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Surface-Controlled Gas-Phase Deposition and Characterization of Highly Dispersed
Vanadia on Silica
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Institut de Recherchesur la Catalyse,UPR (CNRS)5401,2 avenueAlbert Einstein,
F-69626VilleurbanneCedex,France, Laboratory of Inorganic and Analytical Chemistry Helsinki University
of TechnologyP.O. Box 6100, FIN-02015Espoo,Finland, and Laboratoire de Physico-ChimieMoléculaire,
UMR (CNRS)5624, Universite de Pau et desPaysde I'’Adour, 2 avenuedu PrésidentAngot,

F-64053Pau Cedex9, France

Highly dispersed/,0s/SiO, materialsveresuccessfullysynthesizedisingthe atomiclayerdeposition(ALD),

by sequentiallyapplyingsurface-saturatingeactionsof volatilized vanadyltriisopropoxideand oxygenwith

thesilica surface The controlledandreproduciblechemisorption-basegrowth of vanadiaon silica occurred

in a temperaturerangefrom 363 to 393 K, as confirmed by elementalanalysesand DRIFTS measure-

ments. The precursordepositionprogressedsia both mono- and bidentatesurfacespecies,dependingon

the silica pretreatmenttemperature.Upon increaseof the silica preheatingtemperaturefrom 473 to

1023 K, i.e., decreasinghe numberof isolatedOH groups,the vanadiumdensitiesdiminishedfrom 2.0

to 1.1 V at/nnﬁuppon The maximum dispersion of vanadia-Z.3 V at/nniuppor) was attained by two
consecutive precursor binding-oxidation cycles on silica pretreated at 873 K. Analogous liquid-phase-
impregnated catalysts were prepared for comparison, and the structure and dispersion of the catalysts were
studied by N adsorption, XRD, XPS, and Raman spectroscopy. The results showed that the properties of the
silica-supported vanadia catalysts were strongly affected by the preparative method. The ALD catalysts with
loadings between 1.0 and 2.3 V at/ipjgaortconsisted of highly dispersed isolated ¥€pecies, whereas in

the corresponding impregnated catalystg)d/crystallites were formed, in addition to the monomeric vanadia
species. The vanadia deposition either by ALD or impregnation created both Lewis and Brgnsted surface
acid sites of weak and medium strength, as detected by ammonia adsorption XPS and microcalorimetry.
However, the better dispersion of the surface vanadia species in the catalysts prepared by the gas-phase route
led to a 30% higher number of surface acid sites.

1. Introduction dispersed silica-supported vanadia materials. For example,
Wachs and co-worke}g:10.13.1%nd Scharf et al° have applied

the incipient-wetness impregnation with vanady! triisopropoxide
solution for the synthesis of these type of catalysts. However,
only a few papers deal with the binding of gaseous VO{@Pr
Rnto the surface hydroxyl groups of silica. The growth of
vanadia onto silica using gas-phase deposition route has been
studied in the literature by Nickl et &.and Rice et al17 It
should be noted, however, that in both of the cases, the
adsorption had been carried out at room temperature, where the

Silica-supported vanadia catalysts find applications in several
catalytic processes, i.e., in methane oxidation to formaldéhyde
and in oxidative dehydrogenation of ethane to ethylemehat
of ethanol to acetaldehydeTraditionally, the \,Os/SiO,
catalysts have been prepared by agueous-phase impregnatio
using solutions containing ammonium metavanadatgH.6—8
Due to the chemical inertness of silica, this preparative method
often leads to crystalline D5 even at a low vanadia coverage
(~1.0 atoms per nhof support)® However, the dispersion of

the surface vanadia species can be maximized by using metallofiSk of physisorption is greater and the gawlid reaction is
organic precursors for the preparatfdhil Under carefully less surface controlled. In addition, no thorough determination

optimized conditions, the growth proceeds selectively and Of the influence of the deposition parameters, e.g., the pretreat-

homogeneously by chemisorption, i.e., by formation of covalent Ment temperature and amount of silica, the amount of vanadyl

bonds between the precursor and pre-controlled surface adsorptriisopropoxide precursor, and the temperature of the chemi-

tion sites911.12Moreover, the gas-phase preparation approach sorption, has been carried out. Also, detailed information on

utilizes the enhanced reactivity of the precursor and the absencdhe binding mode of the precursor, on the controllability, and

of solvent effects in comparison to the liquid-phase grafthg. on the reproducibility of the surface reaction as a function of
Vanady! triisopropoxide VO(OBg 1013-18has been previ-  the number of precursor binding-oxidation cycles is missing in

ously used mainly in liquid phase for the preparation of highly the literature.

The atomic layer deposition (ALD) technique is a chemi-

* To whom correspondence should be addressed. F8B-47244-5343. sorption-based, gas-phase preparative method for thin films and
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enhancedspeciesdispersionand uniformity on the support
surfacel23 Recently,we haveappliedthe ALD techniqueto
the preparationof submonolayewvanadiacatalystssupported
onsilica, titania, andtitania/silica,startingfrom the VO(OPY)3
precursoi® In the presentstudy, the preparationof highly
dispersedvanadia/silicamaterialsby the ALD technigueand
using the vanadyl triisopropoxide precursoris examinedin
detail. Theideal processingonditionsfor the precursorchemi-
sorptionon silica pretreatedat differenttemperaturesverefirst
determinedy elementalnalysesndinertatmospher®RIFTS.
Increasingamountsof vanadiawere then depositedonto the
supportdby sequentiaurfacereactionf precursoandoxygen.
The catalystswere characterizedy N, adsorptionand X-ray
diffraction (XRD) techniqguesRamanspectroscopyvas em-
ployed for structural examinationand X-ray photoelectron
spectroscopyor evaluatingthe dispersionof the active phase
on the support.To probethe surfacereactivity and to obtain
qualitativeinformationon the natureof theacidsites XP spectra
were collected after ammoniaadsorption.Moreover, micro-
calorimetryexperimentof NH3; adsorptionwere performedin
orderto determinghenumber strengthandstrengthdistribution
of surfaceacid sites. Some conventionalaqueous-phasen-
pregnatedsampleswere also preparedand characterizedor
comparisonwith the ALD catalysts.

2. Experimental Section

2.1. Catalyst Preparation. The silica support used in the
preparations was EP10 from Crosfield Ltd. (primary particle

size ~110 um, NgO <500 ppm). Prior to the deposition

was 3.5 mmol/gs, for the supportspretreatedat 473 and 723
K and2—3.5 mmol/gs,, for the supportpretreatecat 1023 K.
The complexeson silica pretreatedat 723 and 1023 K were
calcined,as describedabove,at 723 and 773 K, respectively,
andthe solidswere subjectedo a further examination.

To increaseahe depositecamountof vanadiumandto obtain
informationof howthevanadidayeralreadypreseninfluences
the controllability of thereaction successivgrecursor-oxygen
cycleson silica pretreatecat 873 K were performedfrom one
to four timesat a depositiontemperatureof 383 K. To prevent
surfacehydration,the samplesverekeptunderinert conditions
betweenthe cycles.

In additionto the ALD samplestwo conventionalimpreg-
natedsilica supported/anadissamplesverepreparedo examine
the influenceof the preparativemethodon the characteristics
of the catalysts.The silica support was impregnatedwith
aqueoussolutionsof ammoniummetavanadatéStremChemi-
cals, purity 99%) and oxalic acid (Prolabo,purity 99%). The
solutionswerepreparedy heatingthe mixed slurriesof NHy4-
VO3 and C,0O4H; - 2 H,0 (ratio of 1:2) at 333 K. The solids
were dried for 24 h at 383 K and subsequentlycalcined
following the sameprocedureasfor the ALD catalystsj.e.,in
oxygenat 773K for 11 h.

