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Abstract The sol–gel electrodeposition of coatings on

conductive substrates has been presented the first time in

1999, and since then, a significant number of papers have

been published, mainly devoted to explore the possibilities

of application. However, a clear and complete picture of

the fundamental aspects and of the role of the many

parameters involved is still lacking. In this work, which is

intended to be a preliminary approach to a systematic

study, the effect of potential and time on the coating

thickness was studied, trying to analyze the different fac-

tors that make experimentation difficult, looking for pos-

sible solutions and putting the basis for a more complete

and analytic investigation. Simple tetraethyl orthosilicate-

based acidic solutions were used to coat planar stainless

steel samples. Different starting solutions were tested,

varying the amount of precursor, water and hydrochloric

acid. The role of working temperature, oxygen concentra-

tion and the presence of potassium nitrate until saturation

was tested. Morphology, thickness, cyclic voltammetry and

chronoamperometry were used to characterize the coatings

and to monitor the current in function of potential and time.

The thickness was found to increase with both the con-

centration of the solution and the HCl/TEOS ratio. Tem-

perature was found to be an important factor, but also the

amount of oxygen and electrolyte (KNO3) in solution

seems to influence the thickness of coatings.
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1 Introduction

The formation of thin films on various type of substrates is

among the most important and successful technological

applications of the sol–gel process. Dip coating, spin

coating and spray coating are the principal coating meth-

ods. Each of them has, of course, advantages and disad-

vantages, but a common problem they have is that it is

difficult to coat objects with complex or hidden surfaces, at

least in a controlled way.

Substratee- e- e-e-

H 2O, H + , O2

OH -, H 2

Si

O

OH
OEt

O
Si

O

OH

Si

O

OH
OHO

& Massimo Guglielmi

massimo.guglielmi@unipd.it

1 Dipartmento di Ingegneria Industriale, Università di Padova,
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In 1999, Shacham et al. [1] developed a new deposition

method that might, in principle, solve this problem for

electrical conductive surfaces. It is based on the local

electrochemical generation of catalysts (hydroxide ions or

protons) to increase the rate of sol–gel reactions. In the

case of basic catalysis, and following the idea of the two-

step method, the hydrolysis is carried out initially in acidic

medium and the polycondensation is favored at the solu-

tion–substrate interface by a local increase in pH induced

by the application of a sufficiently negative constant

potential, which promotes the reduction reactions of oxy-

gen and water. The same authors published two articles in

which they showed that it is possible to deposit zirconia [2]

and titania [3] films. Since then, the electro-assisted

deposition has been used to produce nanocomposites [4–6],

anticorrosion protective layers [7–16] and mesoporous

silica [17–20]. More recently, an interesting application of

the mechanism of electrodeposition has been exploited: the

formation of patterns using the scanning electrochemical

microscopy (SECM) to locally increase the electron con-

centration and therefore the electro-generation of hydrox-

ide ions [21].

The cited literature reports on the influence of the most

important parameters (potential, time, concentration of

precursors, stirring, electrolyte) on the properties of the

deposited layers (thickness, morphology, resistance to

corrosion), and some of the studies are very well detailed

with important key information. However, they are often

made using different experimental methods and systems

that cannot be easily compared. Therefore, a clear picture

of the fundamental aspects and of the real role played by

the many parameters involved is still lacking, and many

questions need for an answer, which is preliminary for the

full development and application of this coating method.

This paper is a first attempt to get a broader under-

standing of the key parameters and of their influence on the

obtained coatings.

The fundamentals of electrochemical deposition method

involve many different theoretical aspects, and the practi-

cal results of the application of the method are the sum of

many contributions. Therefore, it is not easy to perform

experiments taking everything into account or deciding

what is most important.

In this work, which is intended to be a preliminary

approach to a systematic study, the effect of potential and

time on the thickness was studied using simple TEOS-

based (TEOS = tetraethyl orthosilicate) acidic solutions to

coat planar stainless steel samples. Different starting

solutions were tested, varying the amount of precursor,

water and hydrochloric acid. The role of working temper-

ature, oxygen concentration and the presence of KNO3

until saturation was also tested.

2 Experimental

The starting solutions were prepared by mixing, in the

following order, ethanol, distilled water, hydrochloric acid

and tetraethyl orthosilicate (TEOS) as precursor for silica.

Different batches were obtained changing the following

parameters: C = SiO2 g/L (from 50 to 150), R = H2O/

TEOS molar ratio (from 2 to 10) and H = HCl/TEOS

molar ratio (from 0.005 to 0.02). The solutions were pre-

hydrolyzed for 1 h at room temperature while stirring.

