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Titanium—vanadium oxide films were co-deposited from agueous solutions on organic self-assembled
monolayers (SAMs) with alkylammonium or amine surface functional groups. The chemical compaosition
of the films was manipulated via the use of lactic acid and oxalic acid as complexing agents. From
solutions with [oxalate]:[vanadiumg 1:1, titanium-enriched films were formed. However, with [oxalate]:
[vanadium]> 1:1, the Ti:V ratio dropped back to that of films deposited in the absence of complexing
agents. Therefore, it is concluded that oxalic acid chelates both titanium and vanadium, but preferentially
vanadium. At high concentrations of oxalic acid, no films formed, indicating that both titanium and
vanadium were chelated strongly. Lactic acid, in contrast, was oxidized by pentavalent vanadium. When
[lactate]:[vanadium]< 1:2, the resulting ¥* increased the deposition rate of vanadium, and vanadium-
rich films were formed. For [lactate]:[vanadium] 1:2, the remaining (i.e., unoxidized) lactic acid
preferentially complexed vanadium and showed effects comparable to those seen with oxalic acid. The
thickness of films formed on the alkylammonium SAMs increased with increasing vanadium content in
the films, whereas film composition had little or no effect on the thickness of films formed on amine
SAMs.

Introduction mixed titanium-vanadium oxidic films was recently reported
by our group and by Hoffmann et &.From mixed aqueous
Vanadium-oxide-based catalysts are used in oxidation peroxide precursor solutions at 8@ and pH of 0.85,
reactions, such as the conversion of ;S0 SG; in the Hoffmann et al. deposited films 0.16m thick in two
production of sulfuric acid? partial oxidation of methanol  consecutive 3-h immersions on silicon wafers with and
to formaldehydé€, and oxidation of butene to acetic adid.  without sulfonate-terminated SAM surfaces. Our warked
They are also used in reduction reactions, such as selectivea solution of ammonium metavanadate, ammonium hexaflu-
catalytic reduction of NQby NHz (SCR process). orotitanate (Ti:V= 2:1), and boric acid at pH 2.5 and 45
Methods for preparing supported vanadium oxide catalysts °C. Films grew to thicknesses of +8.8 um on sulfonate-
include impregnation, grafting, chemical vapor deposition or alkylammonium-terminated SAMs and 1:2.5 um on
(CVD), atomic layer deposition (ALD), equilibrium adsorp- amine- or carboxylic acid-terminated SAMs, on silicon in
tion, sol-gel synthesis, and thermo spreading. Almost all single 24-h immersions.
of these methods consist of exposing the support material Synthesis of vanadiuntitanium oxide catalysts, whether
(prepared separately) to a vanadium-containing environment.by conventional methods or by co-deposition, requires a
The present work reports a method of co-deposition efTi means of controlling the vanadium loading in the solid
oxide films from aqueous solution, that is, a new potentially product. Because each metal oxide typically precipitates
catalytic material with active phase and support prepared in under different solution conditior¥s? solution deposition of
a single step. multicomponent materials can be difficult to control. Com-
Titania films and vanadia films deposit individually on Pl€Xing agents are frequently used in aqueous deposition of

certain organic self-assembled monolayers (SAMs) via forced Sulfide and selenide film$™ to stabilize the metal ion in
hydrolysis of acidic aqueous solutiohhe deposition of ~ &dueous solution and thereby control the growth rate of films.
Without complexing agents, solutions for co-deposition

usually must be enriched in the more slowly hydrolyzing

T Based in part on a thesis submitted for the Ph.D. degree in Materials Science
and Engineering of J.-J. Shyue, Case Western Reserve University, 2004. -
*To whom correspondence should be addressed. Tel: (216) 368-4221. (6) Shyue, J.-J.; Tang, Y.; De Guire, M. B. Mater. Chem2005 15,

