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The structure and catalytic properties of binary dispersed oxide structures prepared by sequential deposition
of VO, and MoQ or VO and CrQ on Al,O; were examined using Raman and Y\isible spectroscopies,

the dynamics of stoichiometric reduction in,Fnd the oxidative dehydrogenation of propaned@mains

on Al,O; modified by an equivalent Mo@dnonolayer led to dispersed binary structures at all surface densities.
MoOx layers led to higher reactivity for VOdomains present at low V{Gsurface densities by replacing
V—0—Al structures with more reactive YO—Mo species. At higher surface densities; @—V structures

in prevalent polyvanadates were replaced with less reactiv®¥Mo, leading to lower reducibility and
oxidative dehydrogenation rates. Raman, reduction, and-Waible data indicate that polyvanadates
predominant on AlO; convert to dispersed binary oxide structures when MisQleposited before or after

VOy deposition; these structures are less reducible and show highewididle absorption energies than
polyvanadate structures on,®;. The deposition sequence in binary Md catalysts did not lead to significant
differences in structure or catalytic rates, suggesting that the two active oxide components become intimately
mixed. The deposition of CrOon Al,O; led to more reactive VQdomains than those deposited on pure
Al,O3 at similar VQ, surface densities. At all surface densities, the replacement-@-vAl or V—-0—V
structures with \-O—Cr increased the reducibility and catalytic reactivity of WY@mains; it also led to

higher propene selectivities via the selective inhibition of secondgfg Gombustion pathways, prevalent in
VO,—AIl,Os, and of GHg combustion routes that lead to low alkene selectivities on,€AD,O3. VO4 and

CrOx mix significantly during synthesis or thermal treatment to form Cy\dOmains. The deposition sequence,
however, influences catalytic selectivities and reduction rates, suggesting the retention of some of the component
deposited last as unmixed domains exposed at catalyst surfaces. These findings suggest that the reduction
and catalytic properties of active (@omains can be modified significantly by the formation of binary
dispersed structures. VOCrOy structures, in particular, lead to higher oxidative dehydrogenation rates and
selectivities than do VQdomains present at similar surface densities on pus®s4gupports.

1. Introduction suggested that an intervening layer of a more reducible oxide
(MOy) may minimize these support effects by replacing®-
support linkages with more reactive\O—M linkages.

Few such binary dispersed oxide catalysts have been reported.
Gao et al'® and Liu et al*® reported the catalytic properties of

The oxidative dehydrogenation (ODH) of propane provides
an attractive route for the synthesis of prop&n@ This reaction
occurs on oxides of W6-31 Mo,1923.3844 gnd Cr3%46 with

V-based catalysts typically providing higher rates and propene ; . o
selectivities'®22 Supports influence rates and selectivities on V20s/TiOA/SIO;, for CH;OH oxidation and VGISnQ/AI20; for

dispersed VQ domainst’-2° For example, VQ supported on CH3;OCH; oxidation, respectively. In both studies, the interven-
Zr0,16:3031js highly active but gives low propene selectivities, ing layer increased the reducibility and catalytic activity of /O

while VO,/AI,Os gives lower rates but much higher alkene domains. Such binary dispersed structures have also been
selectivitiest?-20 examined for ODH reactions. Cherian et@teported that VQ

structures on AlO; and TiG, supported modified by Cryave
cycles and kinetically relevant-6H bond activation steps that ~ Nigher rates but lower propene selectivities than catalysts
require electron transfer from O to V within \(Odo- containing only VQ domalr]s_ on th_ese supports. T_he Iatter_stu_dy
mainsl819.23.3547Chen et af3 showed that ODH turnover rates  "€Ported a single composition, without systematic examination
increase with decreasing VQUV—visible absorption edge  ©f @any structural implications and catalytic consequences of
energies and with increasing reducibility of Y@omains in compositional changes. Dai et*ldescribed a series of binary
H,. ODH turnover rates increased as polyvanadates became thélispersed VQMoOJ/Al2O; catalysts prepared by dispersing
predominant VQ species, suggesting that linkages between VOxo0n Al20s modified by a nominal polymolybdate monolayer.
monovanadate structures and support cations decrease th&Or @ given VQ surface density, active structures on MeO

reactivity and reducibility of \-oxo species. These data also coated AlO; were more reducible than those on @,
apparently because less reactive ®—Al linkages are replaced

* Corresponding authors. E-mail: bell@cchem.berkeley.edu (A.T.B.); W_ith V—0—Mo bonds; these trends were also reflected in the
iglesia@cchem.berkeley.edu (E.l.). higher propane ODH turnover rates measured o Mictures
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ODH reactions on supported \(@atalysts involve redox
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dispersed in Mo@AIl,O; relative to those on similar VO Raman spectra were collected using a Hololab Series 5000
domains on pure AD; supports. MoQ interlayers also spectrometer (Kaiser Optical) equipped with a frequency-
decreased primary and secondary combustion rates and led taloubled 75-mW Nd:YAG laser (532 nm). Samples were pressed

higher propene selectivities. In contrast,”Begs and Khatid into self-supported wafers (0.9 cm diametef0 mg cnT?) at
found no synergistic effects in V©@MoO,/Al,O3 samples 200 MPa and then held onto a rotating holder within a quartz
prepared by coimpregnation, which contained-Mo6—0O mixed Raman cell. Raman spectra were recorded at ambient temper-
phases at (Met+ V) surface densities above those required for ature before and after treating samples in flowing dry air (Airgas,
two-dimensional oxo-oligomers on A3 surfaces. zero grade, 0.83 cfrs™1) while heating to 673 K at 0.167 K

