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Nitrate ions as cathodic alkalization promoters for the
electro-assisted deposition of sol–gel thin films
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Nitrate was used as a promoter to prepare dodecyltrimethoxysilane thin films on aluminum substrates. With the addition of
nitrate into silane sol–gel precursors, the electro-assisted formation of silane films was facilitated, as indicated by electrochemical
impedance spectroscopy, scanning electron microscopy and secondary-ion mass spectroscopy, due to the promotion in cathodic
alkalization. However, an extra-high concentration of nitrate would be harmful because of the salting-out effect in precursors
and the soluble nitrate remaining in silane films.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The sol–gel method has been widely applied in the
preparation of various functional materials (e.g., cata-
lysts [1], biomaterials [2], optical devices [3] and anti-cor-
rosion materials [4]) due to its mild and controllable
conditions. Recently, a new preparation technique,
namely electro-assisted deposition, has been developed
to facilitate the formation of sol–gel films on conductive
substrates [5–9]. Mandler’s group electrodeposited
methyltrimethoxysilane (MTMS) onto indium–tin oxide
(ITO) and gold electrodes, and were the first to propose
the possible mechanism for sol–gel electro-assisted
deposition [5]. They also extended this technique for
the preparation of ZrO2 and dye-doped TiO2 films from
sol–gel precursors [10,11]. It was considered that this no-
vel technique could especially facilitate the sol–gel film
formation on complex shape components and opened
the possibility for the co-electrodeposition of sol–gel-de-
rived functional composite materials [5,11]. In our previ-
ous works, several different silane films were successfully
prepared on aluminum alloys by electro-assisted deposi-
tion for corrosion protection [12,13]. The influence of
deposition potential on the physical structure and corro-
sion performance of the obtained films was also investi-
gated. The critical cathodic potential (CCP) was
observed for each of the above-mentioned silane sys-
tems. Films deposited at CCP exhibit the highest com-
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pactness and uniformity, and thus have the best
barrier property. Now this technique has been inten-
sively used in the preparation of sol–gel films for corro-
sion protection [9,14] and electrochemical sensor
fabrication [15,16].

It was considered that the cathodic electro-assisted
deposition technique facilitates sol–gel-derived film
formation via producing OH� ions that catalyze the
condensation of sol near the cathode surface [5–8,12–
14,16]. The main cathodic reaction occurring at the elec-
trode surface is oxygen reduction when the deposition
potential is not very negative [12,13]

1=2O2 þH2Oþ 2e! 2OH� ð1Þ
The interfacial pH is strongly limited by the concentra-
tion of dissolved oxygen in silane solutions. However, if
the deposition potential shifts to become too negative,
e.g., below CCP as stated in our previous works, inten-
sive hydrogen evolution caused by the decomposition of
water (reaction (2)) would occur, causing the obtained
films to have a porous structure and poor protectiveness
[8,12,13].

2H2Oþ 2e! 2OH� þH2 " ð2Þ
Thus it can be seen that both oxygen and water are not
ideal reactants for producing OH� ions if the aim is to
improve the compactness and the barrier property of
sol–gel films deposited with electro-assistance in practi-
cal circumstances.
sevier Ltd. All rights reserved.
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Figure 1. Cathodic voltammetric curves of aluminum electrodes in
CH3CH2OH/H2O/KNO3 (1) and CH3CH2OH/H2O/Na2SO4 (2) solu-
tions. Scanning rate = 0.05 V s�1.
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As a consequence, if a higher interfacial pH of the
cathodic region is needed, additional reduction pro-
cesses to produce OH� ions are necessary. In order to
promote cathodic alkalization in inorganic aqueous
solutions for the preparation of metal oxides (e.g.,
ZnO), nitrate ions have been added to the precursors.
This is considered to be a promising way to increase
the interfacial pH near the cathodes as it is a simple pro-
cess and has a high efficiency of OH� production [17,18].
For this reason, Nobial et al. [19] investigated the mech-
anism of nitrate reduction and showed that the interfa-
cial pH near the cathode can be increased to 12.0
without hydrogen evolution due to water decomposi-
tion, which is far bigger than the maximum pH of 10.4
in the case of the reduction of only-dissolved oxygen un-
der the condition of limiting diffusion. This suggests that
the addition of nitrate ions could not only overcome the
shortage of the limited concentration of dissolved oxy-
gen in aqueous solutions, but could also avoid the harm-
ful hydrogen evolution.