TEOS (98%) and ethanol (C99.8%) were purchased

from Sigma-Aldrich and used as received. Hydrochloric

acid (1 M) was used.

The electrodeposition was obtained by using a poten-

tiostat/galvanostat (EG&G PARC, Model 273A) within a

standard three-electrode cell. The reference electrode was a

saturated calomel electrode (SCE), and the counter electrode

was a platinum wire. The working electrodes were obtained

from a stainless steel sheet (AISI 304), protected on one side

by a protective removable film. The surface was mirror-like

polished, and the roughness was the same for all samples.

The dimensions of the plates were 20 9 10 9 1 mm3.

When carrying out cyclic voltammetry, an exposed area of

approximately 7 mm2 was obtained with the help of adhe-

sive Teflon. Teflon has also been used to mask the edges of

the samples during the depositions and left an exposed cir-

cular area of about 40 mm2. In order to control the process

temperature, an external thermostat was used, which was

connected to the water jacket of the cell. No stirring was

applied during the deposition. After application of the

potential, the samples were withdrawn by a dip coater with a

withdrawal constant rate of ca. 100 lm/s.

It must be underlined that, during extraction from the

batch, a layer is deposited by ‘‘dip coating’’ on the elec-

trochemically deposited layer. This can be reduced by

using a very low withdrawal rate, but cannot be avoided.

Therefore, the final coating is made of two layers, different

in thickness and presumably different in density, degree of

condensation, etc. This makes the analysis of the results

more complicated. Some authors rinsed [22] or blow-dried

(with nitrogen [10]) the samples after deposition, assuming

that the layer deposited by dipping could be removed

leaving the electrodeposited layer mostly unaffected. Here,

it was decided to measure the thickness of the dipping layer

by depositing it using the same solutions, but without any

voltage applied, and to take this thickness into account

when evaluating the electrodeposited one, by subtracting

the first from the total thickness measured.

The samples were dried at room temperature for at least

24 h before each characterization.

The surface morphology and the composition of the films

were investigated in low vacuum by scanning electron
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microscopy and energy dispersive X-ray analysis (SEM/

EDX, Philips XL30), while the thickness was measured by a

variable-angle spectroscopic ellipsometer (VASE) at inci-

dent angles of 70�, 75� and 80�, within a wavelength range

of 300–1700 nm. The thickness was fitted using a Cauchy

model. For each kind of solution, a cyclic voltammetry (CV)

was performed with different switching potential and

chronoamperometric (CA) data were acquired during the

deposition runs.

3 Results and discussion

3.1 General concepts

The application of a constant negative potential gives rise

to the increase in pH at the electrode surfaces, due to

reduction reactions of oxygen and water, which in acidic

environment involve the consumption of protons:

O2 þ 4Hþ þ 4e� ! 2H2O ð1Þ

2Hþ þ 2e� ! H2 ð2Þ

reaching neutral or basic medium, where the production of

hydroxide ions takes place:

O2 þ 2H2O þ 4e� ! 4OH� ð3Þ
2H2O þ 2e� ! H2 þ 2OH� ð4Þ
O2 þ 2H2O þ 2e� ! H2O2 þ 2OH� ð5Þ

Depending on the initial acidity, the solution may become

basic, promoting hydrolysis and condensation under this

regime, with all known consequences on the network for-

mation. Initially, this situation is confined close to the sample

surface, but immediately, due to the concentration gradient

(diffusion) and the electric field (migration), unreacted

hydroxyl ions move away from the surface region generating

a complex pH gradient in the solution. If the batch is

mechanically stirred, the situation becomes even more

complex, with the addition of a convective term. The

increase in the pH in the solution changes the kinetics of the

reactions involved in the sol-to-gel transition. How all these

phenomena affect the layer deposited on the sample surface

(thickness, morphology, density, etc.) is hard to predict, and

the experimental approach seems the most convenient one,

taking the general picture as a base for a (at least qualitative)

interpretation of the results.

3.2 Influence of sample shape

A first aspect that has to be taken into account when

measuring the thickness of the electrodeposited layer is

related to the shape of the sample. It is known from the

electroplating practice that the deposited layers are thicker

at sharp corners and edges and thinner in recessed areas

due to the inhomogeneous distribution of the electric field.