2.2. Catalyst Characterization. The amountof vanadium
in thesamplesvasdeterminedy ICP-AES(Spectroflame-ICP
D, Spectro)andthe amountof carbonby total combustionin
oxygenfollowed by an acidimetriccoulometrymeasurement.
The elementcontentsare given throughoutthe text as surface

densitiesn atomsper nn¥ of support(at/nnfug andasweight

process, the support was pretreated in air for 16 h at 473, 723,percentage6/vt-%). In thecalcinedcatalyststheatomdensities
873, and 1023 K in a muffle furnace to remove the physisorbed Were calculatedbasedon the generalizatiorthat the vanadia

water and to stabilize the adsorption sites of the sugpditiese
silica supports will be here referred to as 473 K, SiQ 723

phasecorrespondgo V20s. In the noncalcinedsamplesthe
forms of the surfacespecieswere derived from the carbon/

K, SiO, 873 K, and SiQ 1023 K. The pretreatment at vanadium(C/V) or Iigand/vanadiun(LN) r_atios.The LN r_atio
temperatures between 473 and 873 K preserved the surface are&fter severaldepositioncycles was obtainedby taking into
pore volume, and average pore diameter of silica, with values accountonly theamountof vanadium(andcarbon)addedonto
of 301+ 8 n?/g, 1.2 cndlg, and 19-20 nm, respectively. After the surface after previous oxidation. A _ver|f|cat|on of the
treatment at 1023 K, however, the specific surface area Proposedurfacespecieformedafterbindingof the precursor
diminished to 286t 7 m?/g and the pore volume to 1.1 éfy, on supporlwasdoneby moIepuIarmodeImg,usmgtheAIchemy
whereas the average pore diameter remained unchanged. A 5-@2 Program(version2.0, Tripos Inc.).
sample of the support was loaded into the fixed-bed quartz  The specific surfacearea(Sger) as well as pore size and
chamber of a flow-type ALD react®t (F-120, ASM Micro- diameterwere measuredby nitrogenadsorptiorat 77 K on the
chemistry Ltd.), and the temperature was raised to 473 K for catalystsdesorbedundervacuumat 623 K for 3.5 h. Diffuse
16 h for the silica pretreated at 473 K and to between 363 and reflectancenfraredspectreof silica-supportedamplesprepared
433 K for 2-3 h for the supports pretreated at 723, 873, and by ALD were recordedunder nitrogen atmosphereat room
1023 K. This further heat treatments were carried out to remove temperatureisinga Nicolet Impact400D FTIR spectrometer.
from the pretreated support any humidity possibly condensed The measurementsvere carried out for the freshly prepared
during the short manipulation and to ensure the stabilization of Samplesothafterdepositionat differenttemperatureandafter
the support adsorption sitésThe reactor was maintained in ~ subsequenbxidation by transferringthe samplesinertly into
low vacuum (pressure-13 kPa) and purged continuously with ~ the DRIFTS chamberplacedin a glovebox.The wavenumber
a nitrogen flow (3 L/h). The vanadium precursor used was a rangeusedin the measurementwas from 400 to 4000cm*
liquid vanadyl! triisopropoxide VO(O4$Hs); (Strem Chemicals ~ andthe spectralresolutionand numberof scanswere2 cm™*
Inc., purity 98+%), volatilizable from 363 to 383 K. The  and64, respectively.
reaction between VO(ORs and silica pretreated at 873 K was The X-ray diffraction spectrawere recordedin a Bruker
investigated at every 10 K between 363 and 433 K by letting D5005diffractomete(50kV, 35mA) betweerthe Braggangles
the precursor-carrier gas flow (3 L/h) pass downward through (26) from 3 to 80° using a monochromatedCu Ko. (4 =
the support bed during-3 h. The precursor was used in excess, 0.015418nm) radiationsource.
i.e., around 2.5 mmol per gram of support. to ensure a The Ramanspectroscopyneasurementere carriedout in
complete saturation of the suppéttFinally, the solids were a Dilor XY spectrometerconnectedto an Olympus BH-2
purged with nitrogen fo2 h at thereaction temperature and  microscope(objectiveG = 50). The sampleswere excitedby
calcined in-situ in oxygen at 773 K for 11 h. the 514.5nm line of anargonion laser(SpectraPhysics)and
The influence of the pretreatment temperature of silica on thelaserpowerwasadjustedo 80 mW in orderto havea 6—8
the vanadium surface species and their amount was studied amW powerwhenmeasurectthe sample Samplesn therange
the reaction temperature of 363 K. The precursor quantity usedof 20—80 mg (as a function of the density)were placedin a
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specialquartzmicrocell (50 x 25 x 6 mm), manufacturedrom
two parallel microscopeplates,and were pretreatedat 673 K
for 0.5hin dry oxygenflow to dehydratehe samplesThein-
and outlets of the cell were sealedoff and the spectrawere
collectedatroomtemperaturéetweenl 00and1100cm™? with
a resolutionof 3.0 cm~1. The accumulationtime varied from
300 to 600 s, dependingon the focused sample,and was
normalizedto 420 s for the analysesThe homogeneityof the
catalystswas verified by focusingthe analysisspot (diameter
1um) throughthe sampleat severalpoints.

The X-ray photoelectrorspectrawere measuredvith a SSI
301linstrumentequippedvith ahemisphericatlectronanalyzer
andanAl anode(Al Ko = 1486.6eV) poweredat L00W. The
residualpressurein the analysischamberwas5 x 1078 Pa.
Thechargeeffectswerecontrolledby flooding the samplesvith
low-energyelectrons(5 eV). The wide binding energy (BE)
spectraverecollectedat 150eV andthehigh-resolutiorregional
spectraof V2p32, O1s,Si2p,andN1slines at 50 eV analyzer
passenergy.The quantitativeanalysesof atomic ratios were
carriedout applying appropriateScofield factors?* Nonlinear
least-squaresurve fitting (NLLSCF) was usedto adjustthe
experimentalcurvesto the mixture of Gaussian(80%) and
Lorentzian(20%)curves Thebindingenergiesverereferenced
to Si2p line of the supportat 103.5eV, the accuracyof the
binding energypositionsbeing + 0.2 eV. The sampleswere
activated overnight under helium at 673 K (1 K/min) and
subsequentlyexposedto NH3 at 353 K. The adsorptionwas
followed by desorptionduring 1h under helium at the same
temperatureThe XPS measurementwere performedat room
temperature preservinginert conditions during all sample-
handlingsteps.

The NH3 adsorptiormicrocalorimetricstudywascarriedout
at353K in a heatflow calorimeter(C80, Setaramoupledto
a gas handling and volumetsystem?> A Barocel capacitance
manometemwas employedfor pressurecontrol. The NH3 gas
(Air Liguide, purity >99.9%)usedfor the measurementaas
purified by freeze-pump—thawcycles.Samplesof about100
mg were pretreatedn a quartzcalorimetriccell at 673 K for
12—14h in air andthenfor 2 h in a vacuumat the same
temperatureVarious thermodynamicand volumetric param-
eters?® e.g., the initial (Qpnit), differential (Qqirr) and integral
(Qin)) heatsof adsorptionand the total adsorbedvolume of
ammonia(Vr), were measuredoy sequentiallyloading small
dosesof ammoniagas onto the catalyst. The adsorptionwas
continueduntil the end of chemisorptionprocessin an equi-
librium pressureof ~133 Pa2® The reversiblyadsorbed\H3
moleculeswere removedby pumpingthe samplefor 0.5 h at
thesametemperatureandto calculatetheirreversibleadsorbed
amount (Viy), illustrating the numberof strong acid sites, a
readsorptiorwas carriedout at 353 K.

3. Results and Discussion

3.1. Preparation of the Catalysts. 3.1.1. Binding of the
Precursor on Silica Pretreated at 873. KChemical Analysis.
It was possible to carry out the surface-controlled adsorption
of vanady! triisopropoxide VO(OBg onto silica pretreated at
873 K in a vacuum conditions {13 kPa) at temperatures
between 363 and 393 ¥.The so-called “ALD growth1.23.26
provided at least macroscopic homogeneity in the deposition
as highly equal vanadium quantities of 1:830.05 V at/nnﬁup
were obtained throughout the silica fixed-bed, as seen in
Figure 128 In addition, the reproducibility of the growth?3.26
was confirmed to be excellent (<£0.05 V at/iy;m by four
duplicate runs at 383 K.

