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Vanadium oxide films have been deposited from aqueous solutions at low temperature on different
self-assembled monolayer (SAM) modified silicon surfaces. Amine and ammonium salt SAMs were
made via in situ transformations of bromide SAMs. The crystal structure and chemical composition of
the vanadium oxide films were characterized by X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). The films on alkylammonium salt SAMs were 3-4 times thicker than on amine
SAMs under identical deposition conditions. In all cases, V2O5‚1.6H2O formed first (in the first 24 h),
followed by V2O5‚H2O. The film growth rate showed two separate growth periods corresponding to the
formation of these two phases. Mixed-valence and mixed-phase vanadium oxide films could be achieved
by controlling the deposition conditions, whose effect on the kinetics of film growth has also been studied.
Films up to 80µm thick on alkylammonium salt SAM and 16µm thick on amine SAM were grown in
72 h.

Introduction

As close-packed, highly ordered arrays of long-chain
hydrocarbon molecules anchored to solid substrates,1 self-
assembled organic monolayers (SAMs) represent one type
of organically functionalized surfaces that have been used
to promote deposition of inorganic oxide and non-oxide thin
films from aqueous media at low temperatures. (For a recent
review, see ref 2.) Several studies have reported a dependence
of film formation on the type of SAM surface functionality.3-18

Recently, a general procedure of preparing SAMs with vari-
ous surface functionalities from bromide SAMs was dem-
onstrated.19

The chemistry of the precursors (reactant concentration,
pH, temperature, type of metal salts, chelating agent, and
method of solution preparation)2,15,20-26 likewise affect the
film’s growth rate, microstructure, and properties. At the
boundaries between the solid phase and the aqueous solution,
even small changes in these parameters (especially concen-
tration and pH) can result in different chemical composition
or morphology of the product.

Vanadia-based materials have been chosen in this research
because they have unusual physicochemical properties,
making them useful as catalysts,27 elements of switching
devices,28 photo- and electrochemical materials in informa-
tion processing devices,29 antistatic coatings,30 sensors,
reversible cathodes in lithium batteries,31 and counter elec-
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trodes in electrochromic display devices.31 Vanadium oxide
films are also known to exhibit both electronic and ionic
conduction.31 Some of these applications (such as catalysis
and antistatic coatings) utilize vanadium oxide in one or more
of its hydrated forms, such as those found in the films
described in the present work. Therefore, a deposition process
that yields such films via simple aqueous chemistry under
near-ambient conditions without subsequent heat treatment
may have significant technological interest.

Figure 132 shows the predominance diagram of the vana-
dium(V) oxide-hydrate system. (Due to the lack of ther-
modynamic data, a predominance map for temperatures other
than 25°C has not been determined.) For the present work,
the critical boundary between solid and aqueous phases
studied here is the one between [V10O26(OH)2]4- and
V2O5(s). The growth mechanism of vanadia is known to
proceed from small oligomers to higher polymers to col-
loids.33 Therefore, the desired starting species would be
[V10O26(OH)2]4- (oligomer) instead of VO2+ (monomer).

Experimental Procedures

General.X-ray photoelectron spectroscopic (XPS) peak positions
are reported in units of electrovolts in binding energy and were
recorded on a PHI Model 5600 MultiTechnique system. XPS peaks
are referenced to the Si 2p peak of single-crystal (100) silicon at
99.7 eV. Scanning electron microscopic (SEM) images were taken
with a Hitachi S-4500 or Philips XL30 system using a secondary
electron (SE) detector. The thicknesses of the films were measured
directly from SEM images of cross-sectional fracture surfaces. The
X-ray diffraction (XRD) patterns are reported in units of degrees
(2θ) and were recorded at grazing incidence on a Scintag Advanced
Diffraction System with Cu KR X-ray source while fixing the X-ray
source at 1° with 0° sample tilt and varying the angle of the detector.

