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Abstract

We studied unsupported,XD, nanoparticles prepared by a novel nonaqueous route in the selective oxidatitmtaine to maleic anhydride.
The evolution of the electronic and geometric structure of the material was characterized by X-ray photoemission spectroscopy, electron ene
loss spectroscopy, transmission electron microscopy, and electron diffraction before and after the reaction at different temperaturesofchange
a water-mediated C—C bond cracking functionality of the catalyst forming acetic acid to an oxidizing functionality resulting in maleic anhydrid
was observed. It was found that the particles underwent a radical modification of the geometric and electronic structure that finally resultec
V20g crystals. Experimentally derived conclusions are related to some conceptual claims from the literature.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction In contrast to numerous studies of the structure—activity re-
lationship of supported vanadium oxide catalyg@sl2, and
Despite extensive research and contributions to the literaturegferences thereiphere we investigated unsupported nanocrys-
the understanding of the mode of operation of vanadium-basei@ls avoiding the complication of support effects. For catalysts
oxidation catalysts remains incomplee-4, and references containing an approximately monolayer coverage of surface
therein] The technical catalyst for the oxidationmfbutane to  vanadia, the number of converteebutane molecules per vana-
maleic anhydride is vanadium-phosphorus-oxide (VIEX],  dium atom was a strong function of the specific oxide sup-
a complex material composed of various phg§e®]. Some  port[13]. In our case, the VO, nanoparticles were synthesized
experimental results suggest that in VPO, the structure of thi a controlled manner via a simple nonaqueous process involv-
catalytically active species is only weakly related to the avering the reaction of vanadium isopropoxide with benzyl alcohol
age bulk structur¢l0,11] It has been suggested that the VPO and subsequent solvothermal treatnjé#d. This synthesis ap-
bulk acts as a support material and reservoir for the constituengsroach is widely applicable for the preparation of diverse metal
of the active structure. Therefore, approaches to establish gide nanopowders with high purity, such as BaJi®5,16],
structure—activity relationship for VPO based on bulk structuralsngy, 1n,03 [17], or HfO, [18]. A very small amount of the
data would be at least ambiguous. It seems necessary to stugliained vanadium oxide powder with a homogeneous, well-
model systems with a simplified structure but relevant catalytigjefined structure and defined morphology has been tested in a

properties. microreactor to study the catalytic properties.
This approach to investigating the catalytic function of a
" Corresponding author. Fax: +49 30 8413 4677. single-phase vanadium oxide has been taken previously and has
E-mail address: mh@fhi-berlin.mpg.déM. Havecker). concentrated on 305 [19,20] It was found that sizeable ac-
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tivity was always related to “reduced surfaces,” meaning thaexpected only if the scales of the experiments are brought to-
despite the claimed use of the phasgDy, the active material gether as closely as is experimentally possible. Such an attempt,
must have been of another structure. These pioneering stutbcusing on the real structure or nanostructure of a functional
ies were, in contrast to their intention, not carried out withmodel oxide, is made here. This was made possible by the con-
model systems being discriminated from “real” catalysts bystruction of adequate equipment for both the reactor and the
their rigorous geometric and electronic structural definitionsdetector used in the catalytic testing. The key idea is to min-
Thin V205 films of single crystal quality have recently become imize the amount of catalyst used in testing, to approach a
available[21-23] Their reactivity even toward chemisorption situation in which TEM data are representative for the whole
was found to be negligible as long as their surface was longeatalyst. We used only an amount of material that fit on a stan-
range-ordered. Significant reactivity was detected after partialard TEM specimen grid for catalytic testing.
reduction by ion bombardment or by hydrogen atoms. The same
observations hold for MO, clusters deposited on single crys- 2. Experimental
talline oxide supports.

Taking these observations into consideration, the hypothe2.1. Preparation
sis is put forward that catalytic activity depends on defects in
VO, phases. It should then be possible to minimize the energy V.0, nanocrystals were synthesized by an alkoxide/benzyl
necessary to create the beneficial defects containing the actiedécohol routd14]. All of the synthesis procedures were carried
sites for catalysis by fabricating nanostructureddy materi-  outin a glovebox. Typically, 200 mg of the metal alkoxide vana-
als. A lower kinetic hindrance for restructuring into the active,dium(V) triisopropoxide was added to 20 ml of benzyl alcohol.
defective form from the long-range order of the matrix phaserhe reaction mixture was transferred into a Teflon cup of 45 ml
can be expected for nanostructures exposing a sizable fractidnner volume, slid into a steel autoclave, and sealed carefully.
of their constituting atoms as surface species and occurring ifthe autoclave was taken out of the glovebox and heated in a fur-
metastable morphologies and structural variants. nace (200C for 4 days). The resulting black suspension was