E-mail: mrd2@cwru.edu. 323—-330.
* Current address: Department of Materials Science & Engineering, The Ohio  (7) Shyue, J.-J.; De Guire, M. Rrans. MRS-J2004 29, 2383-2386.
State University, 2041 College Road, Columbus, OH 43210. (8) Hoffmann, R. C.; Jeurgens, L. P. H.; Wildhack, S.; Bill, J.; Aldinger,
(1) Dunn, J. P.; Stenger, H. G.; Wachs, I.E.Catal. 1999 181, 233— F. Chem. Mater2004 16, 4199-4121.
243. (9) Agarwal, M.; De Guire, M. R.; Heuer, A. H. Am. Ceram. S0d.997,
(2) Dunn, J. P.; Koppula, P. R.; Stenger, H. G.; Wachs, Afpl. Catal., 80, 2967-2981.
B 1998 19, 103-117. (10) Niesen, T. P.; De Guire, M. R. Electroceram2001, 6, 169-207.
(3) Deo, G.; Wachs, I. EJ. Catal. 1994 146, 323-334. (11) Gorer, S.; Hodes, Q. Phys. Chem1994 98, 5338-5346.
(4) Slinkard, W. E.; DeGroot, P. Bl. Catal. 1981, 68, 423-432. (12) O'Brien, P.; Saeed, . Cryst. Growth1996 158 497-504.
(5) Bosch, H.; Janssen, Eatal. Today1988 2, 369-531. (13) O'Brien, P.; McAleese, Jl. Mater. Chem1998 8, 2309-2314.

10.1021/cm051279r CCC: $30.25 © 2005 American Chemical Society
Published on Web 10/08/2005



Deposition of TitaniumVanadium Oxide Thin Films Chem. Mater., Vol. 17, No. 22, 208551

Figure 1. Typical SEM topography of films grown with oxalic acid on amine SAM. Solution contained 50 mM Ti ag)§lNHg, 25 mM V as NHVOs;,
20 mM oxalic acid, pH initially 2.5, held for 24 h at 48C. Ti:V ratio = 48:52 cat. % at film-substrate interface, 53:47 cat. % average over the film
thickness; (106Gt 100) nm thick.

metal to obtain a homogeneous film of the desired composi- The SAM-coated substrates were immersed in this deposition
tion. By adding a ligand that preferentially complexes with solution. The dish was covered and then placed in an oil bath at 45
the faster-depositing ions, it should be possible to avoid this °C for 24 h. The coated samples were then rinsed with distilled

divergence in composition between solution and film. The water and dried with a stream of dry argon. The samples were then
present work examines the effects of complexing agents Onultrasonically cleaned in absolute ethanol for 20 min.

the growth rates and compositions of mixed titanium Film Characterization. Chemical composition and thickness of
SAM surfaces on silicon wafers. (XPS, PHI Model 5600 MultiTechnique system) and sputter depth

profiles (PHI 04-303 sputter gun) using 25 mPa ultrapure argon
with 4 kV accelerating voltage at 1-min intervals and rastered over
a2 mmx 3 mm area. The sputtering rate, calibrated against cross-

(CsH4O5). This suggests that lactic acid can complex g yionq scanning electron microscope (SEM) images of four films
titanium in aqueous solutions. Vanadia monolayer catalysts ranging in thickness from 250 to 1400 rinwas 1.8 nm/s. The

can be made from NjVOs dissolved in oxalic acid® The uncertainty in determining the film thickness was estimatedhs
resulting deep blue solution contains ammonium vanadyl- min sputter interval, i.e:£100 nm. XPS peaks from % (450
oxalate, (NH)2[VO(C204)].** This indicates that oxalic acid 470 eV), \4, (510-530 eV), and S}, (95—105 eV) (referenced to
can complex vanadium in aqueous solution. (Note that the Si 2p peak of single-crystal (100) silicon at 99.7 eV) were
although vanadium is in the tetravalent oxidation state in analyzed at 30 to 60 positions across the thickness of each film to
ammonium vanadyloxalate, the solution yields crystalline determine the relative concentrations of Ti and V at each depth.
V.05 even at low vanadium contents.) Other than a tendency for films to exhibit somewhat lower V
concentrations at the surface than at the filtnbstrate interface,
there were no pronounced variations in the composition of the films
with depth; the variations in vanadium and titanium concentrations

Baskaran et alt* reported growing titania thin films from
a commercially available titanium lactate, (WH{OH).Ti-

Experimental Procedures

Deposition of Titanium—Vanadium Oxide Films. The prepa- across a film typically weret5 (cation %). In continuous films,
ration of SAM-modified Si single-crystal substrates with amine XPS detected essentially no carbon, suggesting that neither com-
(—C11—NH,) and alkylammonium-{ C11—N*(CHs)s) surface func- plexing agent was appreciably entrained in the growing films. Trace
tionalities was identical to that reported beféfe. amounts of fluorine were detected in most films.

