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Abstract  
We studied unsupported VxOy nanoparticles prepared by a novel non-aqueous route in the selective oxidation of n-butane to maleic anhydride. 
The evolution of the electronic and geometric structure of the material was characterized by X-ray photoemission spectroscopy, electron energy-
loss spectroscopy, transmission electron microscopy and electron diffraction before and after the reaction at different temperatures. A change 
from a water mediated C-C bond cracking functionality of the catalyst forming acetic acid to an oxidizing functionality resulting in maleic anhy-
dride was observed. It was found that the particles did undergo a radical modification of the geometric and electronic structure that finally re-
sulted in V2O5 crystals. Experimentally derived conclusions will be related to some conceptual claims from the literature. 
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1. Introduction  
 
 

Despite extensive research and contribution to the lit-
erature, the understanding of the mode of operation of vana-
dium based oxidation catalysts is still incomplete [1-4 and 
references therein]. For the oxidation of n-butane to maleic 
anhydride the technical catalyst is vanadium-phosphorus-
oxide (VPO) [5, 6], representing a complex material being 
composed of a variety of phases [7-9]. Some experimental 
results suggest that in VPO the structure of the catalytically 
active species is only weakly related to the average bulk 
structure [10, 11]. It was suggested that the VPO bulk acts 
as a support material and reservoir for the constituents of the 
active structure. Therefore, approaches to establish a struc-
ture / activity relationship for VPO that are based on bulk 
structural data would be at least ambiguous. It seems to be 
necessary to study model systems with a simplified structure 
but with relevant catalytic properties. 

In contrast to numerous studies of the structure / activ-
ity relationship of supported vanadium oxide catalysts [3, 12 
and references therein] we investigated unsupported 

nanocrystals avoiding the complication of support effects. 
For catalysts containing approximately a monolayer cover-
age of surface vanadia, the number of converted n-butane 
molecules per vanadium atom was a strong function of the 
specific oxide support [13]. In our case, the VxOy nanoparti-
cles have been synthesized in a controlled way via a simple 
non-aqueous process involving the reaction of vanadium 
isopropoxide with benzyl alcohol and subsequent sol-
vothermal treatment [14]. This synthesis approach is widely 
applicable for the preparation of diverse metal oxide 
nanopowders with high purity such as BaTiO3 [15, 16], 
SnO2, In2O3 [17] or HfO2 [18]. A very small amount of the 
obtained vanadium oxide powder with a homogeneous, well 
defined structure and defined morphology has been tested in 
a microreactor to study the catalytic properties. 

This approach to investigate the catalytic function of a 
single phase vanadium oxide has been taken before and 
concentrated on V2O5 [19, 20]. It was found that sizeable 
activity was always related with “reduced surfaces” meaning 
that despite the claimed use of the phase V2O5 the active 
material must have been of another structure. These pioneer-
ing studies were, in contrast to their intention, not carried 
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out with model systems being discriminated from “real” 
catalysts by their rigorous geometric and electronic struc-
tural definition. Thin films of single crystal quality of V2O5 
became recently available [21 - 23]. Their reactivity even 
towards chemisorption was found to be negligible as long as 
their surface was long range ordered. Significant reactivity 
was detected after partial reduction by ion bombardment or 
by hydrogen atoms. The same observations hold for VxOy 
clusters deposited on single crystalline oxide supports. 

Taking these observations into consideration the hy-
pothesis is put forward that catalytic activity depends on 
defects in VxOy phases. It should then be possible to mini-
mize the energy for the creation of the beneficial defects 
containing the active sites for catalysis by fabricating nanos-
tructured VxOy materials. A lower kinetic hindrance for 
restructuring into the active, defective form from the long 
range order of the matrix phase can be expected for nanos-
tructures exposing a sizable fraction of their constituting 
atoms as surface species and occurring in metastable mor-
phologies and structural variants. 

In order to fulfil the requirements of a model system it 
is essential that a suitable structural definition of such a 
nanoparticle phase is achieved while its catalytic function is 
verified. As defects are so relevant it cannot be expected that 
conventional structural analysis with X-ray diffraction is 
adequate. The present approach uses the methodology of the 
TEM as analytical tool for geometric and electronic struc-
ture determination. This is adequate for nanostructured and 
defective materials but requires great care when extrapolated 
from the local scale of the TEM observation to the integral 
scale of a catalyst test. Meaningful structure-activity rela-
tions can only be expected if the scales of the experiments 
are brought together as closely as is experimentally possible. 
Such an attempt that focuses on the real or nanostructure of 
a functional model oxide is carried out here. This was made 
possible by the construction of adequate equipment both for 
the reactor and for the detector used in the catalytic testing. 
The key idea is to minimize the amount of catalyst for test-
ing in order to approach a situation in which TEM data are 
representative for the whole catalyst. We use only the 
amount of material that fits on a standard TEM specimen 
grid for catalytic testing. 
 
 
2. Experimental 
 
2.1. Preparation 
 

VxOy nanocrystals were synthesised by an alkoxide / 
benzyl alcohol route [14]. All the synthesis procedures were 
carried out in a glovebox. Typically, 200 mg of the metal 
alkoxide vanadium(V) triisopropoxide were added to 20 ml 
of benzyl alcohol. The reaction mixture was transferred into 
a Teflon cup of 45 ml inner volume, slid into a steel auto-
clave and sealed carefully. The autoclave was taken out of 
the glovebox and heated in a furnace (200 °C for 4 days). 
The resulting black suspension was centrifuged, the precipi-

tate thoroughly washed with ethanol and dichloro methane 
and subsequently dried in air at 60 °C. 
 