To fulfill the requirements of a model system, it is essen-centrifuged, and the precipitate was thoroughly washed with
tial that a suitable structural definition of such a nanoparticleesthanol and dichloro methane and subsequently dried in air at
phase be achieved while its catalytic function is verified. Be-60°C.
cause defects are so relevant, conventional structural analysis
with X-ray diffraction cannot be expected to be adequate. Th@.2. Catalytic tests
present approach uses transmission electron microscopy (TEM)
methodology as an analytical tool for geometric and electronic A reactor similar to that described in detail previoufiy]
structure determination. This is adequate for nanostructured andas used for the catalytic tests of the material. A schematic
defective materials, but requires great care when extrapolatindrawing of the main components is shownFag. 1a. In brief,
from the local scale of the TEM observation to the integral scaléhe sample was mounted onto a sapphire sample holder heated
of a catalyst test. Meaningful structure—activity relations can bérom the back by a NIR laser. The reactor has a volume of about

a) b)

transfer rod

sample

laser fiber holder

4
C4H, /N3, O3, N,
PTR-MS

Fig. 1. (a) Schematic drawing of the reactor. Shown are the main components of the set-up: sample mounted on the sapphire, transfer rod tophgeriritee sap
the reactor, movable cup to close the reactor, laser heating from the back. The gas feed is done via mass flow controllers. The reactor outléiei$fER kS .t

(b) Sample holder used for the experiments. The sample suspension is deposited in the middle of the stainless steel support. This support te meaptddren
sample holder that is placed inside the reactor after the suspension dried.
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4 ml. It can be opened using a moveable cup, and the sample can As outlined previously{25,26], a simple relationship ex-
be transferred out of the reactor with no contact with ambientsts between the experimentally measured PTR-MS intensities
conditions. (in cps) and the actual absolute concentration in the gas stream.

For catalytic tests, the MO, nanocrystals were first dis- The transmission function of the quadrupole mass filter was
persed in ethanol, and then one drop of the suspension waaken into account. The temperature of the inlet system and the
released into a ring at the centre of a stainless steel suppattift tube was 80C. A rate constant for the proton transfer re-
and dried in air. The ring has an inner diameter equal to thaction of 2x 10~°/(cm®s) and a residence time of the reactants
size of a typical TEM grid (around 2 mm). A thermocouple in the drift tube of 105 ps as given by the manufacturer was as-
was spot-welded onto this ring for accurate temperature meaumed.
surement. The stainless steel support was mounted onto a single Although a rather pure primary ion stream of®i"~ ions
crystal sapphire sample holder, as showhim 1b. Only avery is delivered from the source, we checked for the formation of
small amount of catalyst was introduced into the reactor by thigH,O-H30)™ clusters 2 = 37 amu). Cluster formation may
method; thus the entire amount of catalyst was exposed to idetbecome important at high levels of humidity in the inlet gas
tical conditions during the catalytic reaction. stream. The formation of these clusters changes the reaction

The catalytic characterization was carried out under induseonditions in the drift tube, leading to an incorrect concentra-
trially relevant conditions (i.e., oxygen-rich conditions) at at-tion determination. The proportion of these clusters remained
mospheric pressure. High purity gases were used (butene well below 5% of the HO™ ions under all conditions; thus,

1 vpm; butadiene< 0.1 vpm in n-butane). A mixture of this process was neglected.

n-butane (1 vol%), oxygen (16 vol%), and nitrogen (83 vol%)

was fed into the reactor through calibrated mass flow controllerg.3. X-Ray photoelectron spectroscopy

at a total flow rate of 22 sccm. The effluent reactor stream

was fed in equal shares (11 sccm each) via heated capillaries Details of the electron spectrometer setup have been reported
into a differentially pumped electron impact mass spectromearlier[27]. A Leybold LHS 12 MCD instrument was used. The
eter (PRISMA QMS 200; Pfeiffer) and into a proton transfer X-ray photoelectron spectroscopy (XPS) measurements were
reactor-mass spectrometer (PTR-MS) (lonicon Analytic). carried out in the pass energy mode (pass enerdg eV).

The sensitivity of the electron impact mass spectrometer i§he binding energy was calibrated to the Au#4.0 eV) and
approximately 1014 mbar for small molecules like CQas  Cu2pz; (932.7 eV) core levels.
stated by the manufacturer and confirmed by our own expe-
rience. Because of the differential pumping, this value corre2.4. Transmission electron microscopy/electron energy-loss
sponds to a minimum traceable concentration of 7—1 ppm ofpectra
CO, in the reactor.

A calibrated version of the PTR-MS (lonicon Analytic) For initial transmission electron microscopy (TEM) inves-
equipped with a heated gas inlet capillary system was usetigations, the catalyst powder was removed from the sample
The instrument was operated at a drift tube pressure of 2 mbanolder with a spatula and placed onto a copper grid covered
The sample gas was continuously introduced into the chemiwith a holey carbon film. A new sample holder transfer sys-
cal ionization cell. Only volatiles with proton affinities greater tem in which the specimen transfer occurs without exposure to
than water (proton affinity of kD, 166.5 kcalmol) are ion-  air in a glovebox is currently being implemented. All measure-
ized by proton transfer from #0 and subsequently mass- ments were done with a Philips CM200 field-emission trans-
analyzed in a quadrupole mass spectrometer. Sensitivity fanission electron microscope equipped with a Gatan energy
oxygenated molecules down to the sub-ppb level can bélter GIF100 for electron energy-loss spectra (EELS) measure-
achieved. ments. The microscope was operated at 200 kV. Electron dif-