Ammonium metavanadate (NWMOs, 0.2925 g, 2.5 mmol, Strem,
99%) and boric acid (BBOs, 0.93 g, 15 mmol, Fisher, certified
ACS) were dissolved in 80 mL of distilled water at 8C. After
the solution cooled to room temperature, ammonium hexafluoroti-
tanate ((NH),TiFe, 0.9890 g, 5 mmol, Aldrich, 99.99%) was added.
Desired amounts of anhydrous oxalic acidg@0,, 9.093 mg/mM,
Acros, 98%, or Fluka;99%) or 85% aqueous solution mf-lactic
acid (CH;CH(OH)COOH, 8.8%L/mM, Aldrich) was added. The

SEM images (Hitachi S-4500) were taken using 5 kV accelerating
voltage at 45 tilt. Grazing-incidence X-ray diffraction (GIXRD,
Scintag Advanced Diffraction System) was performed with Gu K
X-rays, fixing the X-ray source at'ith 0° sample tilt and varying
the angle of the detector. NMR spectra (Varian XL-300, 300 MHz)
were recorded in BD solvent.

pH was adjusted to 2.5 by adding eitieN HCI or 1 N NaOH Results and Discussion
aqueous solution dropwise. The whole solution was then diluted . . .
to 100 mL, giving 50 mM [Ti] and 25 mM [V]. Figure 1 and Figure 2 show the typical surface morphology

of these films after 24 h of growth on SAMs. As with the
(14) Baskaran, S.; Song, L.; Liu, J.; Chen, Y. I.; Graff, GL.IAm. Ceram. films deposited without chelating ageritall of the present
Soc.199§ 81, 401-408. films covered the SAM-modified substrates uniformly with-
83 \évh%kg“j’_ ?jr;"DBe' gu}rgfb?rh?'fo;ﬁ'i's;?ia"?/ﬁfs‘ugi \Z(Tégumotoy out cracks. Pure titania films grown under similar conditions

K.; Sukenik, C. N.Langmuir2004 20, 8693-8698. exhibit drying cracks when the thickness exceeds a few




5552 Chem. Mater., Vol. 17, No. 22, 2005 Shyue and De Guire

Figure 2. Typical SEM topography of films grown with lactic acid on amine SAM. Solution contained 50 mM Ti ag)§NiHs, 25 mM V as NHVOs;,
10 mM lactic acid, pH initially 2.5, held for 24 h at 4%&. Ti:V ratio = 33:67 cat. % at film-substrate interface, average 45:55 cat. %; (1:31400) nm
thick.

5.0 kV Xl1l.88K SB.BPm . .EI- kV Xx3538. 8K 688 nNnm

Figure 3. SEM topography of discontinuous film deposited on oxidized Si substrate without SAM. Ti:V=adi@51 cat. %. Thickness: (125 55) nm.

hundred nanometet$.Without SAMs, only discontinuous  and induced dipolar/electrostatic forces. The more highly
films ~0.12 um thick with Ti:V = 1:1 formed on the  charged SAM surfaces (sulfonate and alkylammonium salt)
oxidized, hydrolyzed, bare Si surface (Figure 3). This would induce stronger dipolar attractions, which resulted in
contrasts with the results of Hoffmann et &Who reported thicker films than on less strongly charged surfaces such as
that film deposition was successful on bare silicon as well amines and carboxylic acids. That van der Waals forces alone
as on sulfonate SAM at their lower pH (0.85). were insufficient to form continuous films in this case is
Our earlier work concluded that the growth mechanism indicated by the patchy and much thinner films (Figure 3)
for these films involves attachment of existing particles rather deposited on bare Si (near its isoelectric point under these
than surface nucleation. That is, hydrated vanadia and titaniadeposition conditions, compared to zeta potentials of 70 mV
particles first formed in the aqueous solution and attracted for amine SAMs and 100 mV for alkylammonium SAMg
each other due to their oppositely charged ionic double layers Oxalate and Titanium. The formulation of a solution for
at the prevailing pH of 2.5. (The results of Hoffmann et al. deposition of the titania component of the films was based
that the isoelectric points of oxidic powders precipitated from on a reported liquid-phase deposition recip&olutions of
acidic solutions were 3.5 for titania and 2.0 for hydrated 150 mM HBOs;, 50 mM TiR?™, 2.5 < pH < 3.0 at 45°C
vanadia support this interpretation.) The resulting-Vi became visibly cloudy within 24 h when the concentration
oxide aggregates would have net surface charge that wouldof the oxalate ion was-630 mM. For oxalate concentrations
depend on the relative surface concentrations of Ti (positive) higher than 35 mM, the solutions remained clear (indicating
and V (negative). These particles could then be attracted tothe absence of precipitation) and colorless (indicating the
the substrate by a combination of electrostatic, van der Waals,absence of reduction of @19 under these conditions.