Here, we aim to probe the structure and catalytic function of s~ and holding at 673 K for 1 h.
binary dispersed oxide catalysts for alkane ODH reactions. Temperature-programmed reduction (TPR) studies were car-
Samples were prepared by dispersing,\&pecies on AlO3 ried out in a flow unit (QS-10, Quantachrome Corp.), H
support surfaces modified by Mo and Cr oxides and also by concentrations were measured using a thermal conductivity
preparing “inverse bilayers”, in which Mo and Cr oxides are detector calibrated by reducing CuO. The sample amount (15
dispersed on AD; modified by a polyvanadate monolayer. The 100 mg) was chosen to maintain a constant number of removable
resulting structures were examined by Raman and-\igible oxygen atoms (equivalent to 5 mg of MgO Samples were
spectroscopies and by measurements of their reduction dynamicfieated to 1173 K in 20%}+Ar (Praxair, 99.999%) at 0.167 K
in H,, and their catalytic function was determined by rigorous s™* and held at 1173 K for 1 h. #0 reduction products were
measurements of turnover rates and of rate constants for primaryremoved before thermal conductivity detection with a 13X sieve
and secondary reactions. at ambient temperature.
. . Diffuse reflectance UV-visible spectra were collected with
2. Experimental Section a Cary 4 spectrophotometer (Varian Corp.) equipped with a
2.1. Synthesis of Binary Dispersed Structures on ADs. Harrick Scientific diffuse reflectance attachment (DRP-XXX)
Fumed AbO; (Degussa AG; surface area 1072/g) was and an environmental chamber (DRA-2CR). Samples were
contacted with deionized water, dried at 383 K for 72 h, and treated in 20% @-He (Praxair, 99.999%, 0.83 éw 1) at 723
treated in ambient air at 823 Kif@ h before use in a process K for 0.5 h before measurements. The Kubetkéunk function
intended to strengthen aggregates; its BET surface area was 12%F(R,,)) was used to convert reflectance data into pseudoabsor-
m?/g after this treatment. Mo@AI O3 (MoAl) and CrQ/Al ;03 bance using MgO as a reflective standg#e Absorption-edge
(CrAl) with various active oxide surface densities were prepared energies were calculated from theintercept of a linear
by impregnating AIO; with solutions of molybdenyl acetylac-  regression of [f(R.))hv]Y2 data versugw. 53
etonate (Alfa Aesar, 99%) in acetone (Aldrich, 99.5%) or with 2 3. Catalytic Rates and Selectivity Measurement©xida-
aqueous solutions of chromium(lll) nitrate nonahydrate (Aldrich, tive dehydrogenation rates and selectivities were measured at
98%). Samples were then dried at 383 K in ambient air overnight 583-673 K using a quartz flow microreactor. The reactor is
and treated in flowing dry air (Airgas, zero grade, 3.33*cm 50 cm long, and the catalyst section is 10 mm in diameter and
s 1) by heating to 773 K at 0.167 K'$ and then holding at 35 mm in length. The reactor was heated via an electrical
773 K for 2 h. VQ/AI,O3 (VAI) was prepared by incipient-  furnace, and the temperature was set by a temperature controller
wetness impregnation of AD; with 2-propanol (Aldrich, (WATLOW) and measured by a K-type thermocouple inserted
99.99%) solutions of vanadyl isopropoxide (Aldrich, 98%); into the reactor and positioned within the catalyst bed. Tempera-
samples were kept in a;Nlow within a glovebox overnight  ture gradients were avoided by diluting catalyst samples-(20
and transferred into a quartz reactor sealed with stopcocks at40 mg, 256-500.m) with equal amounts of acid-washed quartz
each end. These samples were treated at 393 K in flowing N (250-500 um). GsHg (13.5 kPa, Airgas, 99.9%) and,@1.7
(Airgas, 99.999%, 1.67 chs!) for Lhand at 573 Kfor 1 h;  kPa, Airgas, 99.999%) with He as balance (Airgas, 99.999%)
air (Airgas, zero grade, 1.67 ém ) was then introduced and  were used as reactantszHG and G conversions were kept
samples were held at 573 Krfd h and at 773 K for 2 h. below 2% and 20%, respectively, by varying reactant flow rates.
Binary dispersed V@MoO,/Al;03 (VMoAI) and VO,/CrO,/ Space velocities were 30 08600 000 crd g1 h™1. Reactant
Al;03 (VCrAl) catalysts were prepared by incipient-wetness and product concentrations were measured by chromatography
impregnation of MoAl or CrAl samples with 2-propanol (Hewlett-Packard 6890) using a Carboxen 1004 packed column
solutions of vanadyl isopropoxide with the same procedures usedconnected to a thermal conductivity detector and HP-PLOT Q
for VAL MoO,/VO,/Al;,O3 (MoVAI) catalysts with varying capillary column with a flame ionization detector.
MoO;3 contents were prepared by impregnation of 10@y Reactor residence time effects on rates and selectivities were
Al,0O3 with acetone solutions of molybdenyl acetylacetonate, used to estimateEls dehydrogenatiorr{) and combustionrg)
and then treating them at 383 K in ambient air and in flowing rates by extrapolating ls and CQ synthesis rates to zero
dry air at 773 K for 2 h. A 12%G03/10%V,05/Al 03 residence time. §Hs combustion rates §) were obtained from
(12Cr10VAl) sample was prepared by incipient-wetness im- the slope of GHg selectivity data as a function of residence
pregnation of 10%YOs/Al,O; with aqueous chromium(lll)  timel6-23 These primary and secondary reactions and their
nitrate solutions, followed by drying at 383 K in ambient air respective rate constantk,(k,, ks) are shown in the scheme
and treatment in flowing dry air at 773 K for 2 h. below:
2.2. Catalyst Characterization. BET surface areas were
measured using Quantasorb units (Quantasorb 1 or Quantasorb