The development of selected mass intensities was followettaction patterns were evaluated before the corresponding EEL
over time (multiple ion detection). The single dwell time for spectra were recorded.
the different masses was adjusted to the concentration. Typi-
cally, the accumulation time per point was set to 5 s for malei@.5. Thermogravimetry and differential scanning
anhydride (MA) and to 2 s for all other expected species, in-calorimetry—mass spectroscopy
cluding acetic acid, crotonaldehyde, 2,5-dihydrofuran, and fu-
ran. This resulted in an overall time resolution of approximately Thermal analysis, using combined thermogravimetry (TG)
4 data pointgmin if all masses of interest were recorded. Be-and differential scanning calorimetry (DSC), was performed
cause of the soft energetics of ionization by proton transfemwith a Netzsch STA 449C Jupiter instrument. Gas-phase prod-
mainly nondissociative reactions occur; that is, cracking of thaicts were transferred through a heated silica capillary from the
target molecule is strongly inhibited. Therefore, nearly all in-TG/DSC to a Pfeiffer GSD 300 ThermoStar mass spectrome-
tensity is expected to be recorded on the parent ion (moleculr running in multiple ion detection (MID) mode. The sample
mass+ 1 proton). Consequently, no ionization-induced frag-was heated in 21% oxygen in helium (100/min) at a rate of
mentation obscures the link between measured mass spec&d/min up to 773 K. The sample was eventually held at 773 K
and the actual gas composition, unlike in conventional electrofor more than 10 h before it stopped gaining weight. MS was
impact mass spectrometry. calibrated for CQ using a 0.5-ml pulse of pure Gantroduced
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into the TG in a flow of He at a rate of 3 ythin. MS was cal-
ibrated for water by heating Cu(QP5H,0 in 100 m|/min of
21% oxygen in He at a rate of 5/nin to 773 K. The last water
peak at 450-550 K, equaling 1 mol waterol Cu sulfate, was
used.

3. Results
3.1. Catalytic activity

In one type of experimentH{g. 2a), nanoparticles were
heated sequentially from room temperature to 473, 573, an

673 K and then cooled to 323 K. The absolute amount of prod
ucts can be compared in this experiment, because the sa

particles were used without removing material from the reactor.

Afterward, the reaction was studied in more detail at differ-
ent temperatures (473, 573, and 673 K) in single experimen
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tive n-butane oxidation to MA occurred already at temperatures
as low as 473 K. Further heating to 573 K caused a strong in-
crease in the MA signal (by a factor of 10). The MA signal
remained almost constant with a further temperature increase to
673 K. The onset of the reaction at a relatively low temperature
and the weakly increased MA with a temperature increase from
573 to 673 K is in marked contrast to the behavior of vanadium
phosphorus-based catalysts, the materials used industrially for
the selective oxidation of-butane to MA. These catalysts show
no activity at 473 K, but a strong increase in activity when the
Heaction temperature increases from 573 to 673 K.

The development over time was followed for several masses
detailed scandgrigs. 2b—2dshow the traces for the masses
(fa[, 71, and 99 amu (corresponding to molecule masses 60, 70,
and 98 amu) at reaction temperatures of 473, 573, and 673 K,

fespectively. The signal on 99 amu can unambiguously be as-

(Figs. 2b—2). The material remaining after these treatmentsSigned to MA. It seems reasonable to relate the signal on 61 amu
was used for the XPS. EELS. and TEM studies. the resultfo acetic acid; the 71 amu intensity may be related to croton-

of which are presented iRigs. 4—7 A new drop of the parti-
cle/ethanol suspension was used for each temperature step.

aldehyde or dihydrofuran. Crotonaldehyde has been character-
izgd as a byproduct of selective Glefin oxidation[28]. It was

these experiments, only the relative amount of products can beot possible to distinguish isomers with the PTR-MS, because
compared, because it cannot be ensured that exactly the safte identification of isomers by different fragmentation pattern
amount of material was placed in the active (i.e., hot) part ofas in conventional electron impact MS) is not possible. Fur-
the sample holder in each experiment. The sequential heatingermore, traces of furan (molecule mass, 68 amu) could be

experiment shown ifrig. 2a reveal that the onset of the selec-
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Fig. 2. PTR-MS response during the selective oxidatiom-bfitane. (a) Reaction profile of maleic anhydride (MA) and crotonaldehyde during sequential heating of
VO, nanoparticles to 473, 573, and 673 K, respectively, without taking the material out of the reactor. (b)—(d) Concentration of MA, crotonaldebgtie arid a
when V, Oy, was heated to 473, 573, and 673 K, respectively. After each temperature step (b)—(d) the sample was taken out of the reactor and further characterize

as described in the text. A new sample was prepared for each experiment.
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100 [