2.2. Catalytic tests 
 

A reactor similar to the one described in detail in Ref. 
[24] was used for the catalytic tests of the material. A sche-
matic drawing of the main components is shown as Fig. 1a. 
In brief, the sample was mounted onto a sapphire sample  
 a) 
 

transfer rod 
 
 
 sample 

holder laser 
fiber 

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1: a) Schematic drawing of the reactor. Shown are 
the main components of the set-up: sample mounted on the 
sapphire, transfer rod to insert the sapphire into the reactor, 
movable cup to close the reactor, laser heating from the 
back. The gas feed is done via mass flow controllers. The 
reactor outlet is fed into the PTR-MS. b) Sample holder 
used for the experiments. The sample suspension is depos-
ited in the middle of the stainless steel support. This support 
is mounted onto a sapphire sample holder that is placed 
inside the reactor after the suspension dried. 
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holder that is heated from the back by a NIR laser. The reac-
tor has a volume of about 4 ml. It can be opened by a move-
able cup and the sample can be transferred out of the reactor 
without contact to ambient conditions. 

For catalytic tests the VxOy nanocrystals were first 
dispersed in ethanol and then one drop of the suspension 
was released into a ring at the centre of a stainless steel sup-
port and dried in air. The ring has an inner diameter equal to 
the size of a typical TEM grid (around 2 mm). A thermo-
couple was spot-welded onto this ring for accurate tempera-
ture measurement. The stainless steel support was mounted 
onto a single crystal sapphire sample holder as shown in Fig. 
1b. Only a very small amount of catalyst was introduced 
into the reactor by this method. Thus, the entire amount of 
catalyst was exposed to identical conditions during the cata-
lytic reaction. 

The catalytic characterization was carried out under 
industrially relevant conditions i.e. oxygen rich conditions at 
atmospheric pressure. High purity gases were used (butene 
<1 vpm, butadiene < 0.1 vpm in n-butane). A mixture of n-
butane (1 vol%), oxygen (16 vol%) and nitrogen (83 vol%) 
was fed into the reactor by calibrated mass flow controllers 
at a total flow of 22 sccm. The effluent reactor stream was 
fed in equal shares (each 11 sccm) via heated capillaries into 
a differentially pumped electron impact mass spectrometer 
(PRISMA QMS 200, PFEIFFER) and into a proton transfer 
reaction – mass spectrometer (PTR-MS, IONICON 
ANALYTIC). 

The sensitivity of the electron impact mass spectrome-
ter is approximately 10-14 mbar for small molecules like CO2 
as given by the manufacturer and confirmed by our own 
experience. Due to the differential pumping, this value cor-
responds to a minimum traceable concentration of 7 ppm - 1 
ppm of COx in the reactor. 

A calibrated version of the PTR-MS (IONICON 
GmbH, Innsbruck, Austria) equipped with a heated gas inlet 
capillary system was used. The instrument was operated at a 
drift tube pressure of 2 mbar. The sample gas was continu-
ously introduced into the chemical ionization cell. Only 
volatiles that have proton affinities greater than water (pro-
ton affinity of H2O: 166.5 kcal/mol) are ionized by proton 
transfer from H3O+ and subsequently mass analyzed in a 
quadrupole MS. Sensitivity for oxygenated molecules down 
to sub-ppb level can be achieved. 

The development of selected mass intensities was fol-
lowed over time (multiple ion detection). The single dwell 
time for the different masses was adjusted to the concentra-
tion. Typically, the accumulation time per point for maleic 
anhydride (MA) was set to 5 s and it was set to 2 s for all 
other expected species like acetic acid, crotonaldehyde, 2,5-
dihydrofuran and furan. This resulted in an overall time 
resolution of approximately 4 data points per min if all 
masses of interest were recorded. Due to the soft energetics 
of the ionization by proton transfer, mainly nondissociative 
reactions occur, i.e. a cracking of the target molecule is 
strongly inhibited. Therefore, it is expected that nearly all 
intensity is recorded on the parent ion (molecule mass + 1 
proton). Thus, no ionization induced fragmentation obscures 

the link between measured mass spectra and the actual gas 
composition unlike conventional electron impact mass spec-
trometry. 

As outlined in references [25, 26] a simple relation-
ship exists between the experimentally measured PTR-MS 
mass spectral intensities (in unit of cps) and the actual abso-
lute concentration in the gas stream. The transmission func-
tion of the quadrupole mass filter was taken into account. 
The temperature of the inlet system and the drift tube was 80 
ºC. A rate constant for the proton transfer reaction of 2·10-9 / 
(cm3 s) and a residence time of the reactants in the drift tube 
of 105 µs as given by the manufacturer was assumed. 

Although a rather pure primary ion stream of H3O+ 
ions is delivered from the source, we checked for the forma-
tion of (H2O·H3O)+ clusters (m=37 amu). Cluster formation 
may become important at high levels of humidity in the inlet 
gas stream. The formation of these clusters changes the reac-
tion conditions in the drift tube leading to a wrong concen-
tration determination. The proportion of these clusters 
stayed well below 5% of the H3O+ ions under all conditions. 
Thus, this process was neglected. 
 
 
2.3. .XPS 
 

Details of the electron spectrometer set-up have been 
reported earlier [27]. A Leybold LHS 12 MCD instrument 
was used. The X-ray photoelectron spectroscopy (XPS) 
measurements have been carried out in the pass energy 
mode (pass energy: 48 eV). The binding energy (BE) was 
calibrated to the Au4f (84.0 eV) and Cu2p3/2 (932.7 eV) core 
levels. 
 