—&— V bottom of reactor —#—V top of reactor @ L/V

~ 14 25
§12- L

2 10 c
= | P
5 81 g
5 61 S
£ 4

g,/ L 0.5
5

> 0 — 0

360 370 380 390 400 410 420 430 440
Reaction temperature (K)
Figure 1. Influence of the reaction temperature on vanadium content
(top and bottom of the reactor bed) and ligand/vanadium ratio (top of

the reactor bed) when the precursor VO(QPis bound onto silica
pretreated at 873 K.

In the same temperature range, the carbon/vanadium (C/V)
ratio calculated from the corresponding concentrations at the
upper part of the bed decreased from 5.0 to 4.3. Thus, the ligand/
vanadium ratio (L/V) in the complex attached to the silica
surface decreased from 1.7 to 1.4 (Figure 1), suggesting that
the binding occurred with a loss of either one (L&/~2) or
two (L/V = ~1) isopropoxide precursor ligands out of the
original three.

When the temperature of the reaction was raised to 403 K, a
partial decomposition started to occur as observed from the
increasing vanadium content and the decreasing L/V ratio at
the upper part of the ALD reactor bed (Figuret1§326Further
increase of the temperature of the quartz chamber up to 413
and 433 K caused the precursor excess to strongly decompose
onto the silica surface and the growth started to resemble CVD,
i.e., a thermal decomposition type of growth. The vanadium
contents both at the top and bottom parts of the fixed-bed
increased vigorously while the L/V ratio approached a zero value
(Figure 1). Additionally, some precursor decomposition may
have occurred already in the vapor phase, as the gas feeding
lines were colored to dark violet due to the vanadium pigment.

The extension of the reaction temperature range toward lower
values was found to be less practical due to the slower
evaporation rate of the isopropoxide precursor. Indeed, as
reported recently by Badot et.lfor thin films of vanadium
oxide, the surface-controlled ALD growth from the vanadyl
triisopropoxide occurred even at temperatures near room tem-
perature (323 K), but the limiting factor was the insufficient
volatilization of the precursor at low temperatures. When
considering lower reaction temperatures, the risk of physisorp-
tion of the precursor should also be taken into account in
addition to the longer deposition time needed.

DRIFTS Measurements. The temperature range for controlled
binding of the precursor onto silica was also verified by inert
diffuse reflectance FTIR measurements at the wavenumber range
from 400 to 3800 cm. Figure 2A presents the DRIFTS patterns
for the samples taken from the top of the reactor bed, while
Figure 2B displays the spectra for those taken from the bottom
part.

For the silica pretreated at 873 K (Figure 2, parts A, sample
g, and B, sample g), the strong band observed at 3745 cm
(v(O—H)) can be assigned to the isolated (free) silabl3?
whereas hydrogen bonded (bridged) silanols gave rise to a weak
and broad band at3700 cnt! (v(O—H- - -0))282°The weak
band at~980 cnT! is caused by the SiO vibration of the
isolated Si—OH group%' However, this band is partly over-
lapped by the one at1000 cnt?! »(Si—O—Si), which is due
to the formation of surface siloxanes (Figure 2, parts A, sample
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Figure 3. Influence of the pretreatment temperature of silica on the

average vanadium contents (after deposition and oxidation) and ligand/
vanadium ratio (after deposition) when the precursors VO({@&nd
A oxygen are bound onto silica pretreated at 473, 723, 873, and 1023 K.
The number of isolated OH groups versus pretreatment temperature is
I 9 derived from the literaturé- 3240
' 1)
| e)

vanadium precursor complex. Moreover, the excess decomposi-
tion of precursor masked the intensity of the broad stretching
bands of the silica support at low wavenumbers and created

M d)
V medium intensity peaks (Figure 2A, samples e and f) at 3660
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0 and 2334 cml. The former band was due t¢O—H) of vanadia
! b surface species, and the latter can be assigned to caoggen
' ai vibrations of decomposition productdll of these changes in
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the DRIFTS patterns, although being less pronounced, were
observed also for the samples taken from the bottom part of
the reactor bed (Figure 2B, samples d—f)
Figure 2. DRIFTS patterns after precursor deposition on silica ~ The vanadium complex formed on silica was rather stable
pretreated at 873 K at (a) 363 K, (b) 383 K, (c) 393 K, (d) 403 K, () even after several weeks of storage at room temperature under
413 K, and () 433 K. For comparison, the pattern of silica support is an inert atmosphere as no decomposition reaction had occurred,
presented in (g). Samples are taken from the top (A) and bottom (B) \eified by DRIFTS measurements. However, Schraml-Marth
of the reactor bed. " S

et al33 have reported that the vanadyl triisopropoxide impreg-
g, and B, sample ¢#3132The bands at-1250—1020 cm? nated onto a more chemically active titania support was less
and~750—850 cm? are due to the asymmetrigd Si—O—Si) stable even under inert conditions and that a sign of degradation,
and symmetricv{(Si—O—Si) stretching modes of the silica Vviz., peak of chemisorbed acetone at 1680 &ncould be
lattice, respectively?—32 detected within a week from the preparation.

Controlled chemisorption of the precursor onto the silica  3.1.2. Controlled Binding of the Precursor on Silica Pre-
surface at temperatures between 363 and 393 K gave rise tdreated at Different TemperatureShe heat pretreatment of
several bands in the-€H vibration region clearly identifiable  silica, which allows the stabillization of the density, character,
as the vibration modes of isopropoxide, which is bound as a and type of the surface bonding sites is a prerequisite for a
ligand to vanadium. The surface site saturdttg®2%of silica controlled ALD growtht! Well-characterized surface sites also
both at the top and at the bottom parts of the support bed wasallow a detailed examination of the possible surface reactins.
seen from the consumption of the free-8IH groups at 3745  The adsorption sites data determinedtHyNMR measurements
cm~t and~980 cnt! (Figure 2, parts A, samples a—c, and B, for silica EP10 pretreated at different temperatures are well-
samples a—c38 30 Intense symmetric and asymmetric methyl reported in the literatur€-2%35The total number of OH groups
C—H stretching vibrations were observed at wavenumbers 2882, per nn? of silica decreases rather linearly from 6.5 to 1.1 OH/
2932, and 2974 cm, respectively!6:33-340n the other hand, = nnm? when increasing the temperature of pretreatment from 473
weak symmetric and asymmetric methy-8 deformation to 1023 K?° The number of isolated OH groups, which act as
vibrations were detected at 1367/1381 énand 1452/1467 main adsorption sites, is'2 OH/nn? for silica pretreated at
cm L, respectively6:33-34 A methyne G-H bending band arose ~ 473—723 K,~1.5 OH/nn# for silica pretreated at 873 K, and
at 1332 cnt (Figure 2, parts A, samples a—c, and B, samples ~1.1 OH/nn? for silica pretreated at 1023 &:2°The formation
a—c).33 At the reaction temperature of 393 K, the sensitive FTIR of siloxane bridges SiO—Si, which can act as dissociative
technique also showed slight change in the reaction mode whenbonding sites in the case of highly reactive precursors, starts at
the peak at 3745 cnd due to non-hydrogen bonded silartéts® pretreatment temperatures above 728'K.
appeared in the spectrum of the upper bed sample (Figure 2A, Chemical Analysis. The influence of the support pretreatment
sample ¢). However, no changes in the vanadium contents wergemperature on the type of vanadium surface species and amount
observed yet at this temperature, as reported above (Figure 1)of vanadium was studied at 363 K. This low reaction temper-

When the reaction temperature was raised from 403 to 433 ature was chosen to exclude the possibility of thermal decom-
K, the isopropoxide vibrations drastically decreased for the upper position of the precursor during the ALD process. Figure 3
bed samples (Figure 2A, samplesf)l The exposed peak of  presents the average vanadium contents (éy@mﬁer the
isolated S+OH groups at 3745 cmt confirmed a heterogeneous  precursor binding and oxidation cycles as well as ligand/
and incomplete coverage of the surface by the attachedvanadium ratios (L/V) as a function of the pretreatment

3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm'l)

4



temperatureof silica. Figure 3 also showsthe correlationof
theisolatedOH groupsandthesilica pretreatmentemperature.