Table 1 [

Concentration of acetic acid (61 amu protonated mass), crotonaldehyde ;\3 -

(71 amu) and maleic anhydride (99 amu) derived from data presented in = 8o

Fig. 2b-2d I

k3] L

Temperature Concentration (ppb) o 601

61 amu 71amu 99 amu g i

200°C 732 a7 356 s “Of

300°C 176 416 3541 g L

400°C 107 439 2365 < 20 N
o

. . . 0t 1 1 1
As mentioned earlier, the combustion products,&@d the 473 573 673

feed gases gHi0 and G could not be detected by PTR-MS,
because these molecules are not protonated §®*Hions.
CO, also could not be detected by conventional electron impadctig. 3. oxygenate selectivit§oxy for MA (¥), acetic acid @), and crotonalde-
MS during our experiment, presumably because of low conhyde @) at 473, 573, and 673 K derived from the data depictefidgn 2b—2d
centration in the product stream. This fact limits the maximum

amount of CQ possibly present during the reaction to 7—1 ppm,increasing time on strearfig. 2d). The MA concentration de-
taking the sensitivity of the electron impact MS into consider-creased from approximately 400 ppb at the beginning of the
ation (cf. Sectior2.2). This estimation results in a selectivity heating cycle to 220 ppb after 120 min. The acetic acid and
to oxygenated products of 10-40%. These values compare regrotonaldehyde concentrations were 11 ppb and 44 ppb, respec-
sonably well to the selectivities observed for model-supportedively. The corresponding selectivit§oxy, was 81% for MA,
vanadium oxide catalysf43]. No conversion of gHipand G 4% for acetic acid, and 15% for crotonaldehyé&ég( 3).

was detectable by conventional MS, setting the level of reaction The reaction tests revealed a pronounced switching of the
to below 1%, which is reasonable when taking into account thateactivity between a predominately C—C cleaving and oxida-
only a few micrograms of catalyst were used. The test can blon mode at 473 K to a dehydrogenation and oxidation mode
characterized as ideally differential. Thus, we used the producat 573 and 673 K. Two different catalysts were generated from
tivity to the oxygenated products acetic acid, crotonaldehydea common precursor nanostructure by thermal activation in the
and MA, with oxygenate selectivity defined as the product confeed. It should be possible to relate this change to structural dif-

Temperature / K

centration ;) ratio ferences of the final two catalysts. The data further show that
¢i the reactivity at 473 K is related to a slow process increasing

Soxy.i = Z_C the productivity. This points to a slow catalyst transformation
Vi)

and/or an insufficient reaction temperature and excludes the no-
to get information on the StrUCtUre—aCtiVity relationShip for thEtion that the C-C C|eaving process is achieved pure|y through
material. gas-phase radical processes. Furthermore, the evolution of the
Fig. 2 shows that the relative abundances of these producigxygenate selectivity of crotonaldehyde (compared with that of

varied significantly in the different temperature regimes. TheinvA) suggests a different parallel oxidative reaction pathway for
quantities are compiled ifable 1 The selectivitySoxy of acetic  this product.

acid, crotonaldehyde, and MA are showrfig. 3. Acetic acid

was the dominating species in the gas phase at 4RBK %),  3.2. Thecatalyst

with Soxy = 65% (Fig. 3). The signal for this species and for

MA increased with time on stream even after 300 min. This3.2.1. Electronic structure

is taken as an indication of incomplete activation of the pre- EELS probe the bulk electronic structure of individual,

catalysts similar to that observed in VPO systems. microscopically small particles. The shape of the vanadium
MA was the predominant product (354 ppb) when the catat edges and the oxygen K edge is strongly related to the oxida-

lyst material was heated to 573 KKig. 2c), with Soxy = 86% tion state of the vanadium and to the local geometric structure.

(Fig. 3). The signal intensity remained fairly constant over As demonstrated in the literatuf@9,30], the intensity ratio

a 120-min period, indicating the catlayst's structural stabil-of the V L3 edge and the V 4 edge (corresponding to elec-

ity. The concentrations of acetic acid (18 ppfaxy = 4%)  tronic transitions V23,>—V3d and V2p1,>—V3d, respectively)

and crotonaldehyde (42 ppBsxy = 10%) concentrations were is related to the oxidation state of the absorber atom. The V

much lower than the MA concentrations. The acetic acid signal, edge is more intense than the ¢ &dge in \bOs, whereas

showed a peak immediately after reaching the reaction tempein a decreasing oxidation state, \4 intensity decreases rela-

ature of 573 K, followed by a steady decrease in concentratiortive to Lz spectral weighf31]. The V Ls/L ratios, given as

This is considered evidence of the desorption/diffusion of alimthe peak intensity ratios for reference compounds with a for-

iting constituent for this reaction channel, such as OH groupsnal vanadium oxidation ranging from2 to +5, are provided

being lost as structural water. in Table 2 A clear trend becomes visible, with the exception
Heating from room temperature to 673 K caused a peak if bulk V203, which exhibits an unexpectedly high L > ra-

the MA and acetic acid signals, followed by a decrease withio. This anomaly of bulk \¥Os is probably due to other factors
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Table 2
V L3/Lo EELS peak ratios for reference compounds with formal V oxidation states varyingf@tiroughout+5 and of the catalyst after different thermal

treatments in the gas feed

Reference compounds Catalyst
VO V203 V204 VeO13 V205 293K 473 K 573K 673K
Formal V oxidation state +2 +3 +4 +4.3 +5
V L3/ Lo peak ratio 1.12 121 1.02 0.99 0.96 1.08 1.05 1.00 0.98
a) b)
asis vy, 473 K
V L,
> >
-*é OK =
5 s B
£ £
A
A,
Energy Loss Energy Loss
¢) d)
573 K 673 K
= =
E £
Energy Loss Energy Loss

Fig. 4. EELS spectra of MOy, particles before (a) and after the reaction at 473 (b), 573 (c), and 673 K (d), respectively. The spectra can be divided into the V
L edges at low energy loss followed by the O K edge at high energy loss as indicated.