(17) Pizem, H.; Sukenik, C. N.; Sampathkumaran, U.; De Guire, M. R. (18) Koumoto, K.; Seo, S.; Sugiyama, T.; Seo, WCBem. Mater1999
Chem. Mater2002 14, 2476-2485. 11, 2305-2309.
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Figure 4. Effect of oxalic acid on the average composition (left) and thickness (right)-e¥/Tixide films deposited on amine and alkylammonium SAMs
on (100) silicon. Solutions contained 50 mM Ti as (N iFs, 25 mM V as NHVOg3, pH initially 2.5, held for 24 h at 45C.

Oxalate and Vanadium. Solutions of 25 mM [V] at 2.4 It thus appears that both vanadium and titanium can be
< pH < 2.9 and 45°C remained free of visible precipitates chelated by oxalic acid and stabilized in solution. Moreover,
for oxalate concentrations ranging from 5 to 200 mM. oxalic acid complexed vanadium more strongly than it did
However, different oxalate concentrations led to differences titanium: only 20 mM of oxalate ion was needed to keep
in color (both initial and final) and a rise in pH (to 2-8.6) 50 mM vanadium ions in solution, whereas 35 mM of oxalic
in the solutions. The direction of the color change with time acid was needed to keep 50 mM titanium ions in solution.
(from yellow to green at low oxalate concentrations, from  QOxalate and Mixed Titanium-Vanadium. Solutions
green to blue at higher oxalate concentrations) suggested &ontaining 50 mM Ti and 25 mM V with pkE 2.5 at 45°C
shift from V) (characteristically yellow-orange in aqueous were prepared with varying amounts of oxalic acid. Amine-
solution) to Y) (blue, in the form of WO(C0,),*").*° and alkylammonium-functionalized SAMs were immersed
Given that the dominant vanadium species in aqueousin this solution (unstirred) for 24 h. Figure 4 shows that low
solutions are V@" and V1¢O26(OH),*" (i.e., both containing  concentrations of oxalate had no effect on the film composi-
pentavalent vanadiuff) with the latter species being pre- tion and little effect on the film thickness. However, at about
dominant under the conditions used h&¥&these observa-  1:1 vanadium:oxalic acid, the vanadium content in the films
tions suggest that the following equilibria were at work:  reached a minimum, indicating that the vanadium ions were
preferentially kept in solution by the oxalate. Increasing the
concentration of oxalic acid chelated the titanium ion also,
and the vanadium content rose to the earlier levels. Beyond

4v(V)02+ + 4HT — 2H,0 + AV o2t 4+ 0, 2) 40 mM oxalate, no film or precipitates formed.
The film thickness decreased gradually with oxalate
(Additional qualitative evidence for the occurrence of such concentration at first, then more rapidly as complexation of
reactions was the formation of bubbles in these solutions hoth cations became more complete (Figure 4, right). For
and a buildup of pressure when the solutions were placed inthe alkylammonium surface, for oxalate concentrations up
sealed vials, neither of which occurred with titanitioxalate to 30 mM, films were thicker than on amine surfaces, and
solutions.) Oxalate could then stabilize the reduced vanadiumtracked the vanadium content. This reflects the behavior of
by complexation: the single-oxide films on these surfaces: vanadium oxide
(V) 2+ ) N films deposit, and titania films do not, on alkylammonitim,
VPO 4+ H,C0,—~ VT OG0, + 2H ®) whereas both titania and vanadia films deposit on amine
™ ™ . N surfaces, but the vanadia films are thinner than those on
VITOC0, + H,C0,—~ VIPO(G0,)," +2H" (4) alkylammoniun-2223Vanadia films exhibit an intrinsically
Similar trends were observed under the same conditions buthlgher growth rate-¢0.3um/h on amine SAMSj than those

with a higher initial vanadium concentration (50 mM instead gr)ntg:ir:;r?s ((;%Orﬁ ”e TE{EJ rgnana(ljmlae Tiél\g?ef;deer rg:/Stierate
of 25 mM), with the only difference being that a yellow P P 9e 9

- . for the mixed oxide films was maximum with no complexing
precipitate formed at the lower oxalate concentrations (0 .
15 mM) agent, 0.05Q:m/h on amine and 0.062Zm/h on alkylam-
' monium surfaces.