In this work, we added potassium nitrate (KNO3) to
silane sol–gel systems, to show its promotional role in
the electro-assisted formation of silane films by effecting
cathodic alkalization. To our knowledge, we are the first
to investigate the influence of nitrate concentration on
the growth kinetics and the barrier property of the ob-
tained films. The results indicate that the right amount
of KNO3 could facilitate the electro-assisted deposition
of silane films, making the films thicker and with better
barrier performance. However, it was found that an ex-
tra-high concentration of nitrate would be detrimental
to the process. Although some groups [5,8,15] have
already tried using nitrate ions when electro-depositing
silane films, they failed to fully understand the role of
nitrate ions.

Pure aluminum rods (99.999%, 6.35 mm diameter,
S � 0.32 cm2, Aldrich) were used as the metal substrates
after pretreatment as described in our previous work
[20].

Silane agent (Dodecyltrimethoxysilane (DTMS):
CH3(CH2)11Si(OCH3)3, 95% purity) was purchased
from DaDi Chemical (Hangzhou, China) and used as
received without further purification. The deposition
solutions used here were prepared by mixing 75 vol.%
ethanol and 5 vol.% silane monomer into 20 vol.%
water. The pH of the solutions was adjusted to 4.5
using acetic acid. The obtained solutions were pre-
hydrolyzed at 35 �C for 48 h. Different amounts of
KNO3 salt were then added, by controlling the concen-
tration (0, 0.04, 0.16, 0.45 and 0.80 mol l�1, respec-
tively), where the conductivity of these solutions was
about 14, 200, 500, 1000 and 1450 lS cm�1, respec-
tively. The samples were prepared immediately after
the KNO3 salt was dissolved. The electro-assisted depo-
sition of silane films was performed in a three-electrode
compartment [20]. The dip-coated films were also pre-
pared for comparison. The deposition was conducted
for 200 s without any stirring, after which the samples
were removed and blow-dried with nitrogen to remove
any excess liquid, before a final curing at 100 �C for
30 min in an air atmosphere. The deposition current
was also recorded during the electro-assisted deposition
in silane solutions.
Electrochemical impedance spectroscopy (EIS) was
employed to evaluate the barrier property of the si-
lane-covered specimens. The testing electrolyte was a
3.5 wt.% NaCl aqueous solution prepared with DI
water, and all the samples were immersed for 12 h before
EIS measurements. A similar three-electrode compart-
ment was used as stated above. The measurement was
carried out at the open-circuit potential (� �0.7 V/
SCE in the testing solution), and the frequency range
was chosen from 200 kHz to 46 mHz, with an AC exci-
tation amplitude of 10 mV. To show the positive role of
NO�3 ions on cathodic production of OH� ions, the
cathodic voltammetry was measured in silane-free
solutions (75/20 (v/v) ethanol/water, pH 4.5) with the
addition of KNO3. For comparison, the ethanol/water
solution with the addition of an inert supporting electro-
lyte, Na2SO4, was also prepared. All the electrochemical
measurements were carried out at 25 �C on a VMP2
multi-channel potentiostat.

The surface morphology of silane films was observed
on a SIRION field emission scanning electron micros-
copy (SEM) produced by FEI Co. Ltd. The depth
profiles of the relevant atoms were measured on a Cam-
eca IMS-6F secondary-ion mass spectroscopy (SIMS).
A 12.49 kV O2+ ion beam with a beam current of
�600 nA was used to raster over a 250 � 250 lm2 area.