Whenincreasinghe pretreatmentemperaturef the support
from 473 to 1023 K, the surface vanadium concentration
decreased rather linearly from 2t0 1.1 V a'[/nniup as seen
in the Figure 3. The vanadium amounts were highly equal
(<£0.1 V at/nniu;) throughout the silica support fixed-bed
and followed the number of main adsorption sites (isolated OH
groups) (Figure 3). This dependence on the isolated OH groups
is in accordance with the results of a comparative study of
several metal precursors for ALD processes, presented in the
review articles by Haukka et &.However, a clear change in
the ligand/vanadium ratio (L/V) of the vanadyl isopropoxide
surface complex can be seen by increasing the support pre-
treatment temperature from the low values (473 and 723 K) to
the high values (873 and 1023 K) (Figure 3). For the lower
temperatures, the L/V ratio is1 suggesting that primarily two
ligands are removed, and indicating the formation of bidentate-
way bonded species on the silica surface. For the higher
temperatures, only the monodentate bonded species£L-A2)
are formed by the removal of one ligand out of the original
three. The species are visualized using molecular modeling in
3D in the section 3.1.3.

In the literature, Rice et df and Nickl et al** had
bound volatilized vanadyl triisopropoxide at room temper-
ature on silica pretreated at different temperatures. The former
authordf observed vanadium surface densities-@f9 and~1.4
at/nnfup after deposition on silica pretreated at 473 and 773 K,
respectively, while the latter authéfsobtained a density of
~2.3 at/nniupon silica pretreated at 423 K. These densities are
in accordance with our results with the exception of the
relatively high density obtained by Rice et&lon silica
pretreated at 473 K. This difference may be due to the lower
deposition temperature (298 K) used by the authdshich
allows for some physisorption of the precursor and thus leads
to a higher vanadium amount.

DRIFTS Measurements. To confirm the results from the
chemical analyses, diffuse reflectance FTIR measurements were
carried out in inert conditions after the binding of the precursor
on the silica surfaces pretreated at 473, 723, 873, and 1023 K.
Figure 4A presents the DRIFTS patterns in the range between
400 and 3800 cmt of the pure silica pretreated at different
temperatures. Figure 4B presents the patterns of the solids after
precursor deposition at 363 K, and Figure 4C after further
oxidation.

The silica pretreated at 473 K give rise to the broad IR
vibrations at~3745 cnt! (unpaired silanols)~3650 cnt?!
(intraglobular OH) and-3520 cn1! (oxygen perturbed OHP30
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Figure 4. DRIFTS patterns: (A) Silica support pretreated at (a) 473

By increase of the pretreatment temperature from 723 to 1023K, (b) 723 K, (c) 873 K, and (d) 1023 K. (B) After precursor deposition
K, the condensation of silanols decreases the broad band aft 363 K on silica pretreated at (a) 473 K, (b) 723 K, (c) 873 K, and

~3700 cnmit in favor of the sharpening peak at 3745 ¢80
The formation of siloxane bridges by heating at elevate
temperatures (> 723 K), on the other hand, intensifies the band
at ~1000 cn1?, which overlaps the decreasing one~e880

cm~1 due to Si—O vibration of isolated silandi%31:32Sj—0O—

to the bands at1025 cnt! and~835 cn1?, respectively?0—32

(d) 1023 K. (C) After further oxidation at 723 K (sample a) or 773 K
d (samples b and c) on silica pretreated at (a) 723 K, (b) 873 K, and (c)
1023 K.

deposition process throughout the support bed. Furthermore, the

disappearance of the-SDH peak at 3745 cmi, in the case of
Si and O—Si—O0 stretching modes of the silica lattice give rise the silicas pretreated at 473, 723, and 873 K (Figure 4Ba-c),
indicated the saturation of the surfadéé326However, in the

The adsorption of the precursor at 363 K onto the silica case of silica pretreated at 1023 K, a small isolated OH peak
surface pretreated at between 473 and 1023 K gave rise to thepersisted after the excess precursor gas feeding through the
C—H vibration bands of the vanadium-bound isopropoxide support bed (Figure 4B, sample d). The highly identical
ligands at~2974, 2932, 2882, 1467, 1452, 1381, 1367, and vanadium amounts<(40.05 at/nr@ur) throughout the fixed-
1332 cnrl,16:3334 a5 reported above. The identical DRIFT bed of support nevertheless indicated a good macroscopic
spectra collected for the samples taken from the upper and lowerhomogeneiti? and excluded the excess decomposition of
parts of the silica fixed-bed confirmed the homogeneity of the precursor. However, as the silica support dehydroxylated at 1023
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K containsan increasingamountof highly reactivesiloxane
bridges!1:28:31.33heseSi—O—Si linkagescouldhaveparticipated
in the reactionprocesdy dissociation.The dissociationof the

bridgescould have beencausedby their reactionwith either

the precursor,as shownin the caseof alkoxysilaneprecur-
sors30:36 or with the reactionproduct 2-propanol,as demon-
stratedfor methanof” However further studiese.g.,measure-
mentsof 2-propanoldsorptionn the ALD reactorin thesame
depositionconditionsand applicationof silica with a greater
amount of siloxane bridgesi.e., silica pretreatedat higher

(1073—1273K) temperaturesare neededto verify these
hypotheses.

The DRIFTS patternsof the solidswerealsocollectedafter
calcination,andtheyarereportedin Figure4C. Theintensities
of thepeaksat ~3745cm~* andat 3660cm™ (v(O—H) attached
to vanadiasurfacespecies)increasedjraduallywhenthesilica
pretreatmentemperaturevas increasedrom 723 to 1023 K
(Figure 4C, samplesa—c). Due to the interfering strong
absorptionof the silica supportin the vibration region below
1000 cm~1,16:38 the structureof the surfacevanadiaspecies
(V=0 andV—0 vibrations)wasinvestigatedn detailby more
appropriateRamanspectroscopyechniqueasreportedaterin
the sectionfor physicochemicatharacterizatiorf3.2.4.).

Moreover theinfluenceof the quantityof silicasupport(5—
11g)ontheALD growthwasstudiedat383K. It wasobserved
thatevenat this low reactiontemperaturewhenthe volumeof
silicapretreatechit 873K wasmaximizedin the quartzreaction
chamber(11 g) and an excessof precursor(~2.7 mmol/gs,p
wasused the highly reactivevanadylalkoxideprecursosstarted
to slightly decomposen the top of the thick supportbed.This
wasobservedrom thedeepercoloring of thetop of the support
bed. However, this phenomenonwas typical only for this
alkoxide precursor;asin the caseof the correspondingmore
stabletitanium isopropoxideTi(OPr),, the increasingof the
supportamountdid not affect the controlledgrowth process?®

3.1.3. Surface Structuresof the Precursor ComplexAfter
Gas—Solid Reaction Within the controlledatomiclayer deposi-
tion rangeat temperaturebetweern363and393K, theligand/
vanadiunratio (L/V) of thesurfacecomplexattachedntosilica
pretreatecit 873K decreaseftom 1.7to 1.4.1n generalwhen
the chemisorptionwas carried out at 363 K, the L/V ratio
calculatedvas~1 for thesilicaspretreatedtlow temperatures
(473 or 723 K) and ~2 for the silicas pretreatedat high
temperatures(873 or 1023 K). These observationsare in
agreementvith theliteraturedatafor the gas-phaseeactionof
vanadyltriethoxide VO(OEt); at 423 K with silica pretreated
at 523 and 773 K.9 In this study of Inumaruet al.? it was
suggestedhatthe surfacespeciesn silica pretreatedat 523K
hadprincipallyanL/V ratio of ~1 indicatinga bidentatenature
of the alkoxide surfacecomplex.A formation of both mono-
dentatgL/V = ~2) andbidentatgL/V = ~1) bondedspecies
was observedon silica pretreatecat 773 K.°

However, Rice et al.l® showedthat when the gas-phase
depositionof VO(OPY)z on silica was carried out at room
temperaturepnly onePrOHwasliberatedduringgrafting (i.e.,
L/V = 2),independentlyf the pretreatmentemperaturef the
support(298,473,or 773K). This discrepancymay be dueto
the different depositiontemperaturesised(viz., 363K in this
study and 298 K in the study of Rice et al.)16 The higher
depositiortemperaturéncreasedhereactivityof theprecursof?
i.e.,favoredthereactionof the precursomith two surfacesites
insteadof one, whereasthe low depositiontemperaturenay
haveallowedalsosomephysisorptiorof the vanadyltriisopro-
poxide.