(19) Greenwood, N. N.; Earnshaw, 8hemistry of the Element&nd ed. Atall but the highest conc_entrgtlons of compIeX|_ng agent
Reed Educational and Professional Publishing Ltd.: Woburn, MA, (See also the results on lactic acid below), these films grew
1997; pp 976-999.

(20) Baes, C. F. J.; Mesmer, R. E. Tie Hydrolysis of CationsRobert
E., Ed.; Krieger Publishing Company, Inc.: Malabar, FL, 1976; pp (22) Shyue, J.-J.; De Guire, M. Rhem. Mater2005 17, 787—794.

2V, 0,(OH),*” + 48H" — 50, + 26H,0 + 20\/<'V>o(21+)

197-210. (23) Shyue, J.-J.; De Guire, M. R. RIMTEC 2002 (10th International
(21) Pelletier, O.; Davidson, P.; Bourgaux, C.; Coulon, C.; Regnault, S.; Ceramics Congress and 3rd Forum on New Matejialdncenzini,

Livage, J.Langmuir200Q 16, 5295. P., Ed.; Techna Srl: Faenza, Italy, 2002; p 469.
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Figure 5. GIXRD of Ti—V oxide films deposited in 24 h from solutions containing oxalic acid. Left: films on amine SAM. Right: films on alkylammonium
SAM. Oxalate concentration increases from 0 in the bottom pattern to 40 mM in the top pattern. Shaded bars indicate the locations of the (191) (at 25.3
and (004) (at 37.9 peaks of anatase.

faster than those reported by Hoffmann et &.025um/ Lactate and Vanadium. Solutions of 25 mM vanadium

h). Compared to the present work, their conditions were quite (as NHVO3), 2.2 < pH < 2.9, 45°C, initially orange-yellow
different: lower pH (0.85 vs 2.5), higher temperature (80 to yellow, formed yellow solid precipitate for low concentra-
vs 45 °C), peroxide ions (as opposed to ammonium and tions of added lactate (615 mM) with a rise in pH to 2.6
fluoride ions and boric acid), lower metal concentrations 2.9. For 20-280 mM added lactate, yellow-green to green
(each 10 mM or less, vs [T 50 mM and [V]= 25 mM to blue-green solutions formed with increasing lactate
here), and sulfonated SAM (vs alkylammonium or amine concentration, and pH rose to 3:3.5. Blue solutions with
here). It is notable that their films were all enriched in Ti a final pH of 2.9-3.1 resulted for 326480 mM added
relative to the solution, whereas the opposite was usually lactate. Similar trends were observed under the same
the case here (Ti:\= 2:1 in solution, lower in the films).  conditions but with a higher initial vanadium concentration
This suggests that peroxide may be a more selective(50 mM instead of 25 mM), with the main difference being
complexing agent for V than either oxalate or lactate (see that a green precipitate formed at the lower lactate concentra-
below). tions (5-40 mM).

Figure 5 shows that the films grown with oxalic acid From these results, it was clear that lactate could complex
consisted in part of anatase with thuring (as evidenced vanadium. However, the interaction was more Complicated
by the intensity of the (004) peak at 37.&lative to the than simple complexation. The alcohol group on the second
normally strongest (101) peak at 25.3vhich is virtually carbon of lactic acid is a reductive group that can be oxidized
absent in many of these patterns). This phase may be a solid0 & ketone group:
solution of (Ti,V)O.5.2* Bulk precipitate from these solutions
could be identified as (Ti,V)@, on the basis of its lattice
parameters, but more and stronger XRD peaks would be oH (0] OH
needed to check this possibility in the films. The amount of
the anatase phase was highest for intermediate oxalate
concentrations. No known vanadium-containing crystalline
phase could be identified from the diffraction patterns.

