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Abstract

The stability of thin silicate films in solution has been evaluated as a function of drying time and drying conditions using
scanning probe microscopy and an electrochemical probe technique. In these experiments, the silicate films were spin coated on
various substrates using a sol formed by the acid catalyzed hydrolysis and condensation of tetramethoxysilane. The silicate films
were then dried under a relative humidity of 25, 50, or 75% for 3, 12, 24, or 48 h. After drying, the films were immediately placed
in a solution of potassium nitrate or a solution of a redox probe, specifically ferrocene methanol, ruthenium hexaammine, or
cobalt phenanthroline. Cyclic voltammetry in conjunction with atomic force microscopy was used to monitor the disruption in gel
structure as the films sat in aqueous solution. The stability of each film was found to be essentially independent of the substrate
it was coated on but a strong function of the length of the drying time and the relative humidity under which it was dried. Films
that were dried at 25% humidity for 48 h stayed on the electrode for several days. In contrast, films that were dried at 75%
humidity for 3 h fell off the electrode within 24 h. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

During the past decade, the sol–gel process has
become a convenient approach for the preparation of
stable host matrices for the development of viable
chemical sensors [1–5]. The silicate glasses, for exam-
ple, are typically prepared by mixing the silicon alkox-
ide (i.e. tetramethoxysilane (TMOS)) with water in a
mutual solvent such as methanol [6]. As the inorganic
precursors hydrolyze and condense to form siloxane
bonds, a sol is formed. With time, these colloidal
particles aggregate leading to the formation of a
porous, three dimensional network—the gel.

Specific reagents can be readily entrapped in this
porous glass matrix by physically doping the species
into the sol prior to its gelation [1–5,7]. The feasibility
and usefulness of this approach was first demonstrated
in 1984 by Avnir for rhodamine 6G [8]. Since this initial
investigation, the use of sol–gel derived materials in

chemical sensor and materials applications has blos-
somed. In chemical sensor development, the thin film
configuration has the advantage of providing a rela-
tively shorter path length for diffusion which leads to
devices that have inherently faster response times.

One specific concern associated with the utilization of
these host structures in analytical applications, particu-
larly sensor development, is the long-term stability of
the materials produced. Disruption in the gel structure,
for example, could lead to losses in the encapsulated
reagent and hence a decrease in material performance
and an increase in solution contamination. Microstruc-
tural changes such as a decrease or increase in pore
structure can alter the nature of the entrapment and
change the response time of the device. Sol sitting time,
gel drying time, and the conditions under which the gel
is aged and dried (i.e. relative humidity) can affect the
long-term performance of these materials. During the
past few years, a number of investigations have focused
on the characterization of thin films for chemical sens-
ing applications [9–14]. While these investigations have
provided important details about the effects of aging on
film structure and device response, the long-term stabil-

* Corresponding author. Tel.: +1-785-532-1468; fax: +1-785-532-
6666.

E-mail address: mmc@ksu.edu (M.M. Collinson).

0022-0728/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII: S 0 0 2 2 -0728 (01 )00723 -9

mailto:mmc@ksu.edu


M.M. Collinson et al. / Journal of Electroanalytical Chemistry 519 (2002) 65–7166

ity of silicate thin films in aqueous solutions remains to
be examined in detail. Since most chemical sensor in-
vestigations involve placing the silica host in solution
for significant periods of time, the inherent stability of
these materials becomes critically important.

In this work, we have investigated the stability of
undoped silicate films in solution as a function of gel
drying time and relative humidity using atomic force
microscopy and cyclic voltammetry [15,16]. In the latter
procedure, an undoped silicate film is placed in a
solution of supporting electrolyte containing a suitable
redox probe. If the film is compact, no Faradaic current
will be observed. As the film deteriorates or develops
pin holes, the voltammetry of the redox probe will
become sigmoidal and eventually peaked shaped in
appearance due to radial and planar diffusion, respec-
tively [15,16]. These results show that both drying time
and relative humidity affect the long-term stability of
thin silicate films in electrolyte solution.