In the case of electrochemical sol–gel deposition for the

same reason the reduction reactions should not occur

homogeneously on the surface, generating a strong pH

gradient and, as a consequence, a variation of the thickness

from the edge to the center of the sample.

To estimate this effect, a stainless steel sample was

coated using a solution characterized by C = 50, R = 6

and H = 0.01, at -0.7 V for 5 min at 27 �C. Figure 1

shows the ESEM (environmental scanning electron

microscopy) image of the layer at the edge where the

thickness is about 5 lm. The thickness was also measured

at the center of the sample and in between the edge and the

center by ellipsometry, obtaining values of 90 and 120 nm,

respectively.

Based on this observation, all the samples used for this

study were masked at the edges with a Teflon tape, leaving

an exposed area of about 40 mm2, to minimize the edge

effect.

The thicknesses were measured in the central area of the

coated samples, which were sufficiently homogeneous, as

can be seen from a typical ESEM image reported in Fig. 2.

3.3 Influence of potential and time

With the help of cyclic voltammetry and using a blank

solution with ethanol instead of TEOS, it was found that

the reduction in water begins at -0.7 V versus SCE.

Therefore, for the electrodeposition in the presence of

TEOS, three different potentials were applied for 2 min

Fig. 1 ESEM image of SiO2 film deposited at -0.7 V versus SCE

for 5 min at 27 �C. Detail of the edge
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(-0.7, -0.9 and -1.1 V versus SCE), keeping constant the

temperature and the solution (C = 50, R = 6 and

H = 0.01).

A chronoamperometry was acquired for each sample

during the deposition (Fig. 3). As expected, the initial

current increases with the absolute value of the applied

potential.

The thickness was measured by ellipsometry in the

central area of the samples, as explained above. The mean

value of the thickness and the optical constants were

obtained by applying the Cauchy model. Table 1 reports

the thickness of the electrodeposited layers. As already

observed, the final coating is made of a first layer deposited

electrochemically and a second one due to the withdrawal

process after the electrodeposition. To take into account

this last contribution to the total thickness, a silica film was

deposited by simple dipping without any applied potential.

A thickness of 53.9 ± 1.0 nm was measured, which, sub-

tracted to the total thickness, gives the estimated thickness

of the electrodeposited layer.

As reported in the literature, the thickness increases with

the absolute value of the applied potential [1]. It increases

also with time, but different trends are reported. Data

published by Shacham et al. on TiO2 and ZrO2 coatings

indicate that a constant thickness regime is reached after

10–15 min, but in a paper recently published by Farghaly

et al. [6] the thickness of silica-based nanocomposite films

increases almost linearly with time up to the maximum

tested period of 30 min. Our measurements show a linear

increase up to 120 min.

3.4 Influence of the solution composition

The thickness of the deposited layers was studied as a

function of the concentration of precursor, water and

hydrochloric acid. The potential and deposition time were

fixed at -0.9 V versus SCE and 5 min, respectively.

In order to avoid trivial errors, DOE (design of experi-

ments) was used to plan the experiments. Three factors

were considered (C, R, H) with two levels each: low and

high concentration (Table 2). Therefore, the full factorial

design requires eight experiments, which are denoted with

minuscule letters following the Yates’s notation [23].

Experiments denoted with a single letter are aimed to test

the influence of a single parameter, while experiments

denoted with two or three letters are aimed to test the

interaction between two or among three parameters. The

Fig. 2 ESEM micrographs of SiO2 films deposited at -0.7 V versus

SCE for 2 min at 27 �C

Fig. 3 Chronoamperometric data. Deposition time: 2 min. Applied

potentials: -0.7 V (square), -0.9 V (circle), -1.1 V (triangle)

Table 1 Thickness of silica films measured by ellipsometry in the central area of the samples

Sample Potential (V versus SCE) Time (min) Thickness (nm) Estimated electrodeposited

thickness (nm)

p1 -0.7 2 125.3 ± 1.8 71 ± 3

p2 -0.9 2 121.3 ± 3.6 67 ± 4

p3 -1.1 2 196.5 ± 4.3 143 ± 5

t1 -0.9 30 181 ± 18 127 ± 18

t2 -0.9 120 338 ± 5 284 ± 6
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corresponding solution formulations are reported in

Table 3.

Before the deposition, a cyclic voltammetry curve was

obtained for each solution. For the determination of the

reduction potential of hydrogen, it was assumed that TEOS

behaves as ethanol, and solutions c, r and h (where TEOS

was replaced with the appropriate amount of ethanol) were

used. The results are shown in Fig. 4.