Lactate and Titanium. Solutions of 75 mM HBO;3;, 25
MM (NHg),TiFs, 2.5 < pH < 2.8 at 45°C formed visible
colloids within 24 h at low concentrations of added lactate
(0—15 mM lactic acid). For lactate concentrations higher than
20 mM, the solutions remained clear (indicating the absence
of precipitation) and colorless (indicating the absence of
reduction of TiV1%) under these conditions. When the
titanium concentration was raised to 50 mM, heavy precipi-
tation was observed for low concentrations of added lactate
(0—15 mM), a mixture of solid and suspended colloid for
20—30 mM added lactate, and clear colorless solutions for
lactate concentrations higher than 35 mM. In all solutions
but one (out of 28) the pH rose slightly with time to 2.8
3.0. This indicated that titanium ions were complexed and
retained in solution by the lactate ion.

OH e}

V™ conversely is an oxidative ion (standard reduction
potentia#® is 0.991 V for VQ' + 2H" + e — VO?" +
H,0), which is capable of oxidizing such an alcohol group.
On the other hand, such a redox reaction is not expected
with the T system (standard reduction poterffiais
—0.055 V for TIOH" + H* + e — Ti®" 4+ H0).
Furthermore, as mentioned above, the Ti-lactate (and Ti-
oxalate) solutions exhibited no color change, as would occur
on reduction of Ti¥) to Ti(";1° Jactic acid is not oxidized
by TiO; in the absence of vanadidfand there was no
evidence of T4" in the XPS depth profiles.

To look for evidence that this reaction had taken place,
the organic part of the reacted solution was extracted using
diethyl ether. ThéH NMR (Figure 6) (using KO as internal
standard at 4.76 ppm) showed diethyl etHet NMR (300

(25) Lide, D. R.CRC handbook of chemistry and physi8sd electronic
(24) Shyue, J.-J.; De Guire, M. R. Am. Chem. So@005 127, 12736. ed.; Knovel: Norwich, NY, 2001.
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Figure 6. 'H NMR of lactic acid reacted with vanadium.
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Figure 7. 13C NMR of lactic acid reacted with vanadium.

MHz, D;O): 6 1.11 (t,J = 7 Hz, 6H) 3.58 (gqJ = 7 Hz, Due to the additional oxidatiorreduction reaction between

4H)], unreacted lactic acidfi NMR (300 MHz, D,O): 6 vanadium and lactic acid, the effect of lactic acid was more

1.35 (d,J =7 Hz, 3H) 4.31 (9,) = 7 Hz, 1H)], and oxidized complicated than that of oxalic acid (cf. Figure 4).

lactic acid [H NMR (300 MHz, D:0): ¢ 2.02 (s, 3H)]. The At low lactic acid concentrations {615 mM), the vana-

integration suggested that 58% of the lactic acid was dium content in the film increased with increasing lactate,

oxidized. the film thicknesses increased, ant’Mwas detected in the
The'3C NMR (Figure 7) showed diethyl ethe®C NMR films via XPS during sputter depth profilii§.Considered

(75 MHz, D;O): 6 16.9, 57.5], unreacted lactic acitfC together with the observations of solutions containing lactate

NMR (75 MHz, D;0): 6 19.4, 66.5, 178.5], and an oxidized and W), these results indicate that the lactate reduced the
form of lactic acid {3C NMR (75 MHz, D,O): 6 20.5,100.9, VM to V()| decreasing the amount of lactic acid available
176.8]. The peak at100 ppm suggested that this oxidized to complex the vanadium and titanium. MeanwhiléV\/
product contained an acetal group instead of a carbonyl groupknown as a polymerization initiator in the formation of

(140-180 ppm). pentavalent vanadia soffd?2increased the solidification rate
Therefore, the reaction of lactic acid in the presence of of vanadia in the films, raising the maximum average growth
vanadium ions was rate to 0.10um/h on alkylammonium surfaces and 0.060
on o o um/h on amine surfaces. Although the solutions with oxalate
2[V3] 2[v*H] o )
o on  +H0 oH (26) XPS detected ¥ after sputter depth profiling in films deposited both
o from solutions containing lactate and from those containing oxalate,
2 OH but it is possible that some of thelJ resulted from the sputtering
) itself. Before sputter depth profiling, no'¥ was detected in the films
via XPS, but XPS detects species only within a few atomic distances
. . . . . of the surface, and any® this close to the surface would be expected
Indirect evidence for this reaction also came from experi- to have oxidized to ¥) when exposed to air. Therefore, XPS is not
ments on the deposition of mixed-FV oxide films in the definitive in establishing the presence ofW in the films, but the
. color changes described in the text strongly indicate its presence in
presence of lactate (discussed next). the solutions.