2. Experimental

2.1. Reagents

Tetramethyl orthosilicate (TMOS, 98%), ferrocene
methanol (FcCH2OH), ruthenium(III) hexaammine
(Ru(NH3)6

3+), and Triton X-100 were purchased from
Aldrich. Hydrochloric acid and potassium nitrate were
purchased from Fisher Scientific. All reagents were used
as received. Cobalt(II) phenanthroline (Co(phen)3

2+)
was prepared according to literature procedures [17].
Water was purified to Type I using a Labconco Water
Pro PS four-cartridge system. For electrochemical ex-
periments, an one-chamber, three electrode cell was
used. The working electrode consisted of a glassy car-
bon electrode (A=0.2 cm2) which was prepared as
previously described [18]. Prior to each use, the elec-
trodes were polished with 0.05 �m alumina on a napless
cloth (Buehlar) and sonicated for 10 min in deionized
water. The reference and counter electrodes were a
silver � silver chloride and a platinum mesh electrode,
respectively. All potentials refer to the Ag � AgCl � 1 M
KCl reference electrode. Cyclic voltammograms (CVs)
were recorded with a BAS 50W electrochemical work-
station. Film thicknesses were measured with a surface
profilometer (Tencor Instruments, Alpha Step 500).
AFM measurements were performed in the tapping
mode with a Nanoscope IIIa multimode SPM micro-
scope (Digital Instruments, Inc., Santa Barbara, CA)
using a microfabricated Nanoprobe™ silicon nitride tip
at a scan rate of 0.5–1 Hz. Surface roughness values
were taken from a 5 �m×5 �m area.

2.2. Procedures

A 1:6:9:0.003 (TMOS+CH3OH+H2O+HCl) solu-
tion of sol was typically prepared by mixing 1.5 ml of
TMOS, 2.4 ml of methanol, 1.3 ml of deionized water,
and 0.3 ml of 0.1 M HCl in a glass vial. The pH of the
solution was estimated to be ca. 3 using pH paper. The
sol was stirred for 30 min and allowed to sit for 4 days.
The silica sol was then spin cast on the surface of either
glass, tin oxide, a silicon wafer, or a glassy carbon
electrode using an in-house built spin coating apparatus
(ca. 7000 rpm). In order to improve the ‘wettability’ of
the glassy carbon electrode, a 10 �l drop of Triton
X-100 was first deposited on a clean glassy carbon
electrode immediately followed by rotation of the elec-
trode at 7000 rpm for 30 s [14]. The films were dried for
a specified period of time in an in-house built humidity
chamber that utilized an OMEGA humidity controller
to keep the samples at constant humidity. The thickness
of the silica films on the glassy carbon substrates were
ca. 340 (�30) nm. All solutions were freshly prepared
and degassed with N2. Unless otherwise noted, the pH
of the electrolyte solutions was measured as ca. 6.

3. Results

The stability of the silicate films in solution can be
readily evaluated from the voltammetry of redox
probes at the modified electrode surface. In these exper-
iments, the electrode was placed in a solution of 1 mM
redox probe and kept there for the duration of the
experiment. Fig. 1 shows the cyclic voltammograms
(CVs) of a silicate film dried for 12 h at 50% relative
humidity in a solution of Co(phen)3