The preparation of SAMs-modified Si single crystal substrates
with amine (-NH2) and alkylammonium (-N+(CH3)3) surface
functionalities was identical to that reported previously.19 The only
difference is that a surfactant with a 16-carbon chain (1-bromo-
16-(trichlorosilyl)hexadecane) was used here.

Stock Deposition Solution.Following Niesen,13,34 ammonium
metavanadate NH4VO3 (0.585 g, 5 mmol) was dissolved in 50 mL
of distilled water at 80°C. This solution was passed through
Amberlite IR-120 proton exchange resin. To adjust the pH to desired
values between 1.2 and 3.0, 10% HCl was added dropwise. The
resulting solution was diluted with degassed distilled water to 200
or 500 mL to prepare 25 or 10 mN [V10O26(OH)2]4- solution.

Observation of Induction Times (tind1, tind2). Aliquots (20 mL
each) of vanadium solution were put in sealed tubes and placed in
an oil bath at 45, 65, or 85°C. The tubes were observed at 10-min
intervals. The times for first appearance of scattering (tind1) of a
635 nm, 5 mW laser beam from a laser pointer and for first
appearance of turbidity visible to the naked eye (tind2) were recorded
over a period of 24 h. The pH value was then recorded.

Thermodynamic Calculation of V(V)O2
+-[V(V)

10O26(OH)2]4--
V(IV)O2+-H+-V2O5(s) Equilibrium. Published thermodynamic
data for the vanadium system were used to calculate the equilibrium
pH values for the present solutions at the temperatures of interest.
The following assumptions were made:

(1) The activity coefficient of all species is 1.
(2) The activity of water is 1 and the pressure of oxygen is 0.2

atm.
(3) Values of∆G for the solution equilibria do not change with

temperature.
Calculations were performed with a C++ program as described

in the Supporting Information.

Results and Discussion

Solution Chemistry. One of the equilibria between
vanadium and water is represented by

It is known that color identifies the major species in aqueous
vanadium solutions: VO2+ is bright orange (appears at low
pH), while [V10O26(OH)2]4- is duller orange (appears at
slightly higher pH) at any given concentration.35 For the
present solutions at 25°C, this crossover occurred at 1.47
< pH < 1.68 at 10 mN vanadium and at 1.42< pH < 1.82
at 25 mN vanadium.

When solid formed, many of the solutions self-adjusted
their pH to a value near 2.5, implying that a common
equilibrium solution concentration was being reached in these
cases (Tables 1 and 2). To model the conditions involving
precipitation requires introducing equilibria involving solid
V2O5. As indicated in Figure 1, [V(V)

10O26(OH)2]4- is the
dominant species in equilibrium with V2O5 at higher pH:32

(31) Livage, J.Chem. Mater.1991, 3, 578-593.
(32) Baes, C. F. J.; Mesmer, R. E. InThe Hydrolysis of Cations; Robert E.

Krieger Publishing Company, Inc.: Malabar, FL, 1976; pp 197-210.
(33) Von Hhosh, S.; Dhar, N. R.Anorg. Chem.1930, 190, 421.

(34) Niesen, T. P.; Wolff, J.; Bill, J.; Wagner, T.; Aldinger, F. InNinth
CIMTEC World Forum on New Materials; Vincenzini, P., Ed.; Techna
Srl: Faenza, 1999; pp 27-34.

(35) Greenwood, N. N.; Earnshaw, A.Chemistry of the Elements, 2nd ed.;
Reed Educational and Professional Publishing Ltd.: Woburn, MA,
1997; pp 976-999.

Figure 1. Predominance diagram of V(V)-OH- under 25°C with ionic
strength of 1m as a function of vanadium concentrationmV(V) and pH
[Adapted from Baes, C. F., Jr.; Mesmer, R. E.The Hydrolysis of Cations;
Robert E. Krieger Publishing Company, Inc.: Malabar, FL, 1976.]
Horizontal lines in the shaded region indicate conditions studied here, though
at higher temperature.