(e.g., hybridization) than the V oxidation state that influencesedge than V k edge Fig. 4d). The calculated V §/L, peak
the d-state density and thus the white line peak ratio. Neverintensity ratio of the VO, particles is summarized ifable 2
theless, the V k/V L2 edge intensity ratio is a fingerprint for Similar intensity variations can be seen at the oxygen K
assignment of the oxidation state. In the same manner, the inteaelge. The intensity of resonances Al and A2 increased com-
sity ratio of the resonances Al, A2, and B at the oxygen K edg@ared with resonance B during the treatment. Furthermore, the
are indicators of the oxidation state of binary vanadia specie81:A2 intensity ratio was modified by the treatmentitutane
(cf. Fig. 4b). In general, resonance Al gains intensity relativeand oxygen. Resonance Al gained intensity during this process.
to A2 when the material becomes oxidized, and resonances A1 The surface electronic structure of the material was deter-
and A2 become more intense compared with resonance B. mined by XPS before the catalytic tests and after the treatment
Fig. 4 shows the EELS spectra of the as-synthesized mateof the nanocrystals at 673 K in the reaction mixture. The macro-
ial (@) and after prolonged treatment in the reaction mixture ocopic nature of standard XPS averages over the surface elec-
n-butane and oxygen at 473, 573, and 673 K (b—d). The figtronic structure of many nanopatrticles and yields average infor-
ure clearly shows a decreased Y/L intensity ratio when the mation about the oxidation state. The XP vanadiyyg,2 core
material was treated at higher temperatures. Although the V Llevel spectrum of the as-prepared material exhibited a broad,
white line is more intense for the as-synthesized material andsymmetric line shapd-{g. 5a), indicating a variety of vana-
after heating in the reaction mixture to 473 Kig. 4a and 4 dium species of different valences. Taking the known binding
the white line intensity is equal for the material heated to 573 Kenergy of binary vanadium oxides into consideration, the as-
(Fig. 4c). Heating to 673 K resulted in a more intense ¥ L prepared material consisted of vanadium species with a formal
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Fig. 5. V2p3,, core level XP spectra of the as synthesizedy nanoparticles (before the reaction) and of the material after the reaction at 673 K.

Fig. 6. TEM micrographs of the MO, particles before (a) and after the reaction at 473 (b), 573 (c), and 673 K (d), respectively.

valence of+3 to +5. Details of the composition depend on the particles. Thus, it was possible to tune the oxidation state of the
assumed line shapes, which are not known a priori. After theanoparticles by the thermal activation in the feed. A mixture
reaction at 673 K, the Vj23/> core level spectrum exhibits a of different vanadium oxidation states was always found in all
sharp peak with a binding energy of 517.2 &g Sb), consis-  but the final state after heating to 673 K.
tent with this material's formal valence &f5.

Study of the electronic structure by XPS (averaging, surfaceg 2 o Morphology and geometric structure
sensitive) and EELS (individual particle, bulk-sensitive) led to  The oxidation process of the catalyst accompanied signif-
the conclusion that the as-synthesized material holds vanadiuant changes in morphology and geometric structfig. 6
particles with varying oxidation states. Although mainlj*"Vv  shows TEM micrographs of the material before (a) and after
and VAt were found by EELS, XPS demonstrated some amounteaction at 473 (b), 573 (c), and 673 K (d), respectively. The
of V> species at the surface as well. In the course of the reagnaterial was converted to various small particles after reac-
tions at different temperatures, the particles were oxidized byion at 473 K, indicating the loss of structural water or other
the feed gas. After prolonged treatment at 673 K, almost solelyolatile species. Recrystallization started at 573 K. Finally,
V5+ species were found by both EELS and XPS. The oxidatiowell-developed crystals resulted from the reaction at 673 K.
did not occur during sample transfer due to the reaction condi- The structural dynamics of the material during the reaction
tions, because almost n®¥ was found for the as-synthesized was studied by electron diffractioRig. 7 shows characteristic
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As is

5 nm’

b)

Fig. 7. Electron diffraction patterns of the,@, particles before (a) and after the reaction at 473 (b), 573 (c), and 673 K (d), respectively.