Figure 1 shows the cathodic voltammetric curves of
pure aluminum electrodes in CH3CH2OH/H2O/KNO3

and CH3CH2OH/H2O/Na2SO4 solutions (pH 4.5 and
conductivity = 85 lS cm�1 for both) from �0.4 to
�1.2 V/SCE. Two distinct regions are observed in both
the two curves. In the Na2SO4 solution, the former re-
gion with cathodic potential up to �0.8 V/SCE is related
to the oxygen reduction process, while the latter region
corresponding to a sharp increase in current response
should be associated with the water decomposition pro-
cess, i.e., the hydrogen evolution reaction. However, in
the KNO3 solution, a higher current response is ob-
served than in the Na2SO4 solution across the whole po-
tential range, indicating the presence of some other
cathodic reactions that may enhance the alkalization
in the cathodic region. The offset potential for hydrogen
evolution performs almost identically in the two
solutions. Therefore, in order to avoid the hydrogen
evolution that may deteriorate the films’ barrier
performance, the deposition potential for electro-as-
sisted depositing of DTMS films was selected to be
�0.8 V/SCE in this work, which was also the critical



Figure 3. SEM images of electro-assistance deposited DTMS films
prepared from silane solution with (a) 0, (b) 0.16 and (c) 0.80 mol l�1

KNO3.
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potential to obtain the films with the best anti-corrosion
performance reported in our previous work [13].

EIS has been widely applied for evaluating the barrier
property of thin films. In this work, the low-frequency
impedance data (Zlf) was considered as a parameter
for quantitatively comparing the barrier performance
of silane films [21]. Figure 2 displays the Zlf values of
electro-assistance deposited and dip-coated silane films
as a function of nitrate concentration in sol–gel precur-
sors. When the nitrate concentration is not very high
(60.45 mol l�1), it is observed that the electro-assistance
deposited films have higher Zlf values than the dip-
coated ones, indicating that the films formation was
promoted by electro-assisted deposition. As the nitrate
concentration in the deposition solution increases, the
impedance values for the electro-assistance deposited
films first increase and then decrease, reaching a maxi-
mum when the nitrate concentration is 0.16 mol l�1,
showing that the resistance of electro-assistance depos-
ited DTMS films can be improved by adding proper
amount of KNO3 into the deposition solutions. How-
ever, for the silane films prepared in the 0.80 mol l�1 ni-
trate-containing solution, the dip-coated film performs
higher Zlf value than the electro-assistance deposited
one. This abnormal phenomenon suggests that nitrate
ions have different roles in different nitrate concentra-
tion solutions. It is also found that, different from the
electro-assistance deposited films, the resistance of dip-
coated silane films does not obviously increase in line
with the nitrate concentration in the preparation solu-
tions. The benefit of the nitrate ions is seen mainly in
the electro-assisted deposition case, indicating that ni-
trate ions participate in the electro-assisted deposition
process.

Figure 3 displays the SEM images of DTMS films
electro-assistance deposited from different nitrate con-
centration solutions. Without nitrate ions, the film elec-
tro-assistance deposited is uniform and smooth
(Fig. 3a), as what we have observed in previous works
[12,13]. When the nitrate concentration in silane solu-
tion increases to 0.16 mol l�1 by loading KNO3, the si-
lane film remains compact but tiny clusters can be
seen on the surface (Fig. 3b) which are richer in Si than
other areas of the film as detected by EDX. These clus-
ters may be related to condensation products of silane
agents, indicating that condensation reactions are facil-
itated on the aluminum surface. However, as detected
by EDX, many crystals enriched with K, up to several
microns in size, are observed in the film electro-assis-
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Figure 2. Zlf values of DTMS-covered Al electrodes in NaCl solution
as a function of the nitrate concentration in silane precursors.
tance deposited from the 0.80 mol l�1 nitrate-containing
solution. These crystals are presumably KNO3 or its
reduction products, which may easily suffer dissolution
after being immersed in the corrosive solution. The
incorporation of a pronounced amount of soluble com-
ponents is, therefore, one of the reasons for the inferior
barrier performance of silane films prepared from pre-
cursors containing a high concentration of nitrate ions.

The thickness of the silane films was roughly charac-
terized by SIMS on DTMS films electro-assistance
deposited in the silane solution without nitrate ions (de-
noted as ‘‘pure” film) and in the 0.16 mol l�1 nitrate-
containing silane solution (denoted as ‘‘0.16 mol l�1

nitrate” film), respectively (Fig. 4). It is observed that
the time required for the complete removal of silicon
element in ‘‘pure” film is 300 s, while the sputtering time
required for ‘‘0.16 mol l�1 nitrate” film (�650 s) is far
longer. This indicates that electro-assistance deposited
silane films can be thickened by the presence of nitrate
in the preparation solutions.