Figure 5. Binding of VO(OPI); on silica-cristobalite surfaces: (a),
(b) monodentate bonding (L/¥ 2) on (111) surface and (c) bidentate
bonding (L/V= 1) on (100) surface.

A theoreticalconfirmation of the presenceof mono- and
bidentate bonded species was achieved by means of molecular
modeling in 3D. The general illustrations of surface complexes
with remaining one or two triisopropoxide ligands (LA/1 or
2, respectively) are presented in Figure 5. The (111) and (100)
faces off-cristobalite have often been used as models for the
amorphous silica surfadg®4! The (111) face shows the
distribution of isolated, free silanol groups, with a separation
between the two nearest groups-e6 A.94041The (100) face
exposes the geminal OH groups (i.e., two hydroxyl groups
attached to the same Si atom). The interspace between the rows
of paired hydroxyl groups on the (100) face~§ A 4 whereas
the shortest distance between the groups-2s5 A2 As the
distance order between oxygen atoms in the\-O bonds of
a vanadyl alkoxide molecule has been reported te-Be5 A2
the precursor can react on the (111) face with only one isolated
OH group, upon releasing one isopropoxide ligand (EA2)
(Figure 5a). Figure 5b displays well the size of the precursor
with L/V = 2 on the silica surface. The vicinity of the OH
groups on the (100) face allows, however, both the monodentate
(L/V = 2) and bidentate (L/\= 1) (Figure 5c) binding of the
precursof. The reaction with three OH groups by a release of



—&- V after deposition ~@-L/V TABLE 1: Chemical Analysis and N, Adsorption Resultsof

—-V after oxidation % SBET Silica Supports and ALD and Impregnated Vanadia
= 16 Catalysts
o 141 F310 2 . avg
g 12 4 280 & vanadium amount Ser porevol pore diam
Z o104 - 250 2 samplé (wt-%) (at/nnfsyy) (M2g) (cmP/g) (nm)
£T 81 220 & Si0, 723 b b 305 1.2 19-20
8z ¢4 - 190 ¢ A-1VS-723 3.8 1.6 295 1.2 21
E- 4 L 160 € Si0, 873 b b 301 1.2 19-20
b= 5 ] L 130 3 A-1VS-873 29 1.2 297 1.2 20
g = A-2VS-873 5.2 2.3 285 1.2 20
- 0 ————* 100 = I-1VS-873 3.6 15 286 1.2 20
0 1 2 3 4 5 1-2VS-873 5.8 25 272 0.9 19
Number of cycles Si0, 1023 b b 286 1.1 19-20
A-1VS-1023 24 1.0 286 1.1 19

Figure 6. Influence of the cycle number on the average vanadium
contents (after deposition and oxidation), ligand/vanadium ratio (after ~ aA = ALD, | = impregnation, 723, 873, 1023 pretreatment
deposition) andsser (after oxidation) when the precursors VO(QPr  temperature of the support in KNegligible or zero.

and oxygen are bound onto silica pretreated at 873 K.

(Figure 6) was strongly dependent on the amount of precursor
all the three ligands (L/\= 0) is not possible due to the steric |paded in the reactor2.5 mmol/g,,). The average L/V ratios
effects? These observations thus confirm the experimental decreased to values near zero, indicating precursor decomposi-
results determined in the earlier paragraphs (3:8.1.2.) from  tjon (Figure 6). The decomposition was also shown from the

the chemical analysis data. decrease in the isopropoxide-@ vibrations (2882, 2932, and
'3.1.4. Application of Seeral Precursor-Oxygen Cycles on 2974 cnt!)3334in DRIFTS patterns collected after deposition.
Silica Pretreated at 873 KOne and Two ALD Cycles. Four As can be seen in Figure 6, a marked decrease in specific

successive vanadium precursealcination cycles on silica  surface area was observed for the calcined catalysts of three
pretreated at 873 K were carried out at a deposition temperatureand four vanadia cycle$.The pore volume of the support was
of 383 K to study the changes in the reaction mode when affected as well, decreasing from 1.2 to 0.6¥gafter the fourth
increasing the vanadium content in the catalysts. The vanadiumcycle. Furthermore, characteristic XRD peaks ofOy were
concentrations after deposition/oxidation, ligand/vanadium (L/V) detected in the diffraction pattern at e.g§ 2 15.4°, 20.3°,
ratios after deposition and specific surface areas+ of the 21.7°, 26.2°, 31.1°, 32.4°, and 34%"in the three- and four-
calcined catalysts are presented in Figure 6 as functions of thecycle catalysts.
cycle number. When using the precursor in excess, a surface- This study of sequential cycle deposition indicates the
site-controlled ALD growth was possible during the first and importance of the precursor when synthesizingO¥SiO;
second cycles, leading to vanadium concentrations of 1.3 (first catalysts in a gas-phase. When the goal is the gas-phase
cycle) and 2.6 or 2.3 at/r@, (second cycle) after deposition  deposition of high coverage of vanadium oxide, other volatile
or oxidation, respectivel$f The L/V ratio, calculated after  precursors such as vanadium(IV) and vanadyl(V) chlorides,VCI
deposition, was~1.5 both after the first and second cycles, and VOCH, respectively, could be an alternative, because they
indicating no major change in the binding and a general loss of are more resistant than alkoxides to contact with a catalytically
one or two ligands when forming the surface complex. active surfacé? However, because the chloride-containing
The BET surface areas of the calcined catalysts were 297 precursors are corrosive, etch the deposited surface effectively,
and 285 /g, after the first and second cycle, respectively and often leave Cl impurities in the sampfethe alkoxide
(Figure 6). The values stayed high as compareSstg values precursors are ideal for the growth of low loading, from sub-

of 274 and 256 /g for similar catalysts onto silicaSeT = to monolayer vanadia cataly$t8preferred for several catalytic
332 nt/g), grafted in vanadyl! triisopropoxide liquid phase and reactions’,
containing 0.9 and 2.6 at/rﬁga of vanadium, respectiveRf. 3.2. Physicochemical Characterization of the Catalysts.