10V(V)O2
+ + 8H2O h 14H+ + [V (V)

10O26(OH)2]
4-

∆G ) 55 kJ (1)

[V (V)
10O26(OH)2]

4- + 4H+ h 3H2O + 5V2O5(s)
∆G ) -9 kJ (2)
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At lower pH, the dominant species in equilibrium with V2O5

is V(V)O2
+:32

When solid vanadia is present, at equilibrium the pH will
stabilize at a value that satisfies eqs 1-3 simultaneously.
The calculated equilibrium pH ranges from 3.3 at 25°C to
2.8 at 85°C for initial pH values above 2.5, within 0.1-0.6
pH unit of the “final pH” values reported in Table 1. (Details
of these calculations are provided in the Supporting Informa-
tion.)

It is known that additional equilibria involving the reduc-
tion of some vanadium(V) to vanadium(IV) are significant
during the synthesis of vanadia31 (eqs 4 and 532):

When these equilibria are considered, it can be shown (see
the Supporting Information for details) that the equilibrium
ratio of vanadium(IV) in the solution increases rapidly for
initial pH lower than 2.5 for 10 mN vanadium and lower
than 2.2 for 25 mN vanadium. Some of these reduced V(IV)

species apparently can become incorporated into the solid

phase and thus are responsible for the reported mixed-valence
character of vanadium oxide gels.36 The amount of V(IV) ions
in solution is usually less than about 1%. (It can be as high
as 10%37 to 20%38 when synthesis is in an organic solution,
because V(V) is easier to reduce in organic solvents.) In the
present work, no crystalline phases containing V(IV) were
detected in films formed from solutions with initial pH of
either 2.9 or 2.5. XPS detected only V(V) in the films (Figure
2, left), except in a film deposited at initial pH of 1.8, which
showed significant broadening of the V2p3 peak, consistent
with the presence of vanadium(IV) and/or vanadium(III)
(Figure 2, right). The curve fitting suggests that 40% of the
vanadium in the surface of this film was V4+.

V(IV) species also play an important role in the formation
of V2O5 gels by acting as polymerization initiators.36,39 The
suggested mechanism is that the larger V(IV) ion favors
coordination expansion,40 and promotes the formation of
condensed species from tetrahedrally coordinated to octa-
hedrally coordinated species30 by acting as a bridge between
two V(V) complexes. Therefore, solutions with lower initial
pH (and therefore higher V(IV) concentrations) could give

(36) Gharbi, N.; Sanchez, C.; Livage, J.; Lemerle, J.; Nejem, L.; Lefebvre,
J. Inorg. Chem.1982, 21, 2758-2765.

(37) Hioki, S.; Ohishi, T.; Takahashi, K.; Nakazawa, T.J. Ceram. Soc.
Jpn., Int. Ed.1989, 97, 617.

(38) Babonneau, F.; Barboux, P.; Josien, F. A.; Livage, J.J. Chim. Phys.
1985, 82, 761.

(39) Lemerle, J.; Nejem, L.; Lefebvre, J.J. Inorg. Nucl. Chem.1980, 42,
17.

(40) Nabavi, M.; Sanchez, C. C.Acad. Sci. Paris1990, 310, 117.

Table 1. Induction Times for Laser Scattering (tind1) and Visible Turbidity ( tind2) for 10 mN Vanadium Solutions at Different Temperatures and
pH Values

initial pH, 25°C 1.27 1.47 1.68 1.92 2.11 2.35 2.44 2.68 2.91
color bright orange bright orange orange orange orange orange orange orange orange

85 °C, tind1 (h) b b 0.5 0.5 0.5 0.67 2.5 b b
85 °C, tind2 (h) b b 1.5 1.5 1.5 2.5 4 ∼16a b
color b b red gel brown gel brown gel brown gel brown gel yellow particleb
final pH (24 h) 1.27 1.47 2.2 2.23 2.25 2.28 2.31 2.48 2.91

65 °C, tind1 (h) b b 2.5 2 2 3 b b b
65 °C, tind2 (h) b b 3 2.5 2.5 5 ∼16a b b
color b b brown gel brown gel brown gel brown gel yellow particleb b
final pH (24 h) 1.27 1.47 2.21 2.22 2.26 2.35 2.38 2.68 2.91

45 °C, tind1 (h) b b b b b b b b b
45 °C, tind2 (h) b b ∼16a ∼16a ∼16a ∼16a b b b
color b b yellow particle yellow particle yellow particle yellow particleb b b
final pH (24 h) 1.27 1.47 2.19 2.25 2.24 2.32 2.44 2.68 2.91

a Nothing happened in first 5 h, but precipitation occurred after 16 h.b Unchanged after 24 h.

