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A model catalyst composed of crystalline potassium pentavana-
date (K3V5O14) supported on silica was studied to elucidate the
effect of phase transitions on the performance of potassium-
promoted vanadia catalysts in propane oxidation. Operando
calorimetry shows a clear correlation between a drop in activity
and an increase in selectivity to propylene upon melting of the
crystalline K3V5O14 phase under reaction conditions. The
pentavanadate phase itself is not active in propane oxidation,
neither in the solid nor in the molten state. The activity of the

catalyst mainly originates from highly-active, i. e., unselective
VxOy surface species anchored to silica and formed during
synthesis in addition to the supported pentavanadate phase.
Melting of K3V5O14 leads to the coverage of these VxOy species
preventing the overoxidation of propylene and leading to an
increase in propylene selectivity. The change in catalyst proper-
ties is therefore due to a physical effect and not to a change in
the chemical properties of the predominant crystalline phase.

Introduction

Since there are no binding counter atoms, the surface
termination of solids usually deviates from the structure of the
bulk. These distortions at the interface, in turn, lead to changes
in the electronic properties of solids due to the formation of
frustrated surface sites. If the solid is a heterogeneous catalyst,
this can affect the catalytic activity, and superimpose trends
and scaling relations expected based on the periodicity of bulk
chemical features.[1–2]

In both oxidative dehydrogenation of propane and non-
oxidative metathesis of propane over SiO2-supported MoOx

catalysts carried out in a wide temperature range from 50 °C to
550 °C, an increase in reactivity was attributed to the appear-
ance of strain in active silica-supported (Si-O)2Mo=O2 species.

[3]

However, due to their striving for an optimization of the bond
strengths, surface atoms with directional bonds seek new

equilibrium positions, leading to restructurings across different
orders of length and time scales, which can result in the loss of
strain and thus deactivation of the catalyst.[4] High temperature
facilitates these processes, which can lead to phase transitions
and melting of phases. In turn, liquefaction of a surface
compound can result in the generation of the active phase in
thermal catalysis, making the low-temperature state of a
catalyst significantly different from the state after activation.[5]

or under reaction conditions.[6–7] Restructuring can also be
associated with non-linear dynamic phenomena.[8] Therefore, it
is challenging to correlate catalyst dynamics experimentally
with catalytic activity, particularly at high temperatures, as it
requires examination of the catalyst under often very harsh
working conditions.

Alkali metal oxides serve as promoters for a wide variety of
catalysts. The bulk properties of the promoted catalysts may
significantly differ from the unpromoted ones. For example,
with vanadium oxide, an active phase in oxidation reactions,
alkali vanadate phases can be formed, which can undergo
phase transitions at elevated temperatures. Alkali oxides are
also frequently used to promote supported vanadium oxide
catalysts for propane oxidation (Figure 1). Here we investigate
the influence of melting on the reactivity of alkali-promoted
vanadium oxide catalysts in the oxidation of propane using
operando flow calorimetry.

Vanadium oxide-based materials are among the most
widely studied catalysts in the oxidative dehydrogenation of
light alkanes such as propane.[14–19] Usually, due to secondary
reactions of the olefin to undesired carbon oxides, the
selectivity to propylene decreases sharply with increasing
conversion and often reaches values below 50% at propane
conversions above 10% (Figure 1).[14] Despite intensive studies
over the past three decades, no significant improvement in
propylene selectivity has been achieved, in particular because
there is still no clear picture of relationships between surface
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composition and structure of the catalysts and their
reactivity.[19–21]

Most frequently, but not necessarily, the addition of alkali
ions such as Li, Na, K, and Rb to supported vanadium oxide
catalysts decreases the activity in propane oxidation while
improves the selectivity to propylene (Figure 1).[9–11,22–32] The
phenomena observed in catalysis were largely associated with
changes in the molecular surface structures, i. e., the relative
abundance of monomeric and polymeric VxOy species,