This better result obtained using the gas-phase deposition route3.2.1. Vanadium Analysis and Surface Area/Porosity Measure-
can be mainly due to the absence of solvent effects in the ALD ments.The physicochemical properties of the ALD catalyst
proceduré? DRIFT spectroscopy data showed for the calcined, prepared by applying one reaction cycle on silica pretreated at
one- and two-cycle ALD catalysts the formation of vanadia 723 and 1023 K and up to two reaction cycles (i.e., controlled
surface species (3660 c#)® and the partial regeneration of the  preparation) on silica pretreated at 873 K were examined further.
isolated Si—OH groups (3745 c¢).228 The intensity of these =~ Two aqueous-phase impregnated catalysts corresponding to the
peaks diminished with the increasing vanadium content. The ALD catalysts on silica 873 K were characterized for compari-
relative dispersion of the vanadia species was high because ngon. The results from the vanadium content determinations, N
XRD peaks due to YOs crystallites ¢ >~4—5 nm)2 were adsorption, and XPS measurements for the silica support and
detected these catalysts. vanadia catalysts are summarized in Table 1. In the sample
Three and Four ALD Cycles. In the literature, the experi- 1abels,x-yVS-z,x corresponds to the preparative method=A
mental monolayer dispersion determined by Raman spectros-ALD or | = impregnation)y to the ALD cycle number (y= 1
copy has been reported to 5€.6 at/nnj,, for silica-supported ~ ©Of 2) andzto the silica pretreatment temperature{23, 873
vanadial®!3In consequence, after the second deposition cycle OF 1023 K) applied. _
and when the quantity of vanadium oxide was near this AS discussed in the previous paragraph, one precursor
maximum coverage, the evidently catalytically very active binding-oxidation ALD cycle onto silica 723 and 1023 K
surface started to partly decompose the precursor even at théesulted in surface concentrations of 1.6 afpn(3.8 wt-%)
low deposition temperature employed (383 K). The growth and 1.0 at/nrﬁIp (2.4 wt-%), respectively (Table 1). The first
during the third and fourth depositions was no longer surface and second ALD cycle on silica 873 K gave rise to the
controlled, and the remarkably increasing vanadium content vanadium amounts of 1.2 at/rﬁgp(z.g wt-%) and 2.3 at/nﬁ[]p
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(5.2 wt-%), respectively.These AL depositionsof vanadia
causednly asmalldecreasé<6%)in thespecificsurfacearea
of the support (Table 1). However, when the addition of
correspondingamountsof vanadiaon silica 873 K was done
by agueousmpregnationthe Sget valuesof the catalystswvere
~10% inferior than that of the support,and a greaterpore
volume diminution was observedat higher vanadiumcontent
(Table 1).

3.2.2.X-ray Diffraction. X-ray diffraction wasusedto detect
V05 crystalliteslarge enough that is with a diameterhigher
than~4—5 nm*2 ontheamorphousilica support.Thevanadia
catalystgpreparedy ALD onsilicapretreatecit 723,873,and
1023 K showedno XRD-detectablepeaks.However,a weak
V.05 peakat 260 = 26.2 was detectedfor the impregnated
samplesl-1VS-873 and 1-2VS-873 (XRD spectranot pre-
sented)?

3.2.3. X-ray PhotoelectronSpectroscopyThe influence of
the preparativemethodand the amountof vanadiumon the
relativedispersiorof vanadiumoxide speciesindthe oxidation
stateof vanadiumhavebeenexaminedoy X-ray photoelectron
spectroscopyOnly the one-andtwo-cycle ALD andimpreg-
natedsamplensilica 873K havebeenincludedin the study.

Anderssof hasexaminedseveralvanadiumoxidesby XPS
and tabulated their binding energiesof V2p%?2 signals by
referringthe spectrato the Ol1sline at 529.6eV. Becausehe
calibration in this study designateghe O1s signal of V.05
(Aldrich, purity 99.99%)at 529.9¢V (i.e., allowsa shift of 0.3
eV in V2p?2 peakpositionstoward higherbinding energies¥
the referencev2p®? signalsfor V,0s, VeOis, V204, andV,0s3
could be assignedto 516.9, 516.6, 515.9, and 515.7 eV,
respectively.

The binding energiegBE) for the V2p32 line were ~516.7
and~517.0eV for the low andhigh vanadialoadedcatalysts,
respectivelyThevaluesindicatethatthevanadiasurfacespecies
werefully oxidized (oxidationstateV>") in the latter samples
andthat they could be slightly reducedto the statesbetween
V4t andV>" in theformersampleg’>461t should,however be
noticedthat the observedshift (0.3 eV) is practically within
thelimit of experimentaérrors.Theslightreductionof themore
reducible,less vanadia-containingample$’ A-1VS-873 and
I-1VS-873,is mainly due to the exposureof the catalyststo
X-radiationin a UHV environmenturingthe dataacquisitiort®
and, accordingto the literature?® also possibly to the NH3

adsorptiorperformedat 353K beforethe XPS measurements.

This latter hypothesids, however,not very probable because
the binding energiesmeasuredefore the adsorptionof NH3
were practicallythe same.

The contributionsin percentageof the M—O components
(M =V or Si) in the catalysts,calculatedfrom the spectra
correspondingo O1lsline, are presentedn Figure 7 together
with the relative V/Si atomic ratios, calculatedfrom the XPS
or chemicalanalysis(CA) datafor the vanadiacatalysts.

The appearancef the Olsspectraof the ALD andimpreg-
natedcatalysts(not presented)vas ratherindependenbf the
vanadiumloadingand consistedof a large bandthat could be
dividedinto a bandcenteredat ~531.0eV (contribution~5—
10%) and at ~532.7 eV (contribution~90—95%) (Figure 7).
Themaximumat higherbindingenergyvaluecanbeattributed
to the silicon bonded oxygen in the SiO, lattice (exact
value532.8eV)*84? and the maximumat lower valueto arise
from the presenceof vanadiaspeciegvalue for bulk V,Os is
529.9eV).

The surfaceV/Si atomicratios, probingthe relativevanadia
speciedispersionwereslightly higherfor the ALD prepared

EIV-0
—A— V/Si (XPS)

Si-0
-8 V/Si (CA)

OTJBI DIUIOJE 1G/A

-0 bond contribution (%)
[N}
S

M
—
oo
1

A-1VS873 1-1VS873 A-2VS873 1-2VS873

Figure 7. Relative contributions of the MO components (M= V or

Si) derived from the XP spectra of O1s line together with V/Si atomic
ratios from XPS and chemical (CA) analysis for the ALD and
impregnated vanadia catalysts on silica pretreated at 873 K.
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Figure 8. Raman spectra: (A) Dehydrated silica supports and ALD
vanadia catalysts (a) SiG23 K, (b) SiQ 873 K, (c) SiQ 1023 K, (d)
A-1VS-723, (e) A-1VS-873 and (f) A-1VS-1023. (B) Dehydrated ALD
and impregnated vanadia catalysts: (a) A-1VS-873, (b) I-1VS-873, (c)
A-2VS-873 and (d) I-2VS-873.

A-1VS-873 (ratio 0.020) and A-2VS-8718.030)catalysts than

for the corresponding impregnated ones I-1VS-873 (0.019) and
[-2VS-873 (0.022), as seen in Figure 7. However, these ratios
were ~40—50% and~60—70% smaller than the bulk ratios
for ALD and impregnated catalysts, respectively (Figure 7). This
may be due both to a bad estimation of the intensity factors of
XP peaks and to the fact that a great part of vanadium is located
inside of the channels or mesopores of silica, away from the
detection capability (deptk~5 nm) of the XPS techniqu:*°

3.2.4. Raman Spectroscopyicro-Raman spectroscopy was
applied to study the nature of the vanadia species in the catalysts
and to confirm the crystallinity and dispersion features observed
by X-ray diffraction and photoelectron spectroscopies.

Raman spectra of silicas pretreated at 723, 873, 1023 K and
those of silica-supported atomic layer deposited catalysts are
presented in Figure 8A. The spectra of the one- and two-cycle
ALD catalysts on silica 873 K and the corresponding impreg-
nated catalysts are presented in Figure 8B. The samples were
dehydrated at 673 K in oxygen flow before the Raman
measurements.



Thesilicasupportgretreatedtdifferenttemperature@-igure
8A, samplesa—c), showedbroadRamanfeaturesat wavenum-
bersfrom 400to 470 cm™! andfrom 750to 850 cm™! dueto
the siloxanebendingd(Si—O—Si)andstretchingvy(Si—0O—Si)
moded®50 and at ~1050 cm™! due to the v,d{Si—O—Si)
linkages?®—3250in accordancevith theinert DRIFTS measure-
ments.The bandat ~976 cm™ can be assignedo the Si—O
stretchingmodeof isolatedhydroxyls3:5951|n additionto these
bandswo ratherdistinctfeaturesatwavenumber§95and484
cm~1 arosefrom the tri- andtetracyclosiloxanerings, respec-
tively,10:49.50

The ALD catalystswereobservedo be very homogeneous
as identical Ramanspectrawere recordedafter focusing the
analysisspotof the microscopeat severapointson the powder
surface.The spectraof the catalystson silicas pretreatedat
differenttemperature@igure8A, samplesi—f) showeddistinct
peaks at wavenumber~1042 cm™! due to the stretching
v(V=0) of isolatedtetracoordinatedlanadatespecies?5052The
literaturereferencegecite that theseisolatedVVO, specieson
silica are composedrom one terminal V=0 bond and from
threebridgingV —O—Si bonds!019:50.52Theintensityof the peak
at~1042cm™! decreasedraduallywith decreasinggmountof
vanadium(i.e., increasingpretreatmentemperatureof silica
(Figure 8A, samplesd—f)). Moreover,presumablyeither the
silica carrier or noncrystallizedvanadiagaverise to a broad,
ratherintensebandat ~440 cm™ in theseALD catalysts?