Lactate and Mixed Titanium-Vanadium. Figure 8 shows  (27) Sharbi l\éESanlcggzz,zCl-:;—;\é%gezyfélﬁme”ef J.;Nejem, L. Lefebvre,
. . . - . . .Inorg. Chem. , .
the effect of lactic acid on FV oxide films deposited on (28) Lemerle, J.; Nejem, L.: Lefebvre, 3. Inorg. Nucl. Chem198Q 42,
17.

amine- and alkylammonium-SAM surfaces on (100) silicon.
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Figure 8. Effect of lactic acid on the average composition (left) and thickness (right)-e¥/Tixide films deposited on amine and alkylammonium SAMs
on (100) silicon. Solutions contained 50 mM Ti as (N#TiFs, 25 mM V as NHVOs, pH initially 2.5, held for 24 h at 45C.
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Figure 9. GIXRD of Ti—V oxide films deposited in 24 h from solutions containing lactic acid. Left: films on amine SAM. Right: films on alkylammonium
SAM. Lactate concentration increases from 0 in the bottom pattern to 50 mM in the top pattern. Shaded areas indicate the locations of the (2p1) (at 25.3
and (004) (at 37.9 peaks of anatase.

also evolved Y, oxalate did not increase the thickness and exhibited less (09 texturing than when oxalate was used
vanadium content of those films (cf. Figure 4), because (Figure 4). Many of the films from these lactate-containing
oxalate strongly chelates'¥, preventing it from participat-  solutions showed no GIXRD peaks, as do films grown
ing in the formation of vanadia (eqs +4). without complexing agerftNo known vanadium-containing
At slightly higher lactate concentrations, when the [lactate]/ crystalline phase could be identified from the diffraction
[vanadium] exceeded 0.5 (which is the stoichiometry of the patterns.
redox reaction), there was lactic acid left to complex the
vanadium ions_. As a result, the vanadium content in the fil_ms, Conclusions
and the film thickness, decreased. As the [lactate]/[vanadium]
exceeded 1.5 (at which point the solution composition would ~ Titanium—vanadium oxide fiims were formed via co-
be [vanadium]:[lactate]:[oxidized lactate} 1:1:0.5), the deposition from aqueous solution on alkylammonium and
lactate began to complex titanium (as seen with oxalic acid, amine SAMs in a single step. In contrast to traditional ways
above), and the vanadium content and film thickness of preparing titania-supported vanadium oxide catalysts, this
increased again slightly. Beyond 50 mM added lactate, film illustrates the potential of synthesizing the support and the
thickness decreased dramatically, and no film formed for 70 active component of a titaniusvanadium oxide catalyst
mM lactate, indicating that sufficient lactate remained after simultaneously.
reducing \** to complex all of the metal ions and keep them  Both oxalic acid and lactic acid acted as complexing agents
in solution. for titanium and vanadium. Oxalic acid preferentially chelates
As with oxalic acid, the film thickness of mixed TV vanadium ions and stabilizes*V ions in the solution.
oxide films deposited in the presence of lactate on alkylam- Therefore, oxalic acid is able to lower the vanadium content
monium SAMs tracked the vanadium content quite closely. in the vanadium-titanium oxide films. Such films contained
Parallel but less pronounced variations were seen on aming(00)-textured anatase (possibly (Ti,V)Q) on both amine
SAMSs. The topography of films in this series (Figure 2) was and alkylammonium SAMs. Since oxalic acid also chelated
not markedly different from that of the films deposited in titanium ions, there was no film formation at high oxalate
the presence of oxalic acid (Figure 1). concentration.
With lactate as a complexing agent, there was much less Lactic acid reduced the ¥ to V4. Since \#* works as
of the anatase phase (Figure 9), and when it was detected, it catalyst in the formation of vanadia, it enriched the
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vanadium content in the film. With increasing amounts of amine surfaces, the films were usually thinner {115 um),

lactic acid, the unoxidized lactic acid worked as a chelating though the compositions were essentially the same as those

agent, particularly on vanadium ions. As a result, the vana- on alkylammonium SAMs.

dium content of the films decreased. The resulting films were
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