[9,31–33] and
their dispersion.[9,31,34] Performance changes were also attributed
to a change in acid-base properties. A decrease in acidity and
an increase in basicity facilitate the desorption of propylene
from the surface, so it has been suggested that the addition of
alkali inhibits secondary reactions of propylene and thus total
combustion.[9–10,22,27,30,35–37] Furthermore, a change in the redox
properties upon alkali addition, i. e., a decrease in reducibility
was also observed.[9,11,22,28,38] All these various surface and
volume properties are unfortunately interrelated, and there
may be other factors that are important that have not been
considered so far. For instance, the presence of alkali elements
may cause the formation of alkali-vanadates (e.g., KVO3)

[27] on
the surface (Figure 2). However, in none of the previous studies
was the activity of the alkali vanadate phases themselves tested
for propane oxidation. The possible contribution of potentially
formed alkali vanadate phases to catalysis are therefore
unknown. In addition, alkali vanadates have low melting points
(Figure 2), ranging from 400 °C to 550 °C, which is the typical
temperature range for propane oxidation. None of the previous
studies performed specific experiments based on which phase
transitions such as melting were discussed as a factor that could
affect the catalytic properties. This also applies to investigations
in which at least local melting could have been possible due to
the alkali content.[11,27,39–40]

In the present work, we have prepared a model catalyst to
specifically study the effect of melting of an alkali vanadate
phase on propane oxidation. We have found a direct correlation
between melting and the change in catalytic properties. The
findings shed new light on interpreting promoter effects in
oxidation catalysis and the impact of catalyst dynamics on
performance in general. In the following, it will be shown that
the change in activity is not due to the crystalline phase, but to
modifications of highly-active minority species, which can also
be detected, for example, in silica-supported
polyoxometalates.[43] It is therefore crucial to distinguish exper-
imentally between observations attributed to the crystalline
phase and the complexity of the real situation.

Results and Discussion

Synthesis and Characterization of the Model Catalyst

A potassium-containing silica-supported vanadium oxide cata-
lyst was synthesized by considering the phase diagram of K2CO3

and V2O5 (Figure 2). The atomic ratio between K and V was
chosen to be 0.6 to obtain a phase-pure K3V5O14 surface phase
(red dotted line in Figure 2). The catalyst will be denoted as K/
V=0.6 in the following. This means that if this catalyst was
applied at typical reaction temperatures for propane oxidation
between 400 and 500 °C, a phase transition from solid to liquid
would occur if the supported phase behaved analogously to
pure V2O5-K2O mixtures.[41] To verify this, we first compared the
phase transformation of the pure phase with that of its physical
mixture with the support SiO2 and the supported phase in an
oxygen / argon gas mixture (Figure 3).

The catalyst (internal catalyst ID S28654) was prepared via
spray-drying of an aqueous V2O5-K2CO3-SiO2 suspension fol-
lowed by calcination in air at 620 °C for 16 hours. Fumed silica
(Aerosil 300, ID 28958) was used as support. The details of
catalyst synthesis are explained in the experimental section.

Figure 1. Typical reactivity profiles of alkali-containing supported vanadium
oxide catalysts in propane oxidation (“○” adopted from, [9] “&”adopted
from,[10] “~”adopted from [11] “◇”adopted from,[12] and “ ” adopted from).[13]

Figure 2. Phase diagram of K2CO3 and V2O5; The area marked in green
indicates the applied reaction temperature range in the oxidative dehydro-
genation of propane while the red dashed line indicates the studied K/V
ratio (K/V=0.6); Constructed with the combined data from literature.[41–42]
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Structural and chemical properties are summarized in Table S1
in the Supporting Information. A total metal oxide loading of
8.4 wt% was achieved, of which 6.4 wt% was accounted for
V2O5. K3V5O14 was the only crystalline phase that could be
detected in the catalyst by powder X-ray diffraction (Figure S1
in the Supporting Information), which is in accordance with the
phase diagram (Figure 2).[41]