Table 3 Table 4
d-Spacings derived from the electron diffraction pattern of the material before/-Spacings derived from the electron diffraction pattern of the material after the
the reaction. The value of 1.94 A does neither belong to the structure®@§V  reaction at 300C. Vanadium oxide phases with simildrspacings are listed

nor V03 for comparison

d Values V20y V203 d Values V20q4 VO1 57 V305 V011
measured (tetragonal) (rhombohedral) measured (unknown) (tetragonal) (monoclinic)  (triclinic)

A ) (h k1) ) ey B d (A dA) (hkl) dA) (kD) dB) (hkl)
2.69 271 (104) 3.38 331 337 (224) 331 (-120)
244 242 011) 248 (110) 3.06 303 (512 306 (-1-17)
2.16 214 (111) 219 (113) 2.62 268 263 (602) 264 (—-310) 262 (1-24)
194 2.39 243 239 (444) 242 (-312) 242 (016)
1.82 183 (024) 2.02 203 206 (008) 200 (022)

1.68 166 121) 170 (116) 1.77 174 (-510)

1.49 147 (214) 1.64 165 163 (-114)

141 143 (300) 151 151 (-132)

diffraction patterns of the material before (a) and after reacThe material after the treatment at 673 K consists almost exclu-
tion at 473 (b), 573 (c), and 673 K (d). The diffraction pat- sively of V2Os crystals, exposing their (0 0 1) surface to a large
terns of the material before the reaction resulted in a mixtur@xtent as basal plane.

of mainly V»,03 and VO crystallites, but other particles were

also present, whose structure could not be identified as stam-> 3 Release of structural water

dard phasegiable 3summarizes the analysis of thespacings The reaction tests revealed a pronounced switching of the re-
of the material before the reaction. The main component of thgctivity between a predominately C—C cleaving and oxidation
material after the reaction at 473 K was ¥@lthough few crys-  mode at 473 K to a dehydrogenation and oxidation mode at
tallites were of an unidentified structure. No®; nanocrystals 573 and 673 K. To elucidate the role of water release in this
were present after the treatment. After reaction at 573 K, no sinthermally activated process, the as-synthesized material was
gle vanadium oxide phase could be identified unambiguouslgharacterized using TG-DSC with gas-phase analysis by MS.
from the electron diffraction pattern. The material seems to beFig. 8 shows the results of this TG/DSC-MS measurement in
a mixture of vanadium oxides, but the occurrence ob\@/s-  21% oxygen in He. The evolution of watet (z = 18) and CQ

tals can be excludedable 4gives the measuredtspacings of  (m/z = 44) was observed during particle heating. Water was re-
the material after the treatment at 573 K and their assignmentmoved from the sample with three maxima in concentration at
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1 4.5 at 613 K, consistent with the TEM, EELS, and XPS find-
: 700 ingS.
< 1 < The TG-MS experiments allow us to attribute the change in
=1 Te00 © the catalytic reactivity when the particles where heated from
§’ ] 2 473 to 573 K Fig. J) to the loss of OH groups as structural
® Is00 8 water.
$ 1 5
o ] . .
1 400 = 4. Discussion
200 It is quite instructive to compare the catalytic behavior of the
o 20 w0 o o VO, nanocrystals described in this report with the information
Time / min about metal oxide-supported vanadia species found in the liter-

Fig. 8. Evolution of the relative weight during heating in 21% oxygen in helium, ature. In the case of supported vanadlgm oxide CajtaIy_StS’ it was
together with the MS signals for4® (m/z = 18) and CQ (m/e = 44). reported that the turnover frequencysirbutane oxidation to

MA declined above a loading exceeding monolayer coverage.

It was concluded that this reflects the lower activity of micro-
363, 513, and 573 K. The first maximum in water was the deserystalline \bOs particles for the oxidation of butane; that is,
orption of physisorbed water with no other gas-phase productsnicrocrystalline vanadia was found to be detrimental to MA
The next, similarly broad, peak in the water concentration witiformation. The same mechanism seems to work in the case of
a maximum at 513 K occurred simultaneously with an increaseinsupported YO, nanocrystals as well.
in CO, concentration, but the CQOevolution had a distinctly Competitive reaction pathways are possible for an adsorbed
different profile Fig. 8). Thus we conclude that most of the wa- organic intermediate. The selectivity pattern of the transfor-
ter production at 513 K resulted from a different process, that ismation of a specific intermediate depends on several factors,
particle dehydroxylation. The final water peak at about 573 Kincluding the intrinsic activity of the active site to which the
was relatively sharp and had the same profile as the most rapatispecies is adsorbed, the rates of surface migration or desorp-
evolution of CQ. Furthermore, this process coincided with antion of the adspecies, and the reactivity of the adspecies toward
exothermal peak in the DSC signal (not shown), suggesting regaseous oxyge[82]. These factors are influenced by the spe-
actions at 573 K that produce both water and,C@esumably  cific surface characteristics. Oxygen availability plays a crucial
the combustion of residual GHgroups from the preparation role in reaction selectivity. In the presence of insufficient oxy-
procedure. gen, partially oxidized species may desorb from the initial site