By increasing the concentration of water and HCl, the

current increases, but the potential at which hydrogen

reduces remains constant.

During the deposition, the potentiostat provides the

current as a function of time (chronoamperometry, CA).

The current depends on the nature of the solution, but also

on the thickness of the silica layer that is forming, on the

size, amount and morphology of the pores. To the best of

our knowledge, these aspects were not studied thoroughly,

although they are important both from the point of view of

the understanding of the process and of the practical

application. At the beginning, current always decreases,

according to the trend of Fig. 3, but after this decrease, two

different behaviors were observed:

• Experiments that had a factor H with a low level

(0.005) followed the same trend as shown in Fig. 5a,

with a continuous decrease of current with time;

• experiments that had a factor H with a high level (0.02)

showed a trend similar to the one reported in Fig. 5b,

with an increase in the current after about 20 s until to

reach a constant value.

According to Shacham et al. [2], a linear dependence

can be observed by plotting i-1 as a function of t1/2, at least

in the first period of the deposition (Fig. 5, insets). This

behavior can be explained assuming diffusion-controlled

conditions following the Cottrell equation for semi-infinite

diffusion [24, 25]

i tð Þ ¼ nFACD1=2

ptð Þ1=2

which is valid only for short time period, while the devi-

ation from linearity for long periods is due to the finite

nature of the film.

The trend shown in Fig. 5b has been observed in the

electrochemical deposition of metals and has been dis-

cussed in terms of three contributions: adsorption, 2D

nucleation and growth, 3D nucleation with diffusion-con-

trolled growth [26]. The mechanism of film deposition in

the case described here is, of course, different, and the

observed trend cannot be explained in the same way, even

if some analogy might be found. A specific study is nec-

essary to relate, for example, the shape of the current–time

curves with the morphology of the deposited layers.

After deposition, the samples were withdrawn from the

solution and dried, as already described in the experimental

section. After few seconds, the samples r, cr, rh and crh

cracked on the whole surface (Fig. 6b), while the samples

with a low water content (R = 2, corresponding to the

treatments (1), c, h, ch) were free of cracks, at least in a

wide central area (Fig. 6a). It was, of course, impossible to

Table 2 Factors and levels in

DOE
Factor Low High

C 100 150

R 2 10

H 0.005 0.02

Table 3 Tested solutions
Solution Ethanol (mL) H2O (mL) HCl (1 M) (mL) TEOS (mL)

(1) 28.7 2.6 0.4 18.3

c 18.1 3.8 0.6 27.5

r 16.9 14.4 0.4 18.3

cr 0.4 21.5 0.6 27.5

h 28.7 1.36 1.64 18.3

ch 18.1 1.94 2.46 27.5

rh 16.9 13.16 1.64 18.3

crh 0.4 19.64 2.46 27.5

Fig. 4 Cyclic voltammetry. Scan rate 200 mV/s. Switching potential:

-1.1 V versus SCE
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get thickness data from ellipsometry in the first four sam-

ples, due to scattering. The thickness of the other samples

is reported in Table 4. Also in this case, layers at null

voltage were produced to get the ‘‘dipping’’ thickness and

estimate the electrochemical thickness.

It is interesting to compare the ‘‘dipping’’ thickness and

the estimated electrodeposited thickness. The ‘‘dipping’’

thickness clearly increases, as known, with precursor

concentration, but it seems to slightly decrease with acid

concentration. This might be related to the structure of the

hydrolyzed species and to the related viscosity of the sol.

Considering the estimated electrochemical thickness, it

increases with precursor concentration, according to Okner

et al. [27]. It also increases with the factor H, i.e., with the

acidity of the solution. One might argue that starting from a

lower initial pH should minimize the local increase in pH

due to protons consumption at the sample surface, thus

decreasing the layer growth and consequently the thickness

at a given deposition time. However, at lower pH, the

hydrolysis rate of the precursor increases. More hydrolyzed

species should be therefore available in the solution,

prompt to condense at the sample surface. The higher

thickness measured when both C and H are high seems to

confirm this tentative explanation.

3.5 Influence of temperature, oxygen and electrolyte

The temperature is an important variable, because it affects

the kinetics of diffusion and promotes Ostwald ripening,

changing the morphology of the film [28]. The concentration

Fig. 5 Chronoamperometric

data. Deposition time: 5 min.