 
2.4. TEM / EELS 
 

For initial transmission electron microscopy (TEM) 
investigations the catalyst powder was removed from the 
sample holder with a spatula and placed onto a copper grid 
covered with a holey carbon film. A design of the sample 
holder transfer system where the specimen transfer occurs 
without exposure to air in a glove box is currently being 
implemented. All measurements were done with a Philips 
CM200 field-emission TEM equipped with a Gatan energy 
filter GIF100 for electron energy-loss spectra (EELS) meas-
urements. The microscope was operated at 200 kV. Electron 
diffraction pattern were taken before the corresponding EEL 
spectra were recorded. 
 
 
2.5. TG / DSC - MS 
 

Thermal analysis (combined thermogravimetry (TG) 
and differential scanning calorimetry (DSC)) was performed 
with a Netzsch STA 449C Jupiter®. Gas phase products 
were transferred though a heated silica capillary from the 
TG/DSC to a Pfeiffer GSD 300 ThermoStar™ mass spec-
trometer which was run in multiple ion detection (MID) 
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mode. The sample was heated in 21% oxygen in helium 
(100 ml/min) at a rate of 5K/min up to 773 K. The sample 
was eventually held at 773 K for more than 10 hours before 
it stopped gaining weight. The MS was calibrated for CO2 
using a 0.5 ml pulse of pure CO2, introduced into the TG in 
a flow of He at 3 ml/min. The MS was calibrated for water 
by heating Cu(SO4)*5H2O in 100ml/min of 21% oxygen in 
He at 5K/min to 773 K. The last water peak at between 450 
and 550 K, equaling 1 mole water/mole Cu sulfate, was 
used. 
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3.1. Catalytic Activity 
 

In one type of experiment (Fig. 2a), nanoparticles 
were heated sequentially from room temperature to 473 K, 
573 K, 673 K and cooled down finally to 323 K. In this ex-
periment the absolute amount of products can be compared, 
because the same particles were used without removing 
material from the reactor. Afterwards, the reaction was stud-
ied in more detail at different temperatures (473 K, 573 K, 
and 673 K) in single experiments (Fig. 2b – 2d). The mate-
rial after these treatments was used for the XPS, EELS and 
TEM studies that are presented in Fig. 4 – Fig. 7. A new 
drop of the particle / ethanol suspension was used for each 
temperature step. In these experiments, only the relative 
amount of products can be compared because it could not be 
assured that exactly the same amount of material was placed 
in the active, i.e. hot part of the sample holder in each ex-
periment. The sequential heating experiment shown in Fig. 
2a revealed that the onset of the selective n-butane oxidation 
to MA occurred already at temperatures as low as 473 K. 
Further heating to 573 K caused a strong increase of the MA 
signal by a factor of 10. The MA signal remained almost 
constant, when the temperature was increased further to 673 
K. The onset of the reaction at relatively low temperature 
and the weak increase of MA abundance when the tempera-
ture is increased from 573 K to 673 K is quite different to 
the behavior of vanadium phosphorus based catalysts which 
are the industrially used materials for the selective oxidation 
of n-butane to MA. These catalysts do not show any activity 
at 473 K and a strong increase in catalytic activity when the 
reaction temperature is increased from 573 K to 673 K. 
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The development over time was followed for several 
masses in detailed scans. The traces for the masses 61 amu, 
71 amu, and 99 amu (corresponding to molecule masses 60 
amu, 70 amu and 98 amu) are shown for a reaction tempera-
ture of 473 K, 573 K and 673 K, respectively, in Fig 2b -2d. 
The signal on 99 amu can unambiguously be assigned to 
maleic anhydride. It seems to be reasonable to relate the 
signal on 61 amu to acetic acid. The 71 amu intensity might 
be related to crotonaldehyde or dihydrofuran. Crotonalde-
hyde is sometimes reported in the literature as a by-product 
of selective C4 olefin oxidation [28]. It is not possible to 
distinguish isomers with the PTR-MS because the identifica-
tion of isomers by different fragmentation pattern, as in  

 
Figure 2: PTR-MS response during the selective oxidation 
of n-butane. a) Reaction profile of maleic anhydride (MA) 
and crotonaldhyde during sequential heating of VOx 
nanoparticles to 473 K, 573 K, and 673 K, respectively 
without taking the material out of the reactor. b) – d) Con-
centration of MA, crotonaldehyde and acetic acid when 
VxOy was heated to 473 K, 573 K, and 673 K, respectively. 
After each temperature step b) – d) the sample was taken out 
of the reactor and further characterized as described in the 
text. A new sample was prepared for each experiment. 
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conventional electron impact MS, is not possible. Further-
more, traces of furan (molecule mass 68 amu) could be de-
tected at 673 K (not shown). 