The differencesin structureand coordinationof vanadia
speciesbetweenALD and liquid-phaseimpregnateccatalysts
can be specifically pointedout basedon the averagedspectra
in Figure8B. For A-1VS-873(Figure8B, samplea) andA-2VS-
873 (Figure8B, samplec) catalystsjntensepeaksat 1042and
1043cm™1, respectivelyandbroadbandsat ~440cm~t were
detected.The intensity of the monomeric speciespeak at
el RIS SR S B YL AT YRS
in A-2VS-873.

For the two-cycle ALD catalyst, A-2VS-873, also a trace
quantity of W,Os could be revealed by scrutinizing with
the sensitive Raman spectroscthyisible as a very weak
feature at 143 cmt in Figure 8B, sample €253 This observa-
tion confirms the maximum dispersion of vanadia~®.3 V
at/nnﬁup Similarly, Gao et at? have determined by Raman
spectroscopy an experimental monolayer coveragezb V
at/nr‘rfup for the silica-supported vanadia catalyst prepared by
incipient-wetness impregnation with2zpropanol solution of
vanady! triisopropoxide. On the other hand, Das €€ dlave
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Figure 9. Differential heat of ammonia adsorption at 353 K as a
function of ammonia coverage: (A) Adsorption on silica support
pretreated at 723 K and ALD catalysts on silica pretreated at 723, 873,
and 1023 K. B. Adsorption on ALD and impregnated vanadia catalysts
on silica pretreated at 873 K.

and position shifted slightly at higher wavenumber (1042 jm
as the vanadium content increased (I-2VS-873, Figure 8B,
sample d).

The impregnated and ALD-prepared, silica-supported samples
(Figure 8A, samples df, Figure 8B, samples-ad) showed
also a broad band at1070 cn1?! due to perturbed SiO~ and
Si(—0"), vibrations indicating that the ¥O—Si bridging bonds
are formed by breaking Si—O—Si bridg¥s3 The decrease in
number of cyclosiloxane rings was also observed from the
weakening of the band at595 cn11.1055The dissociation of
strained siloxane bridges has also been suggested in studies by
Blimel 38 using solid-state NMR, and Dubois et #.using
FTIR of alkoxysilane reactions with high surface area silica,
dehydroxylated at 873 and 1250 K, respectively. On the other
hand, Chuang et &f.reported that siloxane linkages formed
during pretreatment at temperatures above 773 K were highly
reactive toward molecules such as water or ammonia, which
could have caused the cleaving of siloxane bridges during the
calcination of our catalysts impregnated with an ammonium

observed for the catalyst prepared with vanadyl triisopropoxide metavanadate solution.

in methanol the formation of crystalline ;@s on the high
surface area silica already at a coverage of 1.6 V :fg,pm

3.3. Acidity of the Catalysts.The acidity of the catalysts in
the form of surface reactivity toward ammonia was evaluated

The two rather heterogeneous liquid-phase impregnatedby two techniques: adsorption microcalorimetry to obtain the

samples I-1VS-873 (Figure 8Bb) and 1-2VS-873 (Figure 8Bd)
prepared for comparison showed typical crystallin®ybands

at wavenumbers 0f143, 194, 282, 301, 407, 470, 515, 694,
and 994 cm1,10445254Egpecially the bands at143 (skeletal
vibration of V,Os), 282, 407, and 994 cm (v{V=0) in
multilayer structuré)10.51.5254ere very intense and narrow.
On the other hand, the broadness of bands at 470'cm
has been discussed to be due to poorly crystallized vai&dia.
This early formation of vanadium pentoxide crystals, e.g., at
concentrations of+1.0 V at/nrriup is often observed in the

total number, the strength and the strength distribution of acid
sites and X-ray photoelectron spectroscopy to determine the
nature (Lewis/Brgnsted) of the adsorbed species and to have
an indication of the number of medium strength and strong
surface acid site:25

3.3.1. Adsorption MicrocalorimetryThe differential heats
(Quir) of ammonia adsorption at 353 K on silica support and
ALD vanadia catalysts are presented in Figure 9A with
increasing surface coverage. The comparison oQhevalues
of ALD and impregnated vanadia catalysts on silica pretreated

literature to occur for the silica-supported catalysts prepared at 873 K is done in Figure 9B. When nonacidic silica support

from the solutions of vanadium oxalate compféxMore-
over, the isolated species gave rise to the peak at 1037 cm
for I-1VS-873 (Figure 8Bb), of which the intensity decreased

9

presented only plateau at 0@ value < 20 kd/mol (Figure
9A),5"%8the addition of vanadia by impregnation or ALD created
essentially rather weak surface acid sites with evolved heats



TABLE 2: Calorimetric and Volumetric Data Obtained from Ammonia Adsorption and Desorption at 353 K
acid site number (umol N¥figca)

Qinit 2 A Virr © Qint @ 60<Q <80 80 < Q <100 100< Q < 120

sample (kJ/mol) («mol NHa/gcay («mol NHa/gcay (J/ga) kJ/mol kJ/mol kJ/mol
SiO, 723 14 66 28 1 e e e
A-1VS-723 101 213 24 17 134 94 7
A-1VS-873 106 156 18 12 80 48 6
A-2VS-873 94 225 27 18 116 129 e
I-1VS-873 91 139 21 10 76 27 e
I-2VS-873 89 172 37 12 112 31 e
A-1VS-1023 76 164 24 12 137 e e

a|nitial heat of adsorption? Total adsorbed volume at 27 Pdrreversibly adsorbed volume at 27 Pdntegral heat of adsorption at 27Negligible
or zero.

(Q) between 40 and 100 kJ/mol (Figure 9A and 9B). The
differential heat of adsorption curves in Figure 9A and the
detailed distribution of the acid site strengths tabulated in Table
2 show that the acidic character of the ALD catalysts on silica
pretreated at different temperatures strengthened gradually with
an increasing amount of vanadia. The parafdgk curves of
A-1VS-723 and A-1VS-1023 indicate that the number and
strength of acid sites in these catalysts are altered in the same
manner (Figure 9A). Whereas only a difference in the strength
of acid sites is distinguished between A-1VS-873 and A-1VS-
1023, the number of acid sites also differs between A-1VS-
723 and A-1VS-873 (Figure 9A).

For the ALD and impregnated catalysts on silica pretreated
at 873 K, theQqir values versus ammonia uptake revealed the
importance of the preparative method on the acidity of the . . K ,
catalysts (Figure 9B). The good dispersion of the ALD catalysts 406 404 402 400 398 396
yielded higher evolved heats and greater number and strength Binding energy (eV)

Of acid sites. Indeed, th_e CataIySFs A':_LVS'873 and_l-2VS-873 Figure 10. N1s XP patterns obtained after ammonia adsorption and
displayed nearly identical calorimetric curves (Figure 9B) desorption at 353 K on ALD and impregnated vanadia catalysts: (a)
although the latter sample contained twice as much vanadium.A-1VS-873, (b) I-1VS-873, (c) A-2VS-873, and (d) 1-2VS-873.
Moreover, the number of acid sites (@mol NHs/gca) which

adsorb ammonia within a given heat interval € 20 kJ/mol) 3.3.2. Adsorption X-ray Photoelectron Spectroscopy. The
between 60 and 120 kJ/mol (Table 2) was always greater for presence and nature of medium strength and strong surface acid
the corresponding ALD sample. The progressively decreasing sites of the ALD and impregnated samples on silica pretreated
curves with the coverage (Figure 9B) for A-1VS-873, I-1VS- at 873 K have been studied by adsorption X-ray photoelectron
873 and 1-2VS-873 indicate heterogeneity in the acid site spectroscopy. The XPS method of base molecule adsorption
distribution. However, more homogeneous distribution with a has been applied in combination with IR technitfuer with
plateau at 90 kJ/mol is observed for A-2VS-873. adsorption microcalorimetf§5°for the quantitative and qualita-