Table 2. Induction Times for Laser Scattering (tind1) and Visible Turbidity ( tind2) for 25 mN Vanadium Solutions at Different Temperatures and
pH Values

initial pH, 25°C 1.39 1.42 1.84 1.81 1.91 2.38 2.47 2.68 2.86
color bright orange bright orange orange orange orange orange orange orange orange

85 °C, tind1 (h) b b 0.17 0.17 0.17 0.17 0.17 0.25 0.33
85 °C, tind2 (h) b b 0.33 0.33 0.33 0.33 0.33 0.67 2.50
color red gel red gel red gel brown gel brown gel yellow particle yellow particle
final pH (24 h) 1.39 1.42 2.48 2.47 2.5 2.51 2.55 2.64 2.85

65 °C, tind1 (h) b b 0.25 0.25 0.25 0.25 0.25 2 2.5
65 °C, tind2 (h) b b 0.5 0.5 0.5 0.5 0.5 3 3.5
color red gel red gel red gel brown gel brown gel yellow particle yellow particle
final pH (24 h) 1.39 1.42 2.21 2.51 2.49 2.46 2.48 2.67 2.88

45 °C, tind1 (h) b b 1 1 1 1 1 3 a
45 °C, tind2 (h) b b 2.5 2.5 2.5 2.5 2.5 5 17
color red gel red gel brown gel brown gel brown gel yellow particle yellow particle
final pH (24 h) 1.39 1.42 2.25 2.43 2.48 2.41 2.46 2.63 2.87

a Laser scattering was not observed.b Unchanged after 24 h.

V(V)O2
+ + (1/2)H2O h H+ + (1/2)V2O5(s)

∆G ) -3.8 kJ (3)

2[V(V)
10O26(OH)2]

4- + 48H+ h 5O2 + 26H2O +

20V(IV)O2+ ∆G ) 330 kJ (4)

V(V)O2
+ + H+ h (1/4)O2 + (1/2)H2O + V(IV)O2+

∆G ) 22 kJ (5)
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faster precipitation. The observed induction times for laser
scattering (Tables 1 and 2) reflect this behavior, with
tind decreasing as pH decreased on crossing from the
[V(V)

10O26(OH)2]4- side of the diagram.
Effect of Solution Conditions on Growth Rate of

Vanadia Films. Depositions carried out at 45°C with an
initial pH of 2.5 and vanadium concentration of 25 mN gave
a short induction time, a stable colloidal suspension in the
solution, and no signs of V(IV). The same conditions except
with pH 2.9 (i.e., unaltered by adding HCl) were used as an
untuned reference condition.

Figure 3 shows the growth of vanadium oxide films at
these two initial pH values on two different types of SAM.
There was no evidence of film formation (cf. Table 2) at
pH 2.9 before 17 h and at pH 2.5 before 3 h. This could be
understood in terms of the concentration of V(IV) species,
which are known as polymerization initiators36,39 for the
formation of vanadia. These would be discouraged from
forming at the higher pH (2.9). As a result, it took a much

longer time to achieve a certain sufficient V(IV) concentration
in order to initiate the film formation. As with previous
observations of ZrO2 films, no film formation occurred before
the induction time (cf. Tables 1 and 2) was complete41 nor
on bare hydrolyzed silicon.42 Therefore, it is presumable that
the films grew via attachment of particles nucleated in the
bulk solution, and that the substantial positive zeta potentials
of amine (∼75 mV at pH 3)19 and alkylammonium SAMs
(∼105 mV at pH 3)19 played a role in assembling the par-
ticles into the observed films. (As reported in ref 19, the
bare silicon exhibits weak positive zeta potential,∼30 mV
at pH 3.)