1
CGHy — » CH
6 Surface Analyzers, Quantachrome Corp.) ap@iNts normal e e

boiling point. Samples were treated in dynamic vacuum (0.1 lkg
Pa) at 393 K for at leas8 h before BET measurements. X-ray ks
diffraction (XRD) data were measured with a Siemens D5000 co,

unit at ambient temperature using CuakKadiation. The X-ray
tube was operated at 45 kV and 35 mA, and the scan rate was Dehydrogenation and combustion rates are assumed to be
1.2°/min. first-order in GHg and GHg and zero-order in @ as found
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TABLE 1: BET Surface Areas and VOy Surface Density of \bOs/Al,03 Catalysts

wt % surface area surface area VO surface
catalyst denotation V,0g2 (m?g cat) (m&g Al,O5) density (V/nn3)
3%V,05/Al ;03 3VAI 3.1 108.1 111.6 1.9
7%V,05/Al ;05 7VAI 7.3 119.3 128.7 4.1
10%V,0s5/Al ;03 10VAI 8.3 103.3 112.6 5.3
15%\V,05/Al .03 15VAI 12.4 94.8 108.3 8.7
18%V,0s/Al ,03 18VAI 14.8 91.1 106.9 10.7

aWeight loading obtained by inductively coupled plasma (ICP) analysis.
TABLE 2: BET Surface Areas and VO, Surface Density of \bOs/M0oO3/Al,O3 and MoOg/V,0s/Al,03 Catalysts

wt % surface area surface area VO surface
catalyst denotation V205 (m?/g cat) (m%g Al,O5) density (V/nn3)

12%MoQy/Al 05 12MoAl 99.4 113.0 5.0 (Mo/n@)
3%V,05/12%MoOy/Al ,03 3V12MoAl 2.2 90.1 104.7 1.6
7%V,05/12%MoOy/Al ,O3 7V12MoAl 6.12 90.8 109.8 4.4
10%V-05/12%MoQy/Al ;03 10V12MoAl 8.4 81.2 100.7 6.9
15%V,05/12%MoGy/Al ,03 15V12MoAl 12.4 84.6 109.8 9.7
10%V-05/2%MoOs/Al ;03 10V2MoAl 8.4 105.5 117.4 5.3
10%V,05/4%MoOs/Al ,03 10V4MOoAl 8.4 89.9 102.2 6.2
10%V-05/8%MoOs/Al ;03 10V8MoAl 8.4 83.8 99.4 6.6
10%V,05/16%MoOy/Al ,03 10V16MoAl 8.4 77.3 100.4 7.2
10%V-05/20%MoQy/Al ;03 10V20MOoAl 8.4 74.5 101.6 7.5

aWeight loading obtained by inductively coupled plasma (ICP) anal§#issuming that 10¥MoAl has the same )Os loading as
10V12MoAl.

TABLE 3: BET Surface Areas and VO, Surface Density of \bOs/Cr,03/Al,O3 Catalysts

wt % surface area surface area VO surface
catalyst denotation V205 (m?#g cat) (m&g Al,O5) density (V/nn3)

12%CrO4/Al 03 12CrAl 120.0 136.4 7.9 (Cr/nfp
1%V,05/12%CrO3/Al .03 1V12CrAl 1.0 112.6 129.2 0.6
3%V,05/12%CrO5/Al ;03 3V12CrAl 3.¢ 94.8 111.1 2.1
7%V,05/12%CpOs/Al ,03 7V12CrAl 6.4 98.6 119.7 4.3
10%V,05/12%CrO3/Al ;03 10V12CrAl 8.9 93.0 116.0 6.3
12%V-05/12%CpOs/Al .03 12V12CrAl 10.4 91.6 116.2 7.5
15%V,05/12%CrO3/Al ;03 15V12CrAl 12.8 90.5 117.9 9.4
10%V-05/1%CrOs/Al .03 10V1CrAl 8.9 106.3 117.8 5.5
10%V>05/3%CrO3/Al ,03 10V3CrAl 8.9 105.5 119.3 5.6
10%V-05/6%CrLOs/Al .03 10V6CrAl 8.9 91.7 107.1 6.4
10%V>05/9%CrO3/Al ,03 10V9CrAl 8.9 96.5 116.4 6.1
10%V-05/15%CpOs/Al .03 10V15CrAl 8.9 90.5 116.8 6.5

a\Weight loading obtained by inductively coupled plasma (ICP) analy#Assuming that 10XCrAl has the same XMDs loading as
10V12CrAl.

experimentally on Mo@and VQ, catalystst®2! Values ofky/ surface areas merely reflect the larger total mass of samples
k, are calculated from primary selectivitieSc{,”) using per amount of AJO3 in each sample; surface areas per amount
of Al,O3 (Tables 13) are essentially the same in all samples.
S:3H60 =Kk/(k; + k) Thus, dispersing active oxides, as monolayers or bilayers, does
not influence A}Os surface area.
while ks is obtained from gHs selectivities using Figure 1 shows X-ray diffraction data for selected samples.
o Pure AbO3 shows only lines for it3-phase, which is the only
S, = S 1L~ (Kt ko 1 ko) C7/2] phase detected in 10VAI, 12MoAl, and 12CrAl. 10V12MoAl

and 12Mo10VAI showed lines for AIVMo@and weaker lines
wherert is the residence time arn@, is the number of V-atoms ~ for MogV¢O49 and MoV,Og. Only y-Al,O3 was detected in
per unit volume’ 10V12CrAl and 12Cr10VAl.