As mentioned before, the combustion products COx 
and the feed gases C4H10 and O2 cannot be detected by PTR-
MS because these molecules are not protonated by H3O+  
ions. COx could also not be detected by conventional elec-
tron impact MS during our experiment, presumably due to 
low concentration in the product stream. This fact limits the 
maximum amount of COx possibly present during the reac-
tion to 7 ppm – 1 ppm taking the sensitivity of the electron 
impact MS into consideration (compare to section 2.2). This 
estimation results in a selectivity of 10% - 40% to oxygen-
ated products. These values compare reasonably well to the 
selectivities observed for model-supported vanadium oxide 
catalysts [13]. No conversion of C4H10 and O2 was detect-
able by conventional MS, setting the level of reaction to 
below 1% which is reasonable when taking into account that 
only a few microgram of catalyst were used. The test can be 
characterized as ideally differential. Thus, we used the pro-
ductivity to the oxygenated products acetic acid, crotonalde-
hyde and maleic anhydride (oxygenate selectivity defined as 

the product concentration (ci) ratio: 
∑

=

i
i

i
ioxy c

c
S , ) to 

get information about the structure / activity relationship for 
the material. 

It can be seen from Fig. 2 that the relative abundances 
of these products strongly varied in the different temperature 
regimes. Their quantities are compiled in Table 1. The selec-
tivity Soxy of acetic acid, crotonaldehyde, and MA are shown 
in Fig. 3. Acetic acid was the dominating species in the gas 
phase at 473 K (Fig. 2b) with Soxy = 65% (Fig. 3). The signal 
for this species and for MA increased with time on stream 
even after 300 min. This is taken as an indication for an 
incomplete activation of the pre-catalysts similar as it is 
observed with VPO systems. 

 
Table 1: Concentration of acetic acid (61 amu protonated 
mass), crotonaldehyde (71 amu) and maleic anhydride (99 
amu) derived from data presented in Fig. 2b – 2d. 
 

Temperature concentration (ppb) 
 61 amu 71 amu 99 amu 

200 °C 73,2 4,7 35,6 
300 °C 17,6 41,6 354,1 
400 °C 10,7 43,9 236,5 

 
 

MA was the predominant product (354 ppb) when the 
catalyst material was heated to 573 K (Fig. 2c) with Soxy = 
86% (Fig. 3). The signal intensity remained fairly constant 
over a time span of 120 min indicating structural stability of 
the catalyst. The concentration of acetic acid (18 ppb, Soxy = 
4%) and crotonaldehyde (42 ppb, Soxy = 10%) was much 
lower than that for MA. The acetic acid signal showed a 

peak at the very beginning after reaching the reaction tem-
perature of 573 K followed by a steady decrease of the con-
centration. This is taken as indication for the desorption / 
diffusion of a limiting constituent for this reaction channel 
such as OH groups being lost as structural water. 

Heating from room temperature to 673 K caused a 
peak in the MA and acetic acid signal followed by a de-
crease with time on stream (Fig. 2d). The MA concentration 
decreased from approximately 400 ppb at the beginning of 
the heating cycle to 220 ppb after 120 min. The acetic acid 
and crotonaldehyde concentration was found to be 11 ppb 
and 44 ppb, respectively. The corresponding selectivity Soxy 
is 81%, 4% and 15% for MA, acetic acid, and crotonalde-
hyde, respectively (Fig. 3). 
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Figure 3: Oxygenate selectivity Soxy for MA (▼), acetic 
acid (●), and crotonaldehyde (■) at 473K, 573K, and 673K 
derived from the data depicted in Fig. 2b – 2d. 
 

The reaction tests revealed a pronounced switching of 
the reactivity between a predominately C-C cleaving and 
oxidation mode at 473 K to a dehydrogenation and oxidation 
mode at 573 K and 673 K. Two different catalysts were 
generated from a common precursor nanostructure by ther-
mal activation in feed. It should be possible to relate this 
change to structural differences of the two final catalysts. 
The data further showed that the reactivity at 473 K is re-
lated to a slow process increasing the productivity. This 
points to a slow catalyst transformation and / or to a too low 
reaction temperature and excludes the notion that the C-C 
cleaving process is achieved purely through gas phase radi-
cal processes. Furthermore, the evolution of the oxygenate 
selectivity of crotonaldehyde (compared to MA) suggests a 
different parallel oxidative reaction pathway for this prod-
uct. 
 
 
3.2. The Catalyst 
 
3.2.1. Electronic Structure 
 

Electron energy-loss spectra (EELS) probe the bulk 
electronic structure of individual, microscopically small 
particles. The shape of the vanadium L-edges and oxygen K-
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Table 2: V L3/L2 EELS peak ratios for reference compounds with formal V oxidation states varying from +2 throughout +5 and 
of the catalyst after different thermal treatments in the gas feed. 
 

 reference compounds catalyst 
 VO V2O3 V2O4 V6O13 V2O5 293 K 473 K 573 K 673 K 

formal V oxi-
dation state 

+2 +3 +4 +4.3 +5     

V L3 / L2 peak 
ratio 

1.12 1.21 1.02 0.99 0.96 1.08 1.05 1.00 0.98 
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Figure 4: EELS spectra of VxOy particles before (a) and 
after the reaction at 473 K (b), 573 K (c), and 673 K (d), 
respectively. The spectra can be divided into the V L-edges 
 
edge is strongly related to the oxidation state of the vana-
dium and to the local geometric structure. As demonstrated 
in the literature [29, 30] the intensity ratio of the V L3-edge 
and the V L2-edge (corresponding to V2p3/2-V3d and 
V2p1/2-V3d, respectively, electronic transitions) is related 
to the oxidation state of the absorber atom. The V L2-edge 
is more intense than the V L3-edge in V2O5, whereas, with 
decreasing oxidation state, the V L2 intensity decreases 
relative to the L3 spectral weight [31]. The V L3 / L2 ratio 
given as the peak intensity ratio for reference compounds 
with a formal vanadium oxidation varying from +2 
throughout +5 can be found in Table 2. A clear trend be-
comes visible with the exception of bulk V2O3 that exhibits 
an unexpectedly high L3 / L2 ratio. This anomaly of bulk 
V2O3 is probably due to other factors (e.g. hybridization) 
than the V oxidation state that influences the d-state density 
and therefore the white line peak ratio. Nevertheless, the V 
L3 / V L2-edge intensity ratio is a fingerprint for assignment 
of the oxidation state. In the same manner the intensity  

 
 
 
 
ratio of the resonances A1, A2 and B at the O K-edge are 
indicators for the oxidation state of binary vanadia species 
(compare to Fig. 4b). In general, resonance A1 gains inten-
sity relative to A2 when the material becomes oxidized and 
the resonances A1 and A2 get more intense compared to 
resonance B. 