Applied potential: -0.9 V

versus SCE. Sample cr on the

left and sample rh on the right

Fig. 6 ESEM micrographs. a Sample (1) deposited at -0.9 V versus SCE for 5 min. b Sample cr deposited at -0.9 V versus SCE for 5 min

Table 4 Composition and ellipsometric thickness data of samples used to evaluate the influence of the solution composition

Samples C R H Thickness (nm) Dipping thickness (nm) Estimated electrodeposited

thickness (nm)

(1) 100 2 0.005 300 ± 14 149.0 ± 1.5 151 ± 14

c 150 2 0.005 580 ± 16 232.9 ± 3.5 347 ± 16

h 100 2 0.02 449 ± 9 139.9 ± 2.5 309 ± 9

ch 150 2 0.02 586 ± 26 204.0 ± 1.9 382 ± 26
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of oxygen in solution might also be important, as it affects

reactions (1), (3) and (5). The electrolyte is usually con-

sidered as not directly participating in the electron transfer

reaction. However, as pointed out by Collinson et al. [29],

the electrolyte’s chemical properties can enable direct

reactions at the electrode surface or reactions with species

electro-generated at an electrode surface. Potassium nitrate

was indeed used by Ding et al. [30] to promote OH- pro-

duction by the reaction

NO�
3 þ H2O þ 2e� ! NO�

2 þ 2OH�

Therefore, these three further parameters were tested.

The starting solution used for these experiments had

C = 50, R = 6 and H = 0.01. A potential of -0.9 V

versus SCE was applied for 5 min. Three experiments were

run: at 41 �C in the absence of oxygen and KNO3 in

solution (T), at 41 �C in the presence of oxygen in solution

(oT) and at 41 �C in the presence of KNO3 in solution (eT).

The oxygen saturation was ensured by bubbling O2 into the

solution in the cell for 20 min and blowing O2 above the

solution during the whole deposition, whereas the absence

of oxygen was guaranteed by bubbling argon into the

solution for 20 min before the deposition. For the experi-

ment eT, the solution was saturated with KNO3.

All the samples were qualitatively better (more homo-

geneous, crack free) than those obtained at room temper-

ature, suggesting that the process temperature may be an

important factor for obtaining good quality layers. How-

ever, a more systematic study is needed to better support

this finding.

The thickness of the coatings deposited in the three

experiments is reported in Table 5. A ‘‘dipping’’ thickness

of 53.9 ± 1.0 nm has been taken from the experiment with

the same solution used for testing the influence of potential

and time. As the increase in temperature to 41 �C should

give a thinner dipping layer, because of the reduced vis-

cosity of the solution, it means that it was probably over-

estimated. By comparing these results with those reported

in Table 1, from which an electrodeposited thickness of

about 80 nm is expected with 5-min deposition time, it can

be seen that all three the parameters affect the thickness by

increasing it significantly.

Chronoamperometry (Fig. 7) suggests that there is a

correlation between thickness and current and that oxygen

seems to have a greater effect compared to the electrolyte.

The CA curves for the samples eT and T show an

uncommon behavior, which is still unexplained, but that is

quite reproducible.

4 Conclusions

Silica thin films were deposited by the electro-assisted

deposition, based on the electrochemical generation of

hydroxide ions, with the aim to test different parameters

involved in the process. Submicron thicknesses were

measured with ellipsometry by using the Cauchy’s model.

The influence of potential and time were studied.

According to the literature, the thickness grows with the

increase in both. Any asymptote with deposition time was

not found.

Solutions with different C, R and H ratios were tested,

and the thickness was found to increase with both C and

H. The effect of R on the thickness could not be checked,

as films cracked at R = 10.

Temperature seems to be an important factor in the

electrodeposition process, from the point of view of

thickness, thickness uniformity and integrity of the coating

layer.

The presence of oxygen and KNO3 in solution influ-

ences the amount of hydroxide ions at the interface, and

thickness was found to increase.

The results obtained in this study are preliminary and

need to be supported by further experiments. However, it is

Table 5 Thickness, measured

by ellipsometry, of layers

deposited at T = 41 �C

Sample Thickness (nm) Estimated electrodeposited

thickness (nm)

T 173.4 ± 2.6 120 ± 3

oT 241.2 ± 2.4 187 ± 3

eT 222.2 ± 1.6 168 ± 2

Fig. 7 CA of samples T, eT, oT. Applied potential: -0.9 V versus

SCE. Deposition time: 300 s
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important to underline the fact that a systematic approach

was started, with the aim to analyze the factors that make

experimentation difficult and to look for possible solutions,

thus putting the basis for a more complete and analytic

investigation.
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