Figure 2 shows Raman spectra at ambient temperature for
VAl samples with a range of Vsurface densities treated in
3.1. Catalyst Characterization. 3.1.1. Surface Areas and flowing dry air at 673 K for 1 h, and denoted as dehydrated
Structure of CatalystsSurface areas and \(@urface densities ~ samples throughout. The band at 1033 émwas assigned to
for all samples, as well as their designated nomenclature, areV=0 stretches in monovanadates and polyvanadates, and the
shown in Tables +3. Surface areas of VAl samples decreased broad 756-1000 cm! bands were assigned to\O—V
with increasing VQ content and surface density (Table 1), as stretches in two-dimensional polyvanad&&%:54%¢ Crystalline
was also found for VQdispersed on AlD; containing a nominal V205 gives sharp intense Raman bands at 1002, 708, 535, 490,
monolayer of MoQ (12MoAl) or CrQy (12CrAl). Surface areas 410, 305, 289, 203, and 150 ch¥ At low VO surface densities
for VMoAI and VCrAl with similar VO, surface densities but (1.9 V/nn®), the ratio of the 1033 cni band intensity (=0
varying MoQ, or CrQ, contents also decreased with increasing stretch) to that for the 946 crhband (V—0O—V stretch) is high,
MoOy and CrQ content (Tables 2 and 3). These changes in indicating that monovanadates predominate on these samples.

3. Results and Discussion
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Assignments of diffraction peaks are based on the following PDF numbheedumina (PDF#10-0425), AIVMo©(PDF#46-0687), MgV ¢Os0

(PDF#34-0527), and Mo)Dg (PDF#74-0050).
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Figure 2. Raman spectra ofVAI (x = 3—18). Samples were treated
in flowing dry air at 673 K for 1 h.

Polyvanadates become evident from emerging bands at 700
1000 cmt as VQ, surface density increases from 1.9 to 8.7
VInm?. Crystalline \WOs was detected at high \V{Osurface
density &8 V/nn?) from its two bands at 1002 and 708 ctin
consistent with saturation of polyvanadate monolayers— 7
V/nm?2.57 Raman scattering cross sections for buoyare~10
times larger than for monovanadab8sThus, dispersed VO
species remain predominant in 15VAI and 18VAI samples.
Raman spectra for dehydrated 12MoAl and V-coated 12MoA
samples with various VQsurface densitiesx¢ 12MoAl, x =
3—15; 1.6-9.7 V/nn?) are shown in Figure 3. 12MoAl showed
bands at 1013 and 842 ci attributed to Me=O and Mo~
O—Mo stretches, respectivel§:>%-61 Raman bands for crystal-
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Figure 3. Raman spectra of 12MoAl andv12MoAl (x = 3—15)
treated in flowing dry air at 673 K for 1 h.

intensities for the bands at 1013, 771, and 239 tohange to
similar extents with increasing ViGurface density; thus, they
appear to arise from a commonr-Wlo oxo-structure containing
V—0O—Mo linkages. A definitive assignment is not possible,
but their sharp nature and concurrent appearance with AIMoVO
diffraction lines in 10V12MoAl (Figure 1) suggest that they
arise from this crystalline phase. The 10V12MoAl sample,
which contains an equivalent \{Gnonolayer on AlO; pre-

| coated with a similar equivalent Mg@nonolayer, showed the
most intense bands at 1013, 771, and 239 ciFigure 3),
consistent with intimate mixing between Y@nd MoQ species.
Raman bands at 705 and 1002 ¢nfor crystalline \4Os were
detected at VQsurface densities of 9.7 V/rth§15V12MoAl).

line MoO; were not detected on samples prepared using Raman spectra for 1010Al (x = 4—20) samples, which
molybdenyl acetylacetonate as the precursor and a surfacecontain an equivalent VOmonolayer on AIOz; supports

density of 5.0 Mo/nry corresponding to approximately one
monolaye®? In contrast, MoAl samples prepared with am-
monium heptamolybdate showed crystalline Moltands at
surface densities above 4.5 Mo/Aff500nly a small unresolved
band at 1034 crt, assigned to ¥O stretches, appeared when

modified by varying amounts of MoQare shown in Figure 4.
Raman spectra for 10V4MoAl (Figure 4) and 10VAI (Figure

2) are similar. Bands at 1013, 771, and 239 éncorresponding

to V—Mo—(Al)—0O phases, were detected as Mosurface
density increased; these bands reached maximum intensities for

VO, was deposited on 12MoAl at low surface densities (Figure 10V12MoAl, which contains equivalent monolayers of both,/O

3, 3V12MoAl; 1.6 V/nn?). Higher VQ surface densities led to
two new bands at 771 and 239 ch together with a more
intense band at 1013 crj which was also present in the
spectrum for 12MoAl. The 771 cm band was previously
assigned to MeO—V stretches in molybdovanadat®#$! The

and MoQ, components. Diffraction patterns suggest here also
that these new bands arise from crystalline AIVMa&Ductures.
Crystalline MoQ was detected at surface densities above 6.9
Mo/nm?. The 1043 cm? band for =0 stretching modes in
monovanadates and polyvanadates decreased monotonically with
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Figure 4. Raman spectra of 10810Al (x = 4—20) catalysts treated

in flowing dry air at 673 K for 1 h.
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Figure 5. Raman spectra ofMo10VAI (x = 4—20) samples treated

in flowing dry air at 673 K for 1 h.

increasing MoQ surface density. Traces of crystalline®
were detected on 10V8MoAIl and 10V16MoAl. The residual
coexistence of crystalline X0s and MoQG in 10V16MoAl
indicates that VMo—O phases form more readily from
dispersed Mo@and VQ, than from crystalline YOs and MoG

at this treatment temperature.