2+, FcCH2OH, and
Ru(NH3)6

3+. Initially, the films are very compact as is
evident from the lack of Faradaic current at the
modified electrode surface. This featureless voltamme-
try persists for a few hours to a few days depending on
the length of time the silicate film was dried and the
value of the relative humidity (see below). As the film
sits in electrolyte solution, the voltammetry of the redox
probe gradually becomes sigmoidal shaped, characteris-
tic of radial diffusion at a series of small defect sites or
channels in the film acting as an array of ultrami-
croelectrodes [15,16,19]. The film thickness at this point
is approximately the same as the original film as mea-
sured via profilometry. Upon further sitting in solution,
the limiting (plateau) current increases and the voltam-
metry becomes more peaked-shaped in appearance. In
addition, the color of the film changes and the film
thickness is noticeably smaller. Eventually, the peak
current for the redox probe approaches that at a bare
electrode of ca. 12 �A. At this point, the film appears to
have dissolved off the electrode surface.
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Atomic force microscopy can also be used to evalu-
ate the structure of the film upon continual exposure to
solution. In these experiments, the silicate film on the
substrate is placed in electrolyte solution for a given
period of time, removed, rinsed with water and then
imaged with tapping mode AFM. As can be seen in
Fig. 2 for a glassy carbon electrode, the film is initially
dense and compact. The peak maximum and peak
minimum are 2.1 nm and −1.7 nm, respectively, and
the root mean square surface roughness is 0.6 nm [20].
The surface roughness factor of the silicate film is lower
than that of the bare substrate. It is believed that the
film fills in and covers the apparent grooves and pits in
the glassy carbon substrate. This is consistent with what
we have reported in previous work [14].

Fig. 2. 5 �m×5 �m AFM images of a silicate film dried at 50%
humidity for 12 h after (A) 0, (B), 70, and (C) 150 h in 0.1 M KNO3.Fig. 1. Cyclic voltammograms of 1 mM (A) ferrocene methanol after

(a) 0, (b) 24, (c) 56, and (d) 72 h in solution (B) cobalt phenanthroline
after (a) 0, (b) 14, (c) 24, and (d) 46 h in solution and (C) ruthenium
hexaammine after (a) 0, (b) 14, (c) 24, and (d) 32 h in solution. Scan
rate: 10 mV s−1. Electrolyte: 0.1 M KNO3. Dry time 12 h, 50%
relative humidity.

After the film has been in solution for longer than
150 h, the film becomes noticeably rougher with the
root-mean-square surface roughness increasing to 4.5
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nm. The longer the film sits in solution, the rougher it
becomes. It is important to note that this effect can be
observed with other substrates besides glassy carbon.
AFM images of the silicate films cast on glass, tin
oxide, and silicon wafers all become noticeably rougher
as they sit in electrolyte solution. Table 1 lists the
surface roughness for these substrates as a function of
the length of time the film is in solution.

Fig. 4. Cyclic voltammograms of (A) 1 mM cobalt phenanthroline
after 24 h in solution at a silicate film dried for 12 h at (a) 25, (b) 50,
and (c) 75% relative humidity and (B) 1 mM ruthenium hexaammine
after 28 h in solution at a silicate film dried for 3 h at (a) 25, (b) 50,
(c) 75% relative humidity. Scan rate: 10 mV s−1. Electrolyte: 0.1 M
KNO3.

Table 1
Root-mean-square surface roughness (nm) for silicate films deposited
on different substrates versus time in solution (0.1 M KNO3)

Silicon wafer Glass GlassyTin oxideTime in
solution/h carbon

2.1 0.9 0.60 1.1
1.41.11.330 1.4

70 4.02.4 3.1 2.5
4.8150 4.5NA 4.8

Bare 9.07.14.110

Fig. 3. Cyclic voltammograms of (A) 1 mM ferrocene methanol after
19 h in solution for films dried at 75% relative humidity for (a) 48, (b)
24, (c) 12, and (d) 3 h and (B) 1 mM cobalt phenanthroline after 37
h in solution for films dried at 50% relative humidity for (a) 48, (b)
24, (c) 12, and (d) 3 h. Scan rate: 10 mV s−1. Electrolyte: 0.1 M
KNO3.