Fig. 4 shows the EELS spectra of the as synthesized 
material (a) and after prolonged treatment in the reaction 
mixture of n-butane and oxygen at 473 K, 573 K and 673 K 
(b – d), respectively. It can be seen clearly that the V L3/L2 
intensity ratio decreased when the material was treated at 
higher temperatures. While the V L3 white line is more 
intense for the as synthesized material and after heating in 
the reaction mixture to 473 K (Fig. 4a and 4b), the white 
line intensity is equal for the material heated to 573 K (Fig. 
4c). Heating to 673 K resulted in a more intense V-L2 edge 
than the V L3-edge (Fig. 4d). The calculated V L3 / L2 peak 
intensity ratio of the VxOy particles is summarized in Table 
2. 
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Similar intensity variations could be observed at the 
oxygen K-edge. The intensity of the resonances A1 and A2 
compared to resonance B increased during the treatment. 
Furthermore, the intensity ratio between A1 and A2 was 
modified by the treatment in n-butane and oxygen. Reso-
nance A1 gained intensity during this process. 

 
Figure 5: V2p3/2 core level XP spectra of the as synthe-
sized VxOy nanoparticles (before the reaction) and of the 
material after the reaction at 673 K. 
 

The surface electronic structure of the material was 
determined by XPS before the catalytic tests and after the 
treatment of the nanocrystals at 673 K in the reaction mix-
ture. The macroscopic nature of standard XPS averages 
over the surface electronic structure of many nano-particles 
and yields an average information about the oxidation state. 
The XP vanadium 2p3/2 core level spectrum of the as pre-
pared material exhibited a broad, asymmetric line shape 
(Fig. 5a). This indicates a variety of vanadium species of 
different valences. Taking the known binding energy of 
binary vanadium oxides into consideration, the as-prepared 
material consisted of vanadium species with the formal 
valence of +3 throughout to +5. Details of the composition 
depend on the assumed line shapes that are not known a 
priori. After the reaction at 673 K the V2p3/2 core level 
spectrum exhibits a sharp peak with a binding energy of 
517.2 eV (Fig. 5b). This is consistent with a formal valence 
of +5 of the material. 
 

The study of the electronic structure by XPS (averag-
ing, surface sensitive) and EELS (individual particle, bulk 
sensitive) results in the following conclusion. The as syn-
thesized material holds vanadium particles with a variety of 

oxidation states. While mainly V3+ and V4+ were found by 
EELS, XPS showed some amount of V5+ species at the 
surface, too. In the course of the reaction at different tem-
peratures the particles were oxidized by the feed gas. After 
prolonged treatment at 673 K almost solely V5+ species 
were found both by EELS and XPS. The oxidation did not 
occur during sample transfer due to the reaction conditions 
because for the as-synthesized particles almost no V5+ was 
found. Thus, it was possible to tune the oxidation state of 
the nanoparticles by the thermal activation in the feed. Ex-
cept for the final state after heating to 673 K, always a mix-
ture of different vanadium oxidation states was found. 
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3.2.2- Morphology and geometric structure 
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Figure 6: TEM micrographs of the VxOy particles before 
(a) and after the reaction at 473 K (b), 573 K (c), and 673 K 
(d), respectively. 

d) 673 K 
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The oxidation process of the catalyst went along with 
a strong change of the morphology and the geometric struc-
ture. Fig. 6 shows TEM micrographs of the material before 
(a) and after reaction at 473 K (b), 573 K (c), and 673 K 
(d), respectively. The material was converted to various 
small particles after reaction at 473 K indicating the loss of 
structural water or other volatile species. Re-crystallization 
started at 573 K. Finally, well developed crystals resulted 
from the reaction at 673 K. 

a) As

 
Table 3: d-spacings derived from the electron diffraction 
pattern of the material before the reaction. The value of 
1.94 Å does neither belong to the structure of V2O4 nor 
V2O3. 

b) 473

 
d values 

measured 
(Å) 

V2O4 
(tetragonal) 

d (Å)          (hkl) 

V2O3 
(rhombohedral) 

d (Å)          (hkl) 

2.69 

2.44 

2.16 

1.94 

1.82 

1.68 

1.49 

1.41 

 

2.42           (011) 

2.14           (111) 

 

 

1.66           (121) 

 

2.71          (104) 

2.48          (110) 

2.19          (113) 

 

1.83          (024) 

1.70          (116) 

1.47           (214) 