MoOy species were supported on,8k precoated with an
equivalent VQ monolayer in an effort to explore the effects of
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Figure 6. Raman spectra of 12CrAl ant¥12CrAl (x = 3—15) treated
in flowing dry air at 673 K for 1 h.
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Figure 7. Raman spectra of 10VAI and 1&CZrAl (x = 1—15) treated
in flowing dry air at 673 K for 1 h.

band arises from symmetric stretches in the@=0 group
within chromates, while the 879 and 799 chbands reflect
Cr—O—Cr stretches in dichromates and trichromates, respec-
tively.56:64 The weak band at 986 crhis assigned to Cr©
(bands at 975 and 495 cr),5¢ but crystalline CyOz (with a
band at 550 cmt) was not detected in any of the sampte<8
Raman bands at 1009, 986, 879, and 799 ktmeakened

deposition sequence on the structure and function of dispersedupon addition of VQ to 12CrAl samples and were ultimately

binary oxides. Figure 5 shows that a mixed-Mo—0O phase

replaced by a band at 1037 chassigned to ¥O stretches

is present in 12Mo10VAI and 20Mo10VAI (bands at 1013, 771, and by two broad bands at 940 and 820 ¢nThe broad nature
and 239 cm?), but its characteristic bands are less intense than of these two latter bands suggests that they arise from well-
for similar compositions prepared via the reverse sequencedispersed structures. Definitive assignment of the band at 940

(Figure 4; 10V12MoAl). Crystalline YOs was detected in

cm~1is not possible. It appears at a frequency similar to that

4Mo10VAI and 12Mo10VAI, possibly because of the detach- for orthorhombic CrvQ (924 cn1?),%6.67 put the absence of

ment and recrystallization of dispersed y8iructures during
subsequent impregnation with M@@recursors. As MoQ
surface densities exceed one equivalent Maot@nolayer in

corresponding diffraction lines suggests that it exists as disor-
dered and highly dispersed Cry@omains, which tend to form
at low temperaturé8-70 The origin of the 830 cm! band is

20Mo010VAI, intense bands appear at 1000, 823, 680, and 320ynclear; it may reflect the presence of polychromates, poly-
cm?, corresponding to crystalline MaO

Figure 6 shows Raman spectra for 12CrAl avd 2CrAl (x
= 3—15; 2.1-9.5 V/nn¥) samples, which contain an equivalent
CrO, monolayer (7.9 Cr/nR).63 Polychromates, with Raman
bands at 756900 cnT?, are the predominant structures for GrO
species supported on pure @k, especially at CrQsurface
densities above 3 Cr/r#556:6465The 12CrAl sample shows
three intense bands at 1009, 879, and 799%cithe 1009 cm?

vanadates, or mixedYO—Cr oligomers. Crystalline ¥Os was
not detected, even at the highest \Drface density (15V12CrAl;
9.4 VInnv).

Figure 7 shows Raman spectra for 10VAI and XQYAI (x
= 1-15) samples with an equivalent \{@onolayer dispersed
on CrAl supports at varying Cr3urface densities. The relative
intensities of bands at 76A.000 cnt? change with increasing
Cr content. Bands at 786 and 890 ¢irin 10VAI became
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weaker, while the 930 cmt band became stronger, possibly
due to CrvQ formation. Only the 820 and 930 cthbands
remained at CrQ surface densities above 3.7 Cr/AnThe

ratios for the reduction peaks at 716 and 1033 K are 0.86 and
2.02, respectively, consistent with their respective assignments.
The reduction profile for 10V12MoAl also shows two peaks;

replacement of multiple bands for polyvanadates in 10VAI the first peak (788 K) is attributed to the simultaneous reduction

(Figure 2) with two bands at 820 and 930 chin xV12CrAl
(x = 7—15) suggests that ViGspecies formed CrVQspecies
or dispersed more uniformly on Cx©AI,O3 than on pure AlO;
supports.

Raman spectra for 12MoAl, 10V12MoAl, and 12Mo10VAI
and those for 12CrAl, 10V12CrAl, and 12Cr10VAI are com-
pared in Figure 8a and b. Mixed M@®—V structures were

of Mo®* and V™ in V—Mo—O structures to M&™ and \8*,
respectively, while the peak at 1000 K reflects the reduction of
Mo** to Mo®. The reduction profiles for 10V12MoAl and
12Mo10VAI are very similar (Figure 10a) except for a slightly
lower temperature for the first reduction peak in 122Mo10VAI
(760 vs 786 K). Table 4 lists the assignments of each reduction
peak and the moles of Atonsumed per mole of metal. This

detected on both 10V12MoAl and 12Mo10VAI. The spectra table also shows the expected (stoichiometric) consumption of

for 10V12CrAl and 12Cr10VAI are very similar, suggesting

H, in each case. Measured, Honsumption ratios are very

that the binary dispersed oxide structures formed are essentiallysimilar to those expected for each reduction peak and for the
independent of deposition sequence. Both spectra show a bandotal extent of reduction in 12MoAl, 10VAI, 10V12MoAl, and

at 930 cm'L, similar to that observed in CrV 924 cnt).66.67

3.1.2. Reduction of the Catalystgure 9a shows reduction
profiles for 10VAI, 12MoAl, 10V12MoAl, 12CrAl, and
10V12CrAl. The 10VAI sample shows a peak at 710 K with a
shoulder at 745 K, previously assigned to reduction &f 1
V3t in various polyvanadateé’8;>*°and consistent with multiple
Raman bands at 76A.000 cnt! in 10VAI (Figure 2). The
12MoAl sample shows a peak at 716 K, attributed to®Mo
reduction to M&™ in dispersed MoQ and another peak at 1033
K, corresponding to Mb" reduction to M8.2350.71The Hy/Mo

12Mo10VAI samples.