As can be see from the calorimetric data in Table 2, the initial tive investigation of the acidic properties of zeolites and oxides.
heats Qinit) of ammonia adsorption of the catalysts were slightly The acidic species formed upon adsorption of nitrogen contain-
dependent on the vanadia coverage and on the preparativéng base (e.g. N pyridine, pyrrole) can be identified, and

method being rather constant at betweeB80 and ~110 their concentration is able to be determined from the binding
kJ/mol. The irreversibly adsorbed amount4.{ illustrating energy position and intensity of the N1s line, respectivéfy.0

the number of strong acid sifég> were low ~20—40 umol By the ammonia adsorption XPS technique, only medium
NHs/gcar for all of the catalysts. The integral heat®if), strength and strong acid sites can be detected as ammonia

corresponding to the total heat evolved after adsorption at desorbs from the weak acid sites in ultrahigh vacuum operating
27 Pa2*?5increased from~10 to ~20 J/g, When the adding  conditions of XPS459
of higher amounts of vanadia was done by ALD but stayed The XPS spectra of N1s line obtained for the ALD and
rather constant at10 J/g.:When the addition was effected by  impregnated samples on silica pretreated at 873 K aftes NH
impregnation (Table 2). adsorption and desorption at 353 K are presented in Figure 10.
The total number of acid sited/{ values) measured from  The relative contributions of the acid sites (Lewis or Brgnsted)
the adsorption isotherms at a pressure of 27 Pa, decreasedalculated from these photoelectron spectra are shown with the
in the order A-2VS-873> A-1VS-723 > [-2VS-873 > surface nitrogen/vanadium (N/V) atomic ratios in Figure 11.
A-1VS-1023> A-1VS-873 > 1-1VS-873> SiO, (Table 2). The data of pure silica was omitted from the figures as being
The ammonia uptakes normalized to the same vanadiumnonacidic; it did not adsorb ammonia in UHV conditions.
surface density were-30% greater for the ALD samples As seen in Figure 10, the broad XPS spectra of the N1s
A-1VS-873 and A-2VS-873 than for the corresponding impreg- line of the ALD samples could be divided into two components
nated samples |-1VS-873 and 1-2VS-873, respectively, this at ~400.5 and 402.2 eV (Figure 10, samples a and c). The
being in agreement with our earlier microcalorimetric studies former bands (400.5- 0.1 eV) are assigned in the literature
of ammonia adsorption on similar, ALD and impregnated to nitrogen which is coordinatively bonded to Lewis acid sites
V,05/SiO; catalyst$? and the latter (402.2 eV) to the reaction of ammonia with
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EJLewis EZBronsted -@- N/V of the precursoronto silica pretreatecat 873 K wasachieved

_100 0.5 within “the ALD temperaturevindow”, in this case,between
& 90 1 363 and 393 K. The binding proceededin a precise and
8 o4 % reproducibleway throughoutthe supportbed and resultedin

2 L 03 = mainly bidentatesurfacespeciesonsilica pretreatect473and
b= 2 723K andmainly monodentatespecieson silica pretreatecat
§ F02 & 873 and 1023 K. The growth led to vanadiumdensitiesof

23 % ~2.0,~1.6,~1.4,and~1.1V at/nnfup on silica pretreatedat
2 o1 473,723,873,and1023K, respectively However,the highly
< 0 . 0.0 reactive precursornecessitatedhe finding of rather optimal

processparametersmaking upscaling difficult. Due to the
Figure 11. Relative contributions of the acid site components derived catalyt_lt_:ally active _nature of sur_face vanadia species, the
fr(?m the XP spectra of N1s line together with the sunE’ace N/V atomic depositionwaspossibleto performin a controlledmanneronly
ratios for the ALD and impregnated vanadia catalysts on silica pretreatedup to a near monolaye(~2.6 V at/nniur) level on silica
at 873 K. pretreated at 873 K.
The surface area and porosity of silica were only slightly

Bronsted acid site¥:5% The relative percentage ratios of the ffected by atomic layer deposited vanadia, and no vanadium
Lewis and Brgnsted components are 70%/30% for the two pentoxide crystallites were observed by XRD in the catalysts.
samples (Figure 11). However, when the corresponding amounts of vanadium (1.5

The impregnated catalysts I-1VS-873 and I-2VS-873 showc_ed and 2.5 V at/nrﬁm) were introduced by liquid-phase impreg-
also both Lewis (~400.6 eV) and Brensted (~402.1 eV) acid nation of silica, the vanadia phase agglomerated decreasing the
site pontrlbutlons, as seen in Fl_gure 10, samples bland. d. Thesupport surface area and forming crystallingdy. The differ-
relative concentratlolns of Lewis and Brgnsted acid sites of apces in the surface species and crystallinity of the catalysts
the catalysts were in the scale of 706% and 25-30%,  prepared via the gas phase or by impregnation were confirmed
respectively (Figure 11). The creation of both Lewis and py Raman spectroscopy. The active phase in the ALD catalysts

A-1VS8731-1VS873 A-2VS873 1-2VS873

Brensted acid sites upon adding vanadia-@t9—4.1 at/nfﬁh_p was homogeneous and consisted of isolated, tetracoordinated
loading on silica has been shown previously in the litera- yanadate species. The species peak intensity increased gradually
ture7 by increasing the vanadium coverage. In the impregnated

The slight reduction of surface vanadia species due to the catalysts, clear YOs crystal features were detected again,
UHV condition$® and ammonia adsorptidfi,as discussed in together with those of the monomeric species. The X-ray
the XPS structural characterization paragraph (3.2.3.), might photoelectron spectroscopy measurements verified the impor-
have decreased in concentration the surface Bregnsted acid sitegance of the preparative method by indicating a better surface
of the catalysts. However, in another study, we have  dispersion of the vanadium oxide species in the ALD catalysts
investigated the acidity of similar ALD and impregnated, silica than in the impregnated catalysts.
supported vanadia catalysts (1.5—3.1 aﬁl[g)nby ammonia Adsorption XPS and microcalorimetry experiments showed
adsorption XPS and by infrared spectroscopy of pyridine that the acidity of the samples depended strongly on the
adsorption. The purpose of this two-method study was to dispersion and thereby on the mode of preparation. The vanadia
compare the acidity results obtained by a surface (XPS) and aaddition either by impregnation or by ALD produced principally
bulk (IR) technique and to see the extent of the reduction weak and medium strength surface acid sites of mainly Lewis-
phenomenon. Similar qualitative acid site distributions«{70  but also Bragnsted-type in nature. For the ALD catalysts, the
75% Lewis sites, 2530% Brgnsted sites) were observed for number and strength of surface acid sites increased gradually
these samples, indicating that the vanadia/silica catalysts hadby increasing the vanadia surface coverage on silica. For the
rather similar surface and bulk acid site compositions and that impregnated catalysts, the less dispersed vanadia species led to
the slight surface species reduction had no significant effect onammonia uptakes of around 30% inferior to those for the
the acidic propertie®! corresponding ALD catalysts.

The N/V atomic ratios obtained by XPS illustrate the number
of medium strength and strong surface acid sites on which the
probe molecule Nglis adsorbed* The ratios were slightly
greater for the impregnated catalysts than for the ALD catalysts
(Figure 11). This order agrees with the tendency shown by the
irreversibly adsorbed volumég, (Table 2), which correspond
to the number of strong sites. Comparatively tohe however,
it appears thaiN/V ratios for A-2VS-873 and [-2VS-873 are
slightly too small in comparison with the two other catalysts.
This probably comes from the relative dispersion of vanadium
which is better after one cycle than after two cycles (Figure References and Notes
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