1.43          (300) 

c) 573

d) 673

 
The structural dynamics of the material during the 

reaction was studied by electron diffraction. Characteristic 
diffraction patterns of the material before (a) and after reac-
tion at 473 K (b), 573 K (c), and 673 K (d), respectively, 
are shown in Fig. 7. The diffraction patterns of the material 
before the reaction resulted in a mixture of mainly V2O3 
and VO2 crystallites, but there were also other particles 
present, whose structure could not be identified as standard 
phases. The analysis of the d-spacings of the material be-
fore the reaction is summarized in Tab. 3. The main com-
ponent of the material after the reaction at 473 K was VO2, 
although few crystallites were of an unidentified structure. 
No V2O3 nanocrystals were present after the treatment. 
After reaction at 573 K, no single vanadium oxide phase 
could be identified unambiguously from the electron dif-
fraction pattern. The material seems to be a mixture of va-
nadium oxides but the occurrence of VO2 crystals can be 
excluded. The measured d-spacings of the material after the 
treatment at 573 K and their assignments can be found in 
Tab. 4. The material after the treatment at 673 K consists 
nearly exclusively of V2O5 crystals, exposing their (001) 
surface to a large extend as basal plane. 
 
 
 

 
Figure 7: Electron diffraction patterns of the VxOy particles 
before (a) and after the reaction at 473 K (b), 573 K (c), 
and 673 K (d), respectively. 
 
 
3.2.3. Release of structural water 
 

The reaction tests revealed a pronounced switching 
of the reactivity between predominately C-C cleaving and 
oxidation mode at 473 K to a dehydrogenation and oxida-
tion mode at 573 K and 673 K. To elucidate the role of 
water release in this thermally activated process, the as 
synthesized material was characterized using combined 
thermogravimetric and differential scanning calorimetry 
with gas phase analysis by mass spectrometry. The result of 
this TG/DSC-MS measurement in 21% oxygen in He is 
shown in Fig. 8. The evolution of water (m/z=18) and CO2 
(m/z=44) was observed during the heating of the particles. 
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Table 4: d-spacings derived from the electron diffraction pattern of the material after the reaction at 300 °C. Vanadium oxide 
phases with similar d-spacings are listed for comparison. 
 

d values 

measured  (Å) 

V2O4 (unknown) 

d  (Å) 

VO1.27 (tetragonal) 

d (Å)          (hkl) 

V3O5 (monoclinic) 

d (Å)          (hkl) 

V6O11 (triclinic) 

d (Å)          (hkl) 

3.38 

3.06 

2.62 

2.39 

2.02 

1.77 

1.64 

1.51 

3.31 

 

2.68 

2.43 

2.03 

 

1.65 

3.37           (224) 

3.03           (512) 

2.63           (602) 

2.39           (444) 

2.06           (008) 

 

 

 

 

2.64        (-310) 

2.42        (-312) 

2.00        (022) 

1.74        (-510) 

1.63        (-114) 

1.51        (-132) 

3.31         (-120) 

3.06         (-1-17) 

2.62         (1-24) 

2.42          (016) 

 

 

 
 
Water is removed from the sample with three maxima in 
concentration at 363 K, 513 K, and 573 K. The first maxi-
mum in water is the desorption of physisorbed water with 
no other gas phase products. The next, similarly broad peak 
in the water concentration with a maximum at 513 K oc-
curred simultaneously with an increase in CO2 concentra-
tion, but the CO2 evolution had a distinctly different profile 
(Fig. 8). Thus, we conclude that most of the water produc-
tion at 513 K results from a different process, i.e. the dehy-
droxylation of the particles. The final water peak at about 
573 K was relatively sharp and occurred with the same 
profile as the most rapid evolution of CO2. Furthermore, 
this process coincided with an exothermal peak in the DSC 
signal (not shown). This suggests reactions at 573 K that 
produce both water and CO2, presumably the combustion 
of residual CHx-groups from the preparation procedure.  

 
Figure 8: Evolution of the relative weight during heating in 
21% oxygen in helium, together with the MS signals for 
H2O (m/z=18) and CO2 (m/e=44). 
 

The TG results show two weight loss steps ending at 
483 K and 613 K followed by a weight increase. The first 
weight loss (about 5%) is ascribed to the desorption of 
water. Integration of the water signal and application of the 
calibration factor give a value of 0.936 mg water lost dur-
ing heating to 473 K. This is in good agreement with the 

weight loss of 0.90 mg measured by TG. In the second step 
an additional 4.2% of the initial weight was lost. This 
weight loss is ascribed to the release of water and the com-
bustion of hydrocarbon residuals as mentioned above. 
Quantification of the gas phase products allows an estima-
tion of the mass loss due to these products. Based on the 
scenario that the hydrocarbon residuals have the general 
formula CH and that water evolving at temperatures above 
473 K is from either hydrocarbon combustion or from de-
hydroxilation, the gas phase products equal 1.92 mg of 
adsorbed species. However, the weight loss from TG 
equaled only 1.77 mg. This difference is higher than the 
expected error for the gas phase quantification (about 4%). 
In order to close the mass balance another process is re-
quired, and this is likely the further oxidation of the vana-
dium as suggested by the EELS data (Fig. 4b, 4c). Finally, 
the mass increased with increasing temperature after 613 K 
(about 2.4% of the initial weight) without further evolution 
of gas phase products. This mass change is ascribed to the 
continued oxidation of the particles. After an extended time 
of heating, this results in V2O5 (XRD). This final state can 
be used as a basis to calculating the vanadium valence at 
minimum sample mass, and results in a vanadium valance 
of 4.5 at 613 K, consistent with the results of TEM, EELS 
and XPS. 
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MS Response: 

m/e=18 

m/e=44 The TG-MS experiments allow us to attribute the 
change in the catalytic reactivity when the particles where 
heated from 473 K to 573 K (Fig. 3) to loss of OH groups 
lost as structural water.  
 