It is noteworthy that the films on alkylammonium SAMs
were much thicker (∼3 times) than on amine SAMs under

(41) Agarwal, M.; De Guire, M. R.; Heuer, A. H.J. Am. Ceram. Soc.1997,
80, 2967-2981.

(42) Shyue, J.-J.; De Guire, M. R. InCIMTEC 2002 (10th International
Ceramics Congress and 3rd Forum on New Materials); Vincenzini,
P., Ed.; Florence, Italy, 2002; Techna Srl: Faenza, p 469-480.

Figure 2. XPS V2p3 signal of vanadia films formed from solutions with 25 mN vanadium, 45°C, and initial pH 2.5 (left) and pH 1.8 (right). Positions for
different valences of vanadium are marked.

Figure 3. Growth kinetics of vanadium oxide films under different conditions on different SAMs. Concentration of vanadium was 25 mN at 45°C.
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identical deposition conditions.42 Under these conditions,
amine SAMs are reported to be∼40% protonated (i.e.,
positively charged),19 and their zeta potential is∼30% lower
than that of alkylammonium SAMs.19 These surfaces also
exhibit forces toward oxide particles that scale with the
degree of charge on the respective surfaces.43 Therefore, it

is clear that the alkylammonium SAMs possess much
stronger positive surface charge than the amine SAMs.
Because vanadia particles formed in the deposition solution
should be slightly negatively charged at the pH studied (pH
>2.5), the electrostatic interaction should be much stronger
on the alkylammonium SAMs. How this electrostatic dif-

Figure 4. Cross section of vanadium deposited with 25 mN vanadium, pH 2.5, 45°C, 3 days on amine (left) and alkylammonium (right) surfaces.

Figure 5. Vanadium oxide film on alkylammonium salt SAM coated surface. The deposition conditions were 25 mN vanadium, pH 2.9, 45°C, 27 h. Note:
the surface crystals were not counted in the film thickness.

Figure 6. Topography of vanadia films deposited under 25 mN vanadium, 45°C, pH 2.9, 27 h (left), and pH 2.5, 72 h (right).
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ference can exert effects on the growth rates of films at the
micrometer scale is not well understood. Nevertheless, similar
long-range effects apparently attributable to surface charge
differences have been observed with titania films on sulfonate
and amine SAMs and bare silicon,43,44with titania-vanadia
films on sulfonate and carboxylate SAMs,45 with tin oxide
films on sulfonate SAMs and bare silicon,46 and with
hydroxyapatite on amine SAMs and hydrolyzed silicon.47

The films deposited for 3 days at pH 2.5 were dense on
both types of SAM (Figure 4), while the film deposited at
pH 2.9 consisted of large crystals on a dense inner film
(Figure 5) after deposition for 27 h, leading to a significantly
rougher surface. This is consistent with the fact that, at high
pH, vanadium oxide tends to form a few large crystals rather
than a colloid gel: at pH 2.9, laser scattering was not ob-
served, and a solid phase settled after 17 h. This result
suggests that the dense, inner film was grown via nuclea-
tion on the substrate instead of particle attachment, since
the dense inner film grew to a thickness of a few micrometers
even though colloid formation was not observed at pH 2.9
(Table 1).

Due to the formation of surface crystals at an initial pH
2.9 after 27 h, the topography was quite different between
these two deposition conditions (Figure 6). Many bulky
surface crystals formed on top of the dense vanadia film after
27 h at pH 2.9. However, at pH 2.5, even after 3 days there
were just a few small surface crystals, while overall the films
were dense, uniform, and fine-grained.

It should be noted that the final film thicknesses observed
here (5-80 µm, Figure 3), as well as the average growth
rates (up to 1µm h-1), are unusually high for simple oxide
films deposited on SAMs from aqueous media, which usually
exhibit maximum thicknesses<1 µm and maximum growth

Figure 7. XRD of vanadia films formed from solutions with pH 2.5, 45
°C, 25 mN vanadium, using different types of immersion.9, V2O5‚H2O;
[, V2O5‚1.6H2O.