The TG results show two weight loss steps ending at 482t the surface of the catalyst. Consequently, the degree of re-

and 613 K, followed by a weight increase. The first weightduction or the redox ability of the catalyst surface determines
loss (about 5%) is ascribed to the desorption of water. Intethe reaction rate and selectivity to partial oxidation products.
gration of the water signal and application of the calibration A lower reaction temperature (compared with that for con-
factor gave a value of 0.936 mg water lost during heating torentional VPO bulk catalyst for-butane oxidation to MA) was
473 K. This finding is in good agreement with the weight lossalso found in the case of supported vanadium oxide catalysts.
of 0.90 mg measured by TG. In the second step, an addition&uitenbeek et al[33] and Wachs et al[13] studiedr-butane
4.2% of the initial weight was lost. This weight loss is ascribedoxidation to MA on titania supported VPO catalysts and titania
to the release of water and the combustion of hydrocarbosupported ¥Os catalyst, respectively. They found that selec-
residuals, as mentioned earlier. Quantification of the gas-phadiwe oxidation occurred at a much lower temperature (493 K)
products allows an estimation of the mass loss due to thegban for conventional VPO catalysts. They concluded that the
products. Based on the scenario that the hydrocarbon residuaigidation of butane to MA depends on both the redox proper-
have the general formula CH and that water evolving at temties and the acidic character of the bridging V—O support bond.
peratures above 473 K is from either hydrocarbon combustio®f course, this type of bond is missing for the unsupported
or dehydroxylation, the gas-phase products equal 1.92 mg of, O, nanocrystals studied in this report. Ruitenbeek B3]
adsorbed species. However, the weight loss from TG equaletbncluded that the activity of titania-supported catalysts was re-
only 1.77 mg. This difference is higher than the expected errolated to their reducibility and to the average oxidation state of
for the gas-phase quantification (about 4%). Closing the magbe vanadium ions on the surface.
balance requires another process, likely the further oxidation of The removal of moisture is thought to have a significant ef-
the vanadium as suggested by the EELS daigs( 4b and 4c  fect on catalytic activity. Surface vanadia species can become
Finally, the mass increased with increasing temperature aftdrydrated in the presence of moisture. Wachs efl14l,13,34]
613 K (about 2.4% of the initial weight) without further evo- reported significant moisture on metal oxide-supported vanadia
lution of gas-phase products. This mass change is ascribed species at temperatures below 473 K (several monolayers). De-
the continued oxidation of the particles. After an extended pehydration of the vanadia species seems to start above 473 K.
riod heating, this resulted in)Os (as seen on XRD). This final Almost no moisture could be detected by Raman spectroscopy
state can serve as a basis for calculating the vanadium valenoa these metal oxide-supported systems at 573 K. The strong
at minimum sample mass, resulting in a vanadium valence ddctivity increase and selectivity change observed in our exper-
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Fig. 9. Simplified reaction scheme of the selective oxidation-bitane towards maleic anhydride.

iments when the catalyst was heated from 473 to 573 K coinAt high temperature, the catalyst exhibits both a dehydrating
cided with the dehydroxylation of the nanoparticles as revealednd an oxidizing functionality through nucleophilic oxygen,
by TG-MS. Onucleor @nd electrophilic oxygen, €xciro, respectively. This
The development of the catalytic activity during the isother-is demonstrated by the reactantg§@eo and Gejectro in Fig. 9.
mal experiments at 473 and 673 KRi@s. 2b and 2dpoints to  In addition, reactive protons (visualized as OH) existing at low
an evolution of the catalyst structure, whereas the steady-statemperatures may be created by the dehydrogenation products;
behavior at 573 K seems to be the consequence of a mixtuie the very least, the g0 SPecies must be bound to a re-
of phases. XPS and EELS studies revealed that the electroniuiced metal species. First, butane becomes two-fold dehydro-
structure of the nanoparticles changed from a variety of vanagenated, resulting in an activated butadiene molecule (steps 1
dium species with different oxidation states in the range ofand 2). At low temperatures, butadiene may be converted into
V3+ to V5t to a material containing only % speciesFigs. 4  activated ethylene through C—C bond cracking. Interestingly,
and 5. The formation of well-crystallized ¥Os is detrimental  ethylene has been observed as a byproducifoutane oxida-
to the material’s reactivity. This conclusion is supported by thetion on VPO catalyst$35]. The ethylene molecules formally
fact that material that was heated to 673 K for a prolonged peadd water and become oxidized by aldehyde to acetic acid
riod had a lower MA yield when subsequently cooled to 473 K(step 5). This process may occur either as shoviidgn9or se-
than material that was heated from room temperature to 473 Kjuentially. This C—C bond cracking functionality is missing at
Defective and nanostructured forms of bulk vanadium oxidehigh temperatures; instead, the activated butadiene becomes ox-
seem to be the carrier of the catalytic activity that is absent indized, finally resulting in MA (step 4). In an additional, parallel
V205 (0 0 1) surfaces. pathway, the activated butadiene becomes oxidized to but-3-
The analysis of the reaction as a function of temperature reenal (step 3), finally resulting in crotonaldehyde (but-2-enal)
veals two different reaction pathways, at 473 and 573 K. Wehrough a rearrangement reaction.
suggest that two different catalyst species are responsible for From these assumptions about the reaction pathway, it can
this observationkig. 9shows a simplified reaction scheme thatbe concluded that at 473 K, the catalyst material must con-
explains the different functionalities of the catalyst material.tain both \P* sites that can be reduced (reversibly t&H\or
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V4+) and active OH groups with C—C bond cracking functional-

ity. Candidates for this kind of material are isopolycompounds,
that is, complex hydrate-oxides. Typically, these compounds
lose structural water at around 523 K and thus also lose thee
water-mediated C—C bond-cracking functionality, and subse-
quently the material forms oxides with complex structures. The
TG-MS observation of water release with a maximum concen-
tration at 513 K stongly supports this conclusion. At around
673 K, thermodynamic stable phases are formed due to the
strong self-diffusion of oxygen in these compounds at this tem-

perature. ¥Os or V204 may be formed, depending on the

oxygen partial pressure. Consequently, the catalytic activity di-

minishes.