 
4. Discussion 
 

It is quite instructive to compare the catalytic behav-
ior of the VxOy nanocrystals described in this report with 
the information about metal oxide supported vanadia spe-
cies found in the literature. In the case of supported vana-
dium oxide catalysts it is reported that the turn over 
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C
C

frequency in n-butane oxidation to maleic anhydride de-
clined above a loading exceeding monolayer coverage. It 
was concluded that this reflects the lower activity of micro-
crystalline V2O5 particles for the oxidation of butane i.e 
that microcrystalline vanadia was found to be detrimental 
for the process of maleic anhydride formation. The same 
mechanism seems to work in the case of unsupported VxOy 
nanocrystals. 

Competitive reaction pathways are possible for an 
adsorbed organic intermediate. The selectivity pattern of 
the transformation of a specific intermediate depends on 
several factors, i.e. the intrinsic activity of the active site to 
which the adspecies is adsorbed, the rates of surface migra-
tion or desorption of the adspecies, the reactivity of the 
adspecies towards gaseous oxygen [32]. These factors are 
influenced by the specific surface characteristics. Oxygen 
availability plays a crucial role in the reaction selectivity. If 
insufficient oxygen is present, then partially oxidized spe-
cies may desorb from the initial site at the surface of the 
catalyst. Thus the degree of reduction or the redox ability 
of the catalyst surface determines the reaction rate and the 
selectivity to partial oxidation products. 

A lowering of the reaction temperature (compared to 
conventional VPO bulk catalyst for n-butane oxidation to 
MA) was found in the case of supported vanadium oxide 
catalysts, too. Ruitenbeek et al. and Wachs et al. studied n-

butane oxidation to maleic anhydride on titania supported 
VPO catalysts and titania supported V2O5 catalyst, respec-
tively [33, 13]. They found that selective oxidation took 
place at much lower temperature (493 K) than in the case 
of conventional VPO catalysts. It was concluded that the 
oxidation of butane to maleic anhydride depends on both 
the redox properties and the acidic character of the bridging 
V-O-support bond. This type of bond is missing, of course, 
for unsupported VxOy nanocrystals studied in this report. 
Ruitenbeek et al. concluded that the activity of titania sup-
ported catalysts is related to their reducibility and to the 
average oxidation state of the vanadium ions on the surface 
[33]. 

It is expected that the removal of moisture has a sig-
nificant influence on the catalytic activity. Surface vanadia 
species can become hydrated in the presence of moisture. 
Wachs et al. report a significant coverage of metal oxide 
supported vanadia species with moisture at temperatures 
below 473 K (several monolayers) [12, 13, 34]. The dehy-
dration of the vanadia species seems to start at temperatures 
higher than 473 K. Almost no moisture could be detected 
with Raman on these metal oxide supported systems at 573 
K. The strong activity increase and selectivity change ob-
served in our experiments when the catalyst was heated 
from 473 K to 573 K coincided with the dehydroxylation of 
the nanoparticles as revealed by TG-MS.
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Figure 9: Simplified reaction scheme of the selective oxidation of n-butane towards maleic anhydride 
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The development of the catalytic activity during the 
isothermal experiments at 473 K and 673 K (Fig. 2b and 
Fig. 2d) points to an evolution of the catalyst structure, 
while the steady state behavior at 573 K seems to be the 
consequence of a mixture of phases. It became evident 
from XPS and EELS that the electronic structure of the 
nanoparticles changed from a variety of vanadium species 
with different oxidation states in the range of V3+ to V5+ to 
a material that contains only V5+ species (Fig. 4 and Fig. 5). 
The formation of well-crystallized V2O5 is detrimental for 
the reactivity of the material. This conclusion is supported 
by the fact, that material that has been heated to 673 K for a 
prolonged time showed a lower MA yield when it was 
cooled down to 473 K than a material that was heated from 
room temperature to 473 K. Defective and nanostructured 
forms of bulk vanadium oxide seem to be the carrier of the 
catalytic activity that is absent in V2O5 (001) surfaces. 

The analysis of the reaction as a function of tempera-
ture reveals two different reaction pathways at 473 K and 
573 K. We suggest that two different catalyst species are 
the reason for this observation. Fig. 9 shows a simplified 
reaction scheme that explains the different functionalities 
of the catalyst material. At high temperature the catalyst 
exhibits both a dehydrating and an oxidizing functionality 
through nucleophilic oxygen ONucleo and electrophilic oxy-
gen OElectro, respectively. This is visualized as reactants 
ONucleo and OElectro in the Fig. 9. Additionally, there exist 
reactive protons (visualized as OH) at low temperature. 
These reactive protons might be created by the dehydroge-
nation products. At least the OElectro species must be bound 
to a reduced metal species. First, butane gets twofold dehy-
drogenated resulting in an activated butadiene molecule 
(steps 1 and 2). At low temperature, butadiene might be 
converted into activated ethylene by C-C bond cracking. 
Interestingly, ethylene was observed by Chen and Munson 
as a by-product for n-butane oxidation on VPO catalysts 
[35]. The ethylene molecules add formally water and get 
oxidized via the aldehyde to acetic acid (step 5). This proc-
ess might happen either as shown in Fig. 9 or sequentially. 
This C-C bond cracking functionality is missing at high 
temperatures and instead the activated butadiene gets oxi-
dized finally resulting in MA (step 4). In an additional, 
parallel pathway the activated butadiene gets oxidized to 
but-3-enal (step 3) finally resulting in crotonaldehyde (but-
2-enal) via a rearrangement reaction. 