Figure 8. Topography of vanadium oxide films at pH 2.5, 25 mN vanadium, 45°C, using one 3-day immersion (left) and three 1-day immersions in fresh
solution (right).

Figure 9. Cross section of vanadium oxide films at pH 2.5, 25 mN vanadium, 45°C, using one solution for 3 days (left) and using fresh deposition three
times, 24 h each.

792 Chem. Mater., Vol. 17, No. 4, 2005 Shyue and De Guire



rates of tens of nannometers per hour.2,15The ability of these
hydrated vanadia phases to grow much more quickly than
other oxides (titania, zirconia, tin oxide) may be attributable
to their highly layered crystal structure and growth habit (see
below).

Crystallography and Microstructure of Vanadium
Oxide Films. At pH 2.5, the growth rates on both amine
and alkylammonium SAMs showed two-step growth ki-
netics (Figure 3). Films grown for longer than 24 h showed
a second phase in XRD, V2O5‚H2O, in addition to the
V2O5‚1.6H2O that formed at shorter times.

To try to isolate these two apparent stages of growth, films
were grown by changing the solution every 24 h to a total
deposition time of 3 days. The resulting XRD patterns are
shown in Figure 7. (The broad hump around 12° is from the
sample holder.)

After 3 days in the same solution, the monohydrate
V2O5‚H2O dominates the pattern, indicating that it is the
major phase in the top 50µm of the film. The pattern for
the 3× 1-day film clearly shows that the monohydrate phase
was not present, and the two-step growth kinetics seen in
the single 3-day immersion were not observed. Therefore, it
can be concluded that the second growth plateau seen in Fig-
ure 3 is due to the deposition of V2O5‚H2O. The monohy-
drate apparently has a longer induction time than does

V2O5‚1.6H2O but a faster growth rate once it forms. The
average thickness of the crystals, estimated using the Scherrer
equation, was 10-12 nm for V2O5‚1.6H2O and 53-54 nm
for V2O5‚H2O. The appearance of only 00l peaks in the XRD
pattern of V2O5‚1.6H2O indicates the high degree of orienta-
tion (c-axis perpendicular, and V-O layers parallel, to the
substrate) exhibited by this phase in the present films.

Microstructural investigation of these films in plan view
(Figure 8) and in cross section (Figures 9 and 10) showed a
characteristic “wrinkled” morphology reported by Niesen et
al.13,34 The features shown in high-resolution FE-SEM
(Figure 10) are the trace of the fibrous structure shown in
Figure 8.

No features were observed that distinguished V2O5‚H2O
from V2O5‚1.6H2O. This can be explained in terms of the
nature of the crystal structure of vanadium oxide hydrate.
Thec lattice parameter varies from 8.75 Å for V2O5‚0.5H2O
(JCPDS 40-1297) to 12.25 Å for V2O5‚3H2O (JCPDS
07-0332). This corresponds to progressive intercalation of
water between the layers of V-O square pyramid networks,
expanding thec-axis perpendicular to the layers with
essentially no change in the structure of the layers them-
selves. Therefore no conspicuous differences in growth habit
between the two phases are expected.

Quality of Vanadia Films. If the deposition solution was
degassed properly and did not form bubbles during deposi-
tion, films thicker than 10µm on either amine or alkylam-
monium salt SAMs at pH 2.5 exhibited no notable cracks
or pinholes, as indicated by the absence of silicon peaks in
XPS and SEM topography (Figure 8). The absence of cracks
in films this thick is notable: Pizem et al.15 reported that
titania films thicker than∼300 nm deposited from aqueous

(43) Shyue, J.-J.; Tang, Y.; De Guire, M. R.J. Mater. Chem.2005, 15,
323-330.

(44) Niesen, T. P.; Bill, J.; Aldinger, F.Chem. Mater.2001, 13, 1552-
1559.