The length of time for which the film is dried and the
relative humidity under which it is dried strongly affect
film stability. Fig. 3 shows the voltammetry of
Co(phen)3

2+ and FcCH2OH at a silicate modified elec-
trode dried for 3, 12, 24, and 48 h at 50% and 75%
relative humidity, respectively. When the film is dried
for only 3 h, the voltammetry of FcCH2OH and
Co(phen)3

2+ looks like it does at a bare electrode.
Similar results are observed for Ru(NH3)6

3+. In con-
trast, for the film dried for 48 h, no Faradaic current
can be observed. As is shown in Fig. 4, similar results
are observed upon variation of the relative humidity.
When the films are dried for a short period of time
under high relative humidity, the voltammetry is large
and peaked shaped. In contrast, upon drying the film at
25% relative humidity, no Faradaic current can be
observed.

The effects of drying time and relative humidity
under which the films have been dried can be seen more
clearly in Figs. 5 and 6. In these figures the absolute
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magnitude of the limiting or peak current acquired
from the cyclic voltammograms is plotted versus time in
solution. As can be seen, films dried under a high
humidity environment are clearly not stable in solution
for more than ca. 20–30 h. In contrast films that have
been dried at 25% humidity stay on the electrode for
more than 75 h in solution. The length of time for
which the electrodes have been dried at a given humid-
ity is also very important, Fig. 5. The longer the films
are dried, the more stable they are. Films dried for 48
h under a relative humidity of 25–50% remain on the
electrode for several days in solution.

Fig. 6. Faradaic current versus time in solution for (A) ferrocene
methanol and (B) cobalt phenanthroline. Films were dried at 50%
relative humidity for (�) 3, (�) 12, (�) 48 h. Solution conditions: 1
mM redox probe in 0.1 M KNO3. Error bars represent standard
deviations from 2–4 films.

Fig. 5. Faradaic current versus time in solution for (A) ferrocene
methanol, (B) cobalt phenanthroline, and (C) ruthenium hexaam-
mine. Films were dried for 12 h at (�) 25%, (�) 50%, (�) 75%
humidity. Solution conditions: 1 mM redox probe in 0.1 M KNO3.
Error bars represent standard deviations from 2–4 films.

4. Discussion

The microstructure of sol–gel derived films is highly
dependent on sol preparation and film fabrication and
drying procedures [9]. Since gelation and evaporation
occur simultaneously in the preparation of silicate films
by spin casting, considerable quantities of unreacted
silanol and alkoxide groups will be present after forma-
tion [9]. As the film dries, neighboring silanol groups
react and the film becomes more crosslinked. The
amount of unreacted precursors and the inherent stabil-
ity of the silicate films will thus be dependent on the
drying time and conditions (i.e. relative humidity).

The silicate films formed in this study are initially
highly compact, dense structures. This is evident in the
AFM image of the dried silicate film cast on a glassy
carbon substrate as shown in Fig. 2. Brinker and
coworkers have also noted that silicate films prepared
from acid catalyzed sols exhibit Type II N2 adsorp-
tion–desorption isotherms indicative of the formation
of a non porous film [9,10]. They attribute this to the
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formation of linear chains which become intertwined
as the sol is cast on the substrate to form a dense,
dried structure with a low pore volume [9]. Unlike
some organic polymers, the silicate films do not swell
appreciably after being placed in solution.

The compact nature of the silicate films is also evi-
dent in the voltammograms of the three redox
probes, Co(phen)3

2+, FcCH2OH, and Ru(NH3)6
3+ in

0.1 M KNO3. These redox probes were chosen be-
cause they have relatively fast electron transfer kinet-
ics and because they have different sizes, shapes
and/or charge which will enable any probe dependent
effects to be evaluated. A negatively charged redox
probe (i.e. potassium ferricyanide) was also chosen
but it was not utilized because it cannot easily per-
meate into the negatively charged films due to its
negative charge and its voltammetry was not re-
versible. The lack of any distinguishable Faradaic
current for all three probes indicates that the films
are initially stable, compact structures. After a certain
period of time that ranges from a few hours to a few
days, it is apparent that the structure of the films
starts to change. This is also evident in the voltam-
metry and in the AFM images. Upon continued sit-
ting, the film becomes more porous and eventually
falls off the surface.