Reduction profiles for 12CrAl and 10V12CrAl are shown in
Figure 9a; their interpretation is more complex than from-\o
systems, because of the tendency of Csuctures to autore-
duce to various extents during thermal treatments. The peak at
578 K for 12CrAl corresponds to reduction of®€ito Cr3*+.39:40
Table 4 shows, however, that measuredddnsumptions for
reduction of CrQ species are smaller than expected for the
reduction of all Cr atoms in the sample from8Crto Cr,
suggesting that only60% of Cr cations exist as &rin 12CrAl
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treated at 723 K in flowing dry air for 0.5 h.

after thermal treatment in air. This proposal was confirmed by
the fraction of the Cr as €r in xCrAl (x = 1—-12) (see Figure
A of Supporting Information); in these samples, the fraction of
the Cr as Ci" decreased monotonically from unity to 0.6as
increased from 1 to 12 (i.e., 68 Cr/nn?). Oxide supports

TABLE 4: Assignments of TPR Results Reported in Figures
9 and 10

Ho/M (M =V, Mo, or Cr)

reduction peak (theoretical values are
sample temperature (K) assignment given in parentheses)
10VAI 710-745 \PT— V3T 0.92 (H/V =1)
12MoAl 710 Md+ — Mo*"  0.86 (H/Mo = 1)

1053 Mdt —Mo®  2.02 (/Mo =2)
12CrAl 578 CF™—Cr¥t  0.91 (H2/Cr=1.5)
10V12MoAl 786 \BF — V3F 0.99 (H/(V + Mo) = 1)

M06+ — M04+

1053 Md+ —Mo® 1.9 (H/Mo = 2)

12Mo10VAI 760 B — V/3F 0.89 (H/(V + Mo) = 1)
M06+ — M04+

1053 Mdt —Mo® 2.1 (H/Mo =2)
10V12CrAl 572 CP*—Cr’"™  0.12 (H/Cr=1.5)

693 \A+ — 3+ 1.08 (H/V =1)
12Cr10VAI 572 Cft—Cr?t  0.29 (H/Cr=1.5)
712 o+ — 3+ 0.91 (H/V =1)

The 10V12CrAl samples show two overlapping reduction
features at 578 and 693 K, which were assigned to,Guaal
VOy reduction, respectively. The CgOreduction peak in
10V12CrAl appears as a small shoulder next to the,VO
reduction peak, even though the number of lattice oxygens
associated with VQand CrQ in this sample are similar,

stabilize surface chromate species in hexavalent form, but Crindicating that the fraction of the Cr atoms as®Crin

atoms in excess of those required for a polychromate monolayer1l0V12CrAl is significantly smaller than that in 12CrAl. In
form a three-dimensional structure that reduces to trivalent contrast, all V" reduce to V¥ in this sample. These data
species to form GO3; during thermal treatment in &if.72-74

Our findings indicate that such &rstructures start to form at

CrOy surface densities abowe2 Cr/nn#.
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Reduction profiles for 12Cr10VAI and 10V12CrAl (Figure
10b) show that the CrQreduction peak at 572 K is smaller in

than in 10VAI at all temperatures, while rates in 10V12MoAl
are lower than in VAIL. We expect and indeed find significant

the latter sample. Consistent with this, Table 4 shows that the catalytic consequences of these reducibility trends for oxidative

fraction of the Cr atoms present as’Cis higher in 12Cr10VAl
than in 10V12CrAl; this indicates that 12Cr10VAI contains a
smaller fraction of the CrQas CrVQ, than 10V12CrAl. This
may be the reason that the reactivity of 12Cr10VAI is more
similar to 12CrAl rather than 10VAI, as we report in the next
section. The reduction profiles in Figure 9a indicate that,VO
species reduce faster in 10V12CrAl than in 10VAI, while the
MoOx layer in 10V12MoAl leads to slower Vreduction than

in L0VAI Arrhenius plots of the initial K consumption rates

obtained during the early stages of the stoichiometric reduction

of these oxides in KH(<15% reduction) are shown in Figure
9b. The initial H consumption rates in 10V12CrAl are higher

dehydrogenation reactions, as we discuss below.

3.1.3. U\ Visible CharacterizationUV —visible spectra are
shown in Figure 11 for 10VAI, 10V12MoAl, and 10V12CrAl.
The spectra for 10VAI and 10V12MoAl are similar and show
an absorption feature at 3.1 eV, while 10V12CrAl shows more
intense absorption features, including two at 1.8 and 2.5 eV,
corresponding to €d transitions in C¥" centers and charge
transfer in polychromate®;54without detectable spectral con-
tributions from \P™.