From these assumptions about the reaction pathway 
it can be concluded that at 473 K the catalyst material must 
contain both V5+ sites that can be reduced (reversibly to V3+ 
or V4+) and active OH groups with C-C bond cracking 
functionality. Candidates for this kind of material are iso-
polycompounds, i.e. complex hydrate-oxides. Typically, 
these compounds loose structural water at a temperature 
around 523 K and as a consequence thereof the water me-
diated C-C bond cracking functionality is lost, too, and the 
material forms oxides with a complex structure. The obser-
vation of water release in the TG-MS with a concentration 
maximum at 513 K strikingly supports this conclusion. 
Around 673 K, thermodynamic stable phases are formed 

due to the strong self-diffusion of oxygen in these com-
pounds at this temperature. This might be V2O5 or V2O4 
depending on the oxygen partial pressure. Thereby, the 
catalytic activity gets diminished. 
 
 
5. Conclusion 
 

The data presented are a strong confirmation of the 
validity of the approach outlined in the introduction. The 
application of chemical synthesis procedures from 
nanotechnology gave access to reproducible precursors for 
fully functional model oxides of binary unsupported VxOy 
systems. In contrast to model-supported vanadium oxide 
catalysts, the unsupported model system gave direct excess 
to structural data of the reactive material. It was possible to 
follow its structural transformations from a supramolecular 
system into the highly active selective oxidation phase and 
into its deactivated stable form of V2O5. The present study 
has produced sufficient amounts of a single phase active 
material. The amount of material used for catalytic testing 
was minimized to approach a situation in which the data 
obtained by TEM are representative for the whole catalyst. 
Morphological, geometric structural and electronic struc-
tural details of the metastable state of VxOy were collected 
which can be used for developing experimentally supported 
structural models of the active sites. The transient character 
of those materials being metastable under operation condi-
tions and the strong relevance of the operation conditions 
on formation and kinetic stability of the material was high-
lighted.  

The simultaneous detection of morphology, geomet-
ric structure and electronic structure allows us to draw a 
series of conclusions for the nature of the active phase. 
These experimentally derived conclusions substantiate 
many conceptual claims from the extensive literature and 
allow to draw a more consistent picture of the function of 
VxOy in partial oxidation. These conclusions cover the fol-
lowing issues: 
• C-C bond cracking versus redox function: A selectivity 

change from acetic acid to MA was observed. This 
finding is ascribed to the change from the water medi-
ated C-C bond cracking functionality forming acetic 
acid to the oxidising functionality resulting finally in 
MA as described in Fig. 9. 

• Multiple sites: A steady formation of crotonaldehyde 
independent of the main reaction was found (Fig. 3). 
This implies a parallel process. 

• Relevance of the oxidation state: Pure V5+ is ineffective 
but maybe only as it exists on defect-free surfaces (va-
nadyl termination). The co-existence of V5+ and V4+ as 
un unavoidable consequence of structural defects is es-
sential for selective oxidation function. 

• Lattice oxygen: Defect formation is essential. Thus, 
deep lattice oxygen is an indicator for the defect forma-
tion, not a source for selective oxygen (under operation 
conditions with gas phase oxygen). Active sites require 
a minimum of 2 metal centres with flexible bridging 
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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. There arises the problem of distinction as 
any normal catalyst also provides under-coordinated 
sites for activating and storing reactants. Thus, the tra-
ditional statements that selective oxidation catalysts 
must have lattice oxygen and follow kinetically always 
the Mars-van Krevelan hypothesis are to be considered 
with reservation. 

• Site isolation: The structural defects in VxOy provide 
site isolation both geometrically and electronically. It is 
current practice but not essential to achieve this by ad-
dition of foreign atoms or promoters. In agreement with 
literature there seems good evidence that a dimer of va-
nadium with another metal (vanadium or other) is the 
core active site highlighting the importance of reversi-
ble bridging of M-O-M substructures for selective oxi-
dation. 

• Design of good catalysts: The core property is the 
structural dynamics without allowing irreversible trans-
formation in close packed reduced forms. Open struc-
tures with a cluster-linker topology are most adequate 
as they allow for active sites isolated and stabilized by 
heteroatomic linkers into the matrix. The matrix may 
provide storage functions for active oxygen and elec-
trons to buffer local deficits in chemically potential or 
preserve the topology of the active structure in tempo-
ral episodes of lacking partial pressure of reactants. 

• Phases: Neither well-developed and ordered phase of 
known binary oxides nor fully disordered or amorphous 
matrices are suitable to provide structural dynamics. 
Supramolecular units are strongly hydrated and provide 
extensive solid acid functions leading to sometimes 
unwanted selectivity in C-C bond breaking. The suc-
cessful system is a nanostructured extended solid. 

• Supports: The nanostructure needs support to provide 
stability under the harsh reaction conditions. This can 
be done by alumina silica or more functional supports 
like ceria or titania. Most suitable seems however self 
supporting. The active oxide is very well self-supported 
on the bulk of the matrix or precursor structure. This 
minimizes the adverse effect of unwanted reactivity of 
the support surface (water mediated C-C bond crack-
ing) and optimizes the interaction of the active material 
with the support through homonuclear M-O-M bonds. 
For the characterisation of the active material, the prob-
lem of detection of an adlayer of similar composition 
but different structure arises. 
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