough to fulfill σP/M < σP/E.
Incorporation then is still possible for particles with a diameter
d larger than a critical diameter dcrit:

Figure 5. X-ray photoelectron spectroscopy (XPS) spectra of (a)
SiO2−SH:Cl (1:1) and (b) SiO2−SH:Cl (3:7).
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σ
σ σ σ

> = Δ
− −

⎛
⎝⎜

⎞
⎠⎟d d xcrit crit

M/E

P/E M/E P/M

as long as σP/M < σP/E + σM/E, which was also supported by

HTREM images. The critical incorporation depth (Δxcrit) is

suggested to be at least slightly larger than the surface

roughness of the particles. It is proposed that, also, for other

cases where observations of a minimum particle diameter for

incorporation into a metal have been made,44,46 the same

explanation is valid. Furthermore, we have shown that the

interfacial energy (σP/M) can be directly tuned by controlling

the degree of functional −SH groups.
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