5. Conclusion

The data presented herein provide strong confirmation of the
validity of the approach outlined in the Introduction. The appli- e
cation of chemical synthesis procedures from nanotechnology
promotes access to reproducible precursors for fully functional

model oxides of binary unsupported &, systems. In contrast

to model-supported vanadium oxide catalysts, the unsupported
model system provides direct access to structural data for the re-

active material. It is possible to follow the material’s structural

transformation from a supramolecular system to the highly ac-
tive selective oxidation phase and then to its deactivated stable
form of V20s. The present study produced sufficient amounts e
of a single-phase active material. The amount of material used
for catalytic testing was minimized, to approximate a situation

in which the data obtained by TEM are representative of the
whole catalyst. Morphological, geometric structural, and elec-

tronic structural details of the metastable state Oy were

collected; these data can be used in developing experimentally
supported structural models of the active sites. The transient
character of the materials metastable under operation condi-
tions and the strong influence of the operation conditions on
formation and kinetic stability of the material has been high- e

lighted.

The simultaneous detection of morphology, geometric struc-
ture, and electronic structure allows us to draw a series of
conclusions about the nature of the active phase. These ex-
perimentally derived conclusions substantiate many conceptual
claims from the extensive literature and allow us to draw a more

consistent picture of the function of, D, in partial oxidation.
These conclusions are as follows:

e C—C bond cracking versus redox function. A selectivity

change from acetic acid to MA was observed. This find-
ing is ascribed to the change from the water-mediated C—C

bond-cracking functionality forming acetic acid to the ox-
idizing functionality finally resulting in MA, as described
in Fig. 9.

e Multiple sites. A steady formation of crotonaldehyde inde-
pendent of the main reaction was fouridg. 3), inplying a
parallel process.

e Relevance of the oxidation state. Pur@*Vis ineffec-

tive, but possibly only as it exists on defect-free surfaces

(vanadyl termination). The coexistence of'Vand V**+ as

an unavoidable consequence of structural defects is essen-
tial for selective oxidation function.

Lattice oxygen. Defect formation is essential. Thus, deep
lattice oxygen is an indicator for defect formation, not a
source for selective oxygen (under operation conditions
with gas-phase oxygen). Active sites require a minimum
of two metal centres with flexible bridging where oxygen
can be stored and activated. If one wishes to designate this
dynamic defect formation and healing as “surface lattice
oxygen,” then lattice oxygen is relevant. Then there arises
the problem of distinction, because any normal catalyst also
provides undercoordinated sites for activating and storing
reactants. Thus the traditional statements that selective ox-
idation catalysts must have lattice oxygen and always fol-
low kinetically the Mars—van Krevelan hypothesis are to be
considered with reservation.

Site isolation. The structural defects in®, provide site
isolation both geometrically and electronically. It is cur-
rent practice (although not essential) to achieve this by
adding foreign atoms or promoters. In agreement with the
literature, there seems to be good evidence that a dimer
of vanadium with another metal (vanadium or other) is
the core active site, highlighting the importance of re-
versible bridging of M—O-M substructures for selective
oxidation.

Design of good catalysts. The core property is the struc-
tural dynamics without allowing irreversible transforma-
tion in closely packed reduced forms. Open structures with
a cluster-linker topology are most adequate, because they
allow active sites isolated and stabilized by heteroatomic
linkers into the matrix. The matrix may provide storage
functions for active oxygen and electrons to buffer local
deficits in chemical potential or preserve the topology of
the active structure in temporal episodes of poor partial
pressure of reactants.

Phases. Neither well-developed and ordered phases of
known binary oxides nor fully disordered or amorphous
matrices are suitable for providing structural dynamics.
Supramolecular units are strongly hydrated and provide
extensive solid acid functions, leading to sometimes un-
wanted selectivity in C—C bond breaking. The successful
system is a nanostructured extended solid.

Supports. The nanostructure requires support to provide
stability under the harsh reaction conditions. This can
be provided by alumina silica or more functional sup-
ports, such as ceria or titania. The most suitable de-
sign seems to be self-supporting, however. The active
oxide is self-supported very well on the bulk of the
matrix or precursor structure. This minimizes the ad-
verse effect of unwanted reactivity of the support sur-
face (water-mediated C—C bond cracking) and optimizes
the interaction of the active material with the support
through homonuclear M—O-M bonds. For characteriza-
tion of the active material, the problem of detecting an
adlayer of similar composition but different structure
arises.
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