Differential Scanning Calorimetry (DSC) indicates melting of
the support-free K3V5O14 phase at 414 °C (Figure 3A, black line).
When the solidified melt was reheated in a second and third
heating cycle after heating to 550 °C and cooling to room
temperature it was found that the formation of an additional
phase occurs. This is reflected in two endothermic signals at
401 °C and 412 °C in the second and third cycle (Figure 3A, red
and blue lines). These peaks can be associated with the
formation of potassium trivanadate KV3O8

[42] during active
cooling (5 °C ·min� 1) owing to a narrow homogeneity range.
Uniform solidification of K3V5O14 follows slow kinetics and thus
requires slower cooling rates than the applied one. The peak at
401 °C is close to the eutectic point for the mixture of K3V5O14

and KV3O8 (Figure 2). The diffraction pattern measured at 50 °C
before and after each heating cycle, however, showed K3V5O14

as the only crystalline phase (Figure S2). Recrystallisation causes
formation of differently oriented crystallites, which is reflected
in changing signal intensities, but the K3V5O14 phase is retained.
Small diffraction peaks, which appear at about 31° 2q in a high-
temperature XRD experiment between 415–500 °C, indicate the
presence of small amounts of KVO3 (Figure S3).

In the physical mixture (Figure 3B) and in the catalyst
(Figure 3C), the melting peak broadened, and the maximum
observed in the first cycle (black curves) slightly shifted to lower
temperatures possibly due to an impact of the particle size
distribution of the supported phase and/or the interaction with
the support. In the second and third melting cycles (red and
blue curves), the endothermic signal for the newly formed
phase in the physical mixture (Figure 3B) is much less
pronounced than for the pure phase (Figure 3A) and not visible
in the catalyst (Figure 3C). Hence, the supported phase
demonstrates better thermal stability because there is no severe
phase separation after recrystallization.

The difference between the bulk and the supported mixture
suggests interaction at the interface between the potassium
vanadate phase(s) and the silica support. Indeed, K 2p3/2 and
2p1/2 peaks at 293.7 and 296.4 eV, respectively, measured for K/
V=0.6 by XPS, indicate on the formation of potassium
silicate,[44–45] implying that part of the potassium has dissolved
in the support (Figure S4A and D in the Supporting Informa-
tion). The second, more intense contribution in the K 2p spectra
at lower binding energies (292 and 295 eV) is attributed to K in
potassium vanadate (Figure S4B, C, E in the Supporting
Information). The binding energies of V 2p3/2 core levels at
517.5 and 516.5 (�0.25) eV are characteristic of a mixture of V4+

and V5+ components (Figure S5 in the Supporting Information).
The vanadium oxidation state of 4+ is not consistent with the
potassium pentavanadate phase K3V5O14 and suggests the
presence of additional vanadium oxide species, although beam
damage or partial loss of oxygen cannot be excluded as reason
for the appearance of V4+ at the high measurement temper-
atures (520 °C) applied to reduce charging despite the presence
of oxygen in the gas phase (Figure S5).

The reaction of silica with potassium and the blockage of
pores by the potassium vanadate layer are responsible for a
significant reduction of the specific surface area of the catalyst
to 24 m2 ·g� 1 compared to the pure silica support (Aerosil 300,
285 m2 ·g� 1) (Table S1 in Supporting Information). The coverage
of the surface of the spheric silica particles with a solidified melt
is also clearly visible in the scanning electron micrographs
(Figures 4 A and B). In the solid state, this phase does not
entirely cover the silica surface. According to STEM-EDX
(Figures 4 C–4 H), potassium and vanadium appear mainly
together in the different regions of the catalyst surface,
confirming the formation of the potassium vanadate phase
(Figures 4 E and 4 F).