It has been reported that nitrate ions could be re-
duced to nitrite, nitrogen or ammonia at the cathode
[22,23]. However, the latter two products can only be
0 200 400 600 800 1000

0

10000

20000

30000

40000

50000

60000

70000

Electrodeposited silane film
from 0.16 mol/L KNO3 solution

Electrodeposited pure silane film

S
ec

on
da

ry
 io

n 
in

te
ns

ity
 / 

s-1

Sputtering time / s

Figure 4. SIMS depth profiles of Si element obtained on aluminum
covered with electro-assistance deposited DTMS film prepared from
silane solution with 0 and 0.16 mol l�1 KNO3.
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produced at very negative potentials (e.g. �2.9 V vs. Ag/
AgCl) and can be ignored at the �0.8 V/SCE selected
here. The promotion of nitrate ions in the current re-
sponse is mainly attributed to the reduction of nitrate
to nitrite [19]

NO�3 þH2Oþ 2e! NO�2 þ 2OH� ð3Þ
The OH� ions produced from the nitrate reduction pro-
cess increase the local pH near the aluminum cathode.
This additional cathodic reaction is inconsistent with
the bigger current response in KNO3 solution as com-
pared with that in Na2SO4 solution, as shown in Figure
1, and also results in the increase in the electro-assisted
deposition current of aluminum in silane precursors
when adding KNO3 (from 0.97 lA in nitrate-free silane
solution to 29 lA in 0.16 mol l�1 nitrate-containing si-
lane solution). During the electro-assisted deposition
of silane films, the cathodically generated OH� ions
could facilitate (catalyze) the film formation, thereby
improving the film’s barrier performance [12–14,16].
This is in good agreement with the experimental data
shown in Figures 2 and 4.

However, the reduction of nitrate alone cannot ex-
plain the decrease in the electro-assistance deposited
film’s barrier performance when the nitrate concentra-
tion in silane solutions is higher than 0.16 mol l�1, which
was not observed in the silane-free solutions. The precise
reason for this phenomenon is still not clear, but one
possible explanation is associated with the ‘‘overcataly-
sis” of silane condensation in the solutions. It has been
reported that the irreversible condensation of silane in
the solution is strongly catalyzed by the high concentra-
tion of ions [24]. This condensation is not so widespread
in dip-coated silane films, because the films are prepared
immediately after the added KNO3 is dissolved. How-
ever, with electro-assist depositing silane films, this con-
densation is catalyzed by both the unspecified ions and
the cathodically produced OH� ions. It is not so serious
when the nitrate concentration is not very high
(60.16 mol l�1), but in the case of high nitrate concen-
tration (P0.16 mol l�1) this harmful condensation of si-
lane in the solution can be ‘‘overcatalyzed”, leading to a
decrease in active silanol concentration in the precursors
and thereby deteriorating the silane film formation in
the case of electro-assisted deposition. This might also
be a reason for the abnormally low Zlf value of the elec-
tro-assistance deposited film compared with that of the
dip-coated film in extra-high nitrate concentration
(0.80 mol l�1) solutions. In addition, it is interesting that
the deposition current starts to decrease when the nitrate
concentration in silane solution increases beyond
0.16 mol l�1, while the deposition current continues to
increase as the nitrate concentration increases in the ni-
trate-containing silane-free solutions. This abnormal
phenomenon may also result in the deterioration in
film’s barrier performance when the nitrate concentra-
tion in the silane solution is above 0.16 mol l�1,
although the reason for this is still being investigated.

In summary, the correct concentration of nitrate ions
in DTMS sol–gel solutions could facilitate the electro-
assisted formation of silane films, while an extra-high
concentration of nitrate ions would ‘‘overcatalyze” the
harmful silane condensation in the solution during elec-
tro-assisted deposition, leading to a deterioration in the
film’s barrier performance. DTMS films prepared by
electro-assisted deposition were observed to be clearly
thickened by loading the correct amount of KNO3 into
the silane solution. Nitrate ions were considered to facil-
itate the electro-assisted deposition of DTMS films by
producing OH� ions near the cathode via reduction of
the nitrate to nitrite ions. The detrimental effect of an
excessive amount of nitrate ions on the formation kinet-
ics and protectiveness of silane films indicates that one
should be careful to choose the right concentration
when using nitrate as the deposition promoter in electro-
chemically generated sol–gel system.
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