(45) Shyue, J.-J.; De Guire, M. R.Trans. MRS-J2004, 29, 2383-2386.
(46) Supothina, S.; De Guire, M. R.; Heuer, A. H.J. Am. Ceram. Soc.

2003, 86, 2074-2081.
(47) Zhu, P.; Masuda, Y.; Koumoto, K.J. Colloid Interface Sci.2001, 243,

31-36.

Figure 10. Cross section of different regions of vanadium oxide films formed on alkylammonium salt SAMs with 25 mN vanadium, 45°C, pH 2.5, 72-h
single immersion. Although different phases were observed with the XRD during different stages of film growth, no microstructural difference was observed
here.
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solutions on SAMs exhibited drying cracks. The absence of
cracks in the present films may be a consequence of the
layered crystal structure of the hydrated vanadia phases
and the high degree ofc-axis texturing exhibited by the
V2O5‚1.6H2O phase. As discussed above, loss of water of
crystallization results in contraction of thec-axis, with little
change in the atomic arrangements in the V-O layers
themselves. On the microstructural scale, for layers oriented
with their c-axis perpendicular to the substrate, the volume
change associated with this water loss will be accommodated
primarily by a reduction in film thickness, with little di-
mensional change parallel to the V-O layers to generate
the in-plane stresses that cause cracks.

All the films survived ultrasonic agitation for 20 min in
absolute ethanol, indicating that they are adherent to the
substrate. However, using a simple tape-peel test with Scotch
tape on an 80µm thick vanadium oxide film on alkylam-
monium salt SAM, XPS showed that part of the film was
removed from the specimen. This indicates that the strength
within the film itself was not high, probably due to the weak
hydrogen bonding between layers. Nevertheless, the substrate
coverage remained 100%, since no silicon signal from the
substrate could be detected using XPS.

Conclusion

The deposition conditions of hydrated vanadium oxide on
amine and alkylammonium salt SAMs were studied. Dense
films up to 3µm thick formed in less than 24 h apparently
by nucleation on the substrate, as no precipitation was
observed in the solution. At pH 2.9 after 24 h, large crystals
formed on the dense films and the roughness increased
significantly. This was found to be consistent with slow

nucleation kinetics at this pH, as observed in studies of the
induction time. Vanadium was pentavalent in these films,
whereas at pH 1.8 mixed-valence (V4+ and V5+) vanadium
oxide films were deposited, as shown by XPS.

The deposition condition studied most extensively here
was at pH 2.5, which appears to be the best condition for
making uniform, dense, thick (up to 80µm), and single-
valence (to the limits of XPS, 0.1%) vanadium(V) oxide film
in relatively short times. However, mixed vanadium oxide
hydrate phases formed if the deposition solution was
more than 24 h old. This mixed-phase film (V2O5‚H2O and
V2O5‚1.6H2O) can be avoided by changing the deposition
every 24 h, during which time only V2O5‚1.6H2O formed.

In single 72-h depositions, mixed-phase vanadium oxide
films (V2O5‚H2O and V2O5‚1.6H2O) up to 80µm thick were
formed on alkylammonium salt SAMs, and about 16µm
thick on amine SAMs. Using three consecutive 24-h deposi-
tions in fresh solutions, single-phase vanadium oxide films
(V2O5‚1.6H2O) up to 30µm thick were formed on alkylam-
monium SAMs, while films about 7µm thick formed on
amine SAMs.

Acknowledgment. Sponsorship of the US National Science
Foundation through Grants DMR 9803851 and DMR 0203655
is gratefully acknowledged.

Supporting Information Available: Thermodynamic calcula-
tion of V(V)O2

+-[V10O26(OH)2]4--V(IV)O2+-H+ equilibrium, XPS
spectrum after tape-peel test, source code of the computer program
(PDF). This material is available free of charge via the Internet at
http://pubs.acs.org.

CM048501X

794 Chem. Mater., Vol. 17, No. 4, 2005 Shyue and De Guire