The length of time for which the silicate films re-
main intact depends strongly on the conditions at
which the film was dried. The longer the film was
dried and the lower the relative humidity, the more
stable the film. For example, films that were dried at
75% humidity for 3 h developed significant pin holes
and fell off the electrode within 24 h. In contrast,
films that were dried at 25% humidity for 48 h
stayed on the electrode for several days.

Electrochemical methods can be used to monitor
the transport of redox active probes through a film
attached to an electrode surface. Transport of probes
can occur by diffusion through pin hole defects as
depicted in Fig. 7 or by partitioning across the
gel � solution interface followed by diffusion within
the film. It is currently unclear which mechanism is
dominant. The shape of the voltammetric curve and
the way it changes over time is consistent with a pin
hole type mechanism. However, there appears to be a
dependence on the redox probe with films sitting in 1
mM cobalt phenanthroline being the least stable and
films in Ru(NH3)6

3+ being the most stable. Other evi-
dence for a partitioning related mechanism is that, if
the films are soaked in pure water or just 0.1 M
KNO3, they appear to be more stable (i.e. the current
does not rise as fast) compared to when they are
continually soaked in the redox probe-electrolyte so-
lution. Regardless of what solution the redox probes
sit in, the conclusion that the films that are dried at
lower humidity for longer periods of time are more
stable is the same. If the redox probe does partition
in the film, it does not stay in the film, as CVs sub-
sequently acquired in 0.1 M KNO3 after immersion
in ferrocene methanol show no Faradaic current.

The cause of pin hole formation and/or surface
roughening is likely to be the dissolution of silica. As
described by Iler [21], the dissolution of silica is pH
dependent with higher pHs giving rise to greater dis-
solution. The rate of dissolution was shown to be
proportional to the OH− concentration from ca. pH
3–6 [21]. In order to verify this hypothesis, the sili-
cate films dried at 25 and 50% relative humidity were
placed in ferrocene methanol solutions prepared in
0.1 M HCl or pH 8 phosphate buffer. Under acidic
conditions, voltammograms indicative of a highly
compact film are obtained (see Fig. 1, voltammogram
(a) for example). This voltammetry persists for over 6
days-no change was observed. In direct contrast, the
films placed in the pH 8 buffer showed evidence of
dissolution in as little time as a few hours. The
voltammograms become distinctly peaked shaped and
the magnitude of the limiting or peak current in-
creases with increasing time in solution. The peak
current approaches that of a bare electrode in about
half the time as it does when the electrode was
placed in the neutral electrolyte (pH ca. 6) solutions.
Under these pH conditions, the solubility and rate of
dissolution of the silica increases so the films will fall
off the electrode sooner [21,22]. As observed for the
redox probes in KNO3, the longer the films are dried
or the lower percent relative humidity, the more sta-
ble they are. As the films dry and age, additional
crosslinking will be likely to occur thus strengthening
the network.Fig. 7. Schematic illustration of the pin hole defect model.
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5. Conclusions

The stability of silicate films in aqueous solution is
highly dependent on the length of time the film is dried
and the relative humidity under which the film is dried.
Cyclic voltammetry with redox probes has shown that
films dried for a brief period develop pin holes or
deteriorate in as short a period of time as a few hours.
In contrast, films dried for an extended period of time
under low relative humidity are stable in solution for
several days. Atomic force microscopy confirms these
observations and also shows that these findings are
observed for films prepared on other substrates as well.
When using these materials in chemical sensor develop-
ment or in solid-state applications, care should be taken
that the films are properly dried. For optimal perfor-
mance, the films should be dried under a low percent
relative humidity environment for at least 12 h.
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