UV -—visible edge energies for 10VAlI and 10V12MoAl
samples are 2.25 and 2.40 eV, respectively. A previous $tudy
reported that ODH turnover rates increased with decreasing
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absorption edge energy; thus, 10VAI would be expected to show These trends reflect the increasing propensity for propane to
lower ODH rates than 10V12MoAl, as found experimentally undergo combustion as the surface of alumina is covered by
and reported below. The 10V12CrAl sample does not show an vanadia, and the tendency for propene to react less readily with
absorption edge, apparently because it occurs below 1.5 eV. increasing vanadia coverage. The latter trend is a consequence
In summary, Raman, reduction, and BVisible data indi- of the reduction in exposed alumina surface, on which are
cate that polyvanadate structures predominate in VAI sam- present Bgpnsted acid sites. A decrease in the exposure of such
ples. Mixed metal oxides form when MqQs placed below sites to the gas phase lowers the ease of readsorption of the
or above VQ, which leads to less reducible oxides and to newly formed olefin.
higher absorption edge energies than in VAL. Raman and Effects of VQ, surface density on primary ODH rates (per
reduction results also show that most Gpecies react with ~ V-atom) are also observed otv12MoAl and xXV12CrAl. At
VOy to form CrVQ, when VQ is deposited over a nominal  low VO surface densities<(3 V/nmd), rates orxV12MoAl and
CrO, monolayer on AlOs;, but that some CrQ remains XV12CrAl are similar and higher than otVAl. At higher VO
unreacted when it is deposited over a nominal monolayer of surface densities, rates oiv12MoAl become lower than on
VO on Al,Os. xXVAI. This behavior appears to reflect the mixing of V and
3.2. Oxidative Dehydrogenation Rates and Selectivities. Mo species, leading to the replacement of @—V structures
Rates normalized by catalyst mass are shown in Figure 12 forwith less reactive ¥O—Mo structures. Below 3 V/nf
C3Hg conversion and §Hg formation onxVVAI, XV12MoAl, and monovanadates prevail on both,® and 12MoAl surfaces
xV12CrAl as a function of V@ surface density. As reported (Figure 3) and \-O—Al species inxXVAIl are thus replaced, at
previously??2 ODH rates orxVAl increase with increasing VO least in part, by V-O—Mo, leading to greater reducibility and
surface density and reach constant valuesay/nn?. These ODH reaction rates. Above 3 V/rimpolyvanadates form on
trends reflect the higher \i@ontent and specific reactivity with ~ xXVAI, while mixed oxides form onxV12MoAl, leading to a
increasing surface density, as more reactive polyvanadatesnet replacement of more reactive-XD—V species with less
replace less active and reducible monovanadate struéfures. reactive V-O—Mo structures. Thus, active catalytic structures
VOy surface density effects on primary ODH rates (per in polyvanadates are rendered less active by dilution with-Mo
V-atom) and selectivities and on rate constant ratios are shownoxo linkages. This interpretation is consistent with the lower
in Figure 13 for xVAI, xV12MoAl, and xV12CrAl. For reduction rates and higher reduction peak temperature in
XV12MoAl andxV12CrAl, catalytic contributions from the part  10V12MoAl than on 10VAI for samples containing predomi-
of the surface not covered by \(Gpecies were subtracted from nantly polyvanadate and oligomeric M®—V structures
measured rates and residual M®@ntributions were normalized  (Figure 9).
by the V-atoms in each sample. This procedure assumes that These effects of mixed V&and MoQ structures differ from
the fraction of the support covered by Y@ proportional to those reported previous®that study reported that 10V12MoAl
VO surface density up to 7 V/ntrand that exposed Mo- and  shows higher ODH rates (per V-atom) than 10VAI. These
Cr-coated surfaces catalyze reactions with rates similar to thosedifferences reflect the use of different Y@recursors used to
on 12MoAl and 12CrAl samples. prepare 10VAI (ammonium metavanadate) and 10V12MoAl
Primary rates for propane conversion and propene synthesis(vanadyl isopropoxide) in the previous stulfyigure 14 shows
increased with increasing \{Csurface density and reached Raman spectra for 122MoAl, 10.5VAI, and 10V12MoAl reported
maximum values at-7 V/nn? on xVAI (Figure 13a and b), previously® and for identical compositions prepared by the
corresponding to an equivalent polyvanadate monolayer, asmethods used here (see Experimental Section). The use of
reported previously? This trend reflects the higher reactivity ammonium heptamolydate and ammonium metavanadate as
of oligomeric VQ, species relative to VPmonomers as the  precursors led to low MogQand VQ, dispersions on alumina,
VO coverage increases and is consistent with a concurrentas evidenced by the appearance of bands for Mal \,0s
decrease in absorption-edge energies and an increase in the raia these sample®. The bands for oligomeric MoQand VQ,
of stoichiometric VQ reduction with H. are also less intense than those observed in the samples prepared
Figure 13d and e shows thkf/k; ratios increase anki/k; for the present study. On the other hand, the samples of
ratios decrease with increasing Y6urface density onVAI. 10V12MoAl prepared previoust) exhibit a Raman spectrum
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very similar to that reported here, with clear evidence for-Mo  species by more selective Y@omains, as shown by the higher
O-—V structures (1013, 771, and 239 chbands). Thus, the  value ofks/k; measured for a MoOmonolayer on AJO; than
higher ODH rates (per V-atom) reported earlier for L0V12MoAl for a similar VQ, monolayer (Figure 13e). Thus, partial coverage
relative to 10VAI are due predominantly to differences in of 12MoAl surfaces by VQwould lead to the observed initial
synthetic methods. The results and conclusions in the presentdecrease irks/k; values with increasing surface density in

study are consistent with those of Baas and Khatib! who xV12MoAl samples. These effects are ultimately reversed as

found no synergistic effects in M@MoO/AI, O3 samples mixing of the VO, and MoQ structures occurs with increas-

prepared by coimpregnation of V and Mo precursors. ing VOy surface density, a process that leads to high#a
Figure 13d shows thaky/k; values are much lower on ratios.

xV12MoAl than onxVAI, especially for VQ surface densities Primary ODH rates (per V-atom) otV 12CrAl exceed those

above 5 V/nrA. Values ofks/k; are lower onxV12MoAl than on xVAI, even after subtracting contributions from exposed

on xXVAI for VO, surface densities below 4 V/ifmbut these 12CrAl surfaces, at all VQsurface densities (Figure 13). Both
trends are reversed at higher Y®urface densities. At low  Raman spectra and reduction profiles #&f12CrAl indicate
surface densities, these effects reflect the coverage of \MoO that VO increases the fraction of CgQhat forms CrVQ.
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Therefore, the higher specific ODH rates per V-atom of Partial coverage of ADs by CrQ; leads to effects opposite to

XV12CrAl relative toxVAI are attributed to the formation of
V—0O—Cr structures, which replace-YO—Al sites at low VQ
surface densities. The value lefk; on 12CrAl (1.1) is higher
than on 10VAI (0.2) and decreases with increasing, $@face
density up to 3 V/nri(Figure 13d). Above this V-contenity/

ki increases with VQsurface density as ikVAl samples. Thus,
the blocking of CrQoligomers, with high propane combustion
reactivity, by VQ reduces their contribution to combustion

those observed for equivalent Mp€overages. ODH rates (per
V-atom) increased monotonically, whikg/k; increased ani/
ki decreased, with increasing Gr6urface density.

Temperature effects on propane consumption, propene se-
lectivity, andky/k; andks/k; ratios are shown in Figure 16 for
similar VO, monolayers in 10VAI, 10V12MoAl, and 10V/
12CrAl. At all temperatures, the rate of propane conversion is
higher for VQ, dispersed on 12CrAl than on A3, while VO

pathways, presumably because an increasing fraction of exposedieposited onto 12MoAl leads to lower rates than on(Al

surfaces consist of VQor VCrO, domains. In contrast, values
of ky/k; are very low on 12CrAl, and VQdeposition leads to
higher values at low VQsurface densities, but ultimately to a
decrease similar to that observed XAl as VCrO species

form with increasing surface density.

The interpretations of the effects of Mg@nd CrQ under-
layers on the structure and catalytic properties of,\d@mains

Propene selectivities are highest on 10V12MoAl and lowest on
10V12CrAl, with 10VAI giving intermediate values. On all three
catalysts, propane consumption rates increased and propene
selectivities decreased with increasing temperature; the latter
reflects the observed increasekitk; with temperature, which
arises from slightly higher activation energy for combustion than
for dehydrogenation of propane. In contralgik; decreases

presented above are consistent with the data in Figure 15 formarkedly with increasing temperature, as expected from the

samples in which an equivalent \({@nonolayer is deposited
onto an AbOs surface partly or fully covered by Mo@r CrQ..
Partial MoQ. coverages decreased ODH rate (per V-atom)
because MeO—V bonds are less reactive than the-@—V
bonds prevalent in 10VAI at these \{®urface densities. With
increasing Mo@® surface densityky/k; decreases andéy/k;
increases. This is consistent with the lowefk; values and
higher ks/k; ratios on MoQ than VQ, domains (Figure 13).

lower activation energies involved in cleaving allylic—&i
groups in propene as compared to those required for activation
of stronger methylene €H bonds in propané&’ Temperature
effects onky/k; are stronger on 10V12MoAl than on 10VAI or
10V12CrAl samples, but temperature effectsketk; are more
marked on 10V12CrAl than on 10VAI or 10V12MoAl.

The extent of mixing between an equivalent M@onolayer
and supports coated with M@r CrQ monolayers was probed
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by reversing the order of layer deposition. The effects of mixing occurs during deposition or subsequent thermal treatment
deposition sequence on dehydrogenation rates amkg/lkarand in VOx—MoOy binary dispersed oxide samples. The small
ks/k; ratios are shown as a function of temperature in Figure remaining catalytic differences between 10V12MoAl and
17. Dehydrogenation rates (per mass) are 1.3 times higher att2Mo10VAI reflect the presence of small amounts of V&

673 K when MoQ was deposited first. Below 635 Ky/k; is 10V12MoAl surfaces and small amounts of Ma#d 12Mo10VA
lower on 10V12MoAl than on 12Mo10VAI, but it becomes surfaces.

larger above 635 K, because of the stronger effects of temper- For binary dispersed oxide samples containing equivalent
ature onky/k; on the 10V12MoAl sample. Values &/k; are monolayers of VQ and CrQ, the rate of propane ODH (per
very similar on 10V12MoAl and 12Mol10VAI, although the mass) is 1.5 times higher when GrGs deposited first
value ofks/k; for L0V12MoAl decreases somewhat more rapidly (10V12CrAl) instead of VQ (12Cr10VAI). The effects of
with increasing temperature. These effects of deposition se-temperature orky/k; are strongly influenced by the sequence
qguence reflect significant but incomplete mixing between,VO of depositionky/k; increases with temperature on 10V12CrAl,
and MoQ monolayers. Raman spectra for 10V12MoAl and as was also found on 10VAI, but shows the opposite trend on
12Mo10VAI showed bands for mixed MaeO—V structures 12Cr10VAI, as was also observed on 12CrAl. These effects of
(Figure 8), especially when Ma@ deposited first (LOV12MoAl), deposition sequence suggest that the surfaces of these dispersed
but their reduction profiles are very similar (Figure 10). These binary oxides retain some of the properties of the oxide
data, taken together with the observed catalytic consequencesleposited last, even though most ¥éhd CrQ species interact

of deposition sequence (Figure 17), indicate that significant to form mixed oxides, for example, Cr\(OValues ofks/k; are
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higher on 10V12CrAl than on 12Cr10VAI and decrease with catalysts. This material is available free of charge via the Internet
temperature on both samples. These data also suggest that http:/pubs.acs.org.

predominant exposure of the oxide deposited last, bedafise
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