The ex-situ Raman spectrum of the catalyst recorded with
an excitation wavelength of 532 nm (Figure S6 in the Support-
ing Information) is dominated by bands due to the K3V5O14

phase, which agrees with XRD. When using an UV laser
(266 nm), the spectrum differs and shows bands at wave-
numbers>1000 cm� 1 (1024 and 1058 cm� 1) (Figure S7 in the
Supporting Information) for both hydrated (fresh) and dehy-
drated (activated) states of the catalyst. These bands, and, in
addition, the band at 838 cm� 1 appearing at the dehydrated
state could indicate the presence of dispersed vanadium oxide
species VxOy with different degrees of oligomerization anchored
directly to the silica support in addition to the K3V5O14 phase.

[46]

Figure 3. DSC profiles of the support-free K3V5O14 (ID 31564) (A), a physical
mixture of K3V5O14 and SiO2 (B), and the catalyst with K/V=0.6 (C) measured
under 21% O2 / 79% Ar with a flow of 50 ·ml ·min� 1, a heating rate of
10 °C ·min� 1, and a cooling rate of 5 °C ·min� 1 in an alumina crucible with lid
in the temperature range between 30 °C and 550 °C (data shown up to
460 °C).
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Operando Differential Scanning Calorimetry

Melting was not only found in synthetic air (Figure 3), but could
directly be detected under the reaction conditions of propane
oxidation using operando DSC (Figures 5 A–C). Given the
exothermicity of propane oxidation (dashed blue line in Fig-
ure 5 A), this is a highly challenging experiment. The DSC cell
corresponds to a fixed bed reactor. In inert atmosphere, melting
is observed at 409 °C (red curve in Figure 5 A). Under reaction
conditions the evolved heat flow increases with temperature
due to the exothermic propane oxidation (black and dashed
blue lines in Figure 5 A). Above 400 °C, an endothermic signal

starts due to the phase transition from solid to liquid with a
clear peak at 409 °C. Simultaneously, the conversion of propane
drops (Figure 5 B) and the selectivity to propylene increases
(Figure 5 C). The catalytic profile recorded in the DSC cell
perfectly resembles the one measured in a fixed-bed reactor
(Figure S8 in the Supporting Information), although the meas-
urement in the DSC cell was performed at lower contact time.
Since the contact time in the fixed bed reactor was six times
higher than in the operando DSC experiment, the conversion in
the latter was much lower. The excellent agreement between
the melting temperature and the change in performance shows
that the effect in catalysis is clearly related to melting (Figure 5).

The drop in propane conversion could be caused by a
drastic decrease in the specific surface area during melting, e.g.,
by plugging pores or smoothing a rough surface. Therefore, a
catalysis experiment was performed, stopped right after the
drop and the catalyst was removed to analyze the surface area
at this point (Figure S9 in the Supporting information). The
observed decrease in specific surface area was only 20%
(Table S2 in the Supporting Information), while the consump-
tion rate of propane decreased from 8.1 μmol ·g� 1 · s� 1 to
0.3 μmol ·g� 1 · s� 1, which corresponds to a reduction of 96%
(Figure S9, Table S2). Thus, a reduction in the specific surface
area of the catalyst during melting does not explain the
observed decrease in activity.

The pure, unsupported potassium pentavanadate K3V5O14

showed no activity in propane oxidation, neither in the solid
nor in the molten state (Figure S10 in the Supporting
Information). Consequently, melting of the inactive phase itself
does not lead to any changes in performance.

Reference Experiments

As another explanation we can now assume that the only active
species in the catalyst are dispersed vanadium oxide species
detected by Raman spectroscopy (Figure S7 in the Supporting
Information) and these species are then covered by the melt. To
test this hypothesis, vanadium oxide supported on mesoporous
silica SBA-15 (5.6 wt% V)[47–48] was placed beneath a layer of
support-free K3V5O14 in a fixed bed reactor (Figure S11 in the
Supporting Information). The changes in activity and selectivity
are consistent with the changes observed when measuring the
K/V=0.6 catalyst (compare Figure 5 with Figure S11 in the
Supporting Information). Here it becomes evident from the
reactor images in Figure S11 that the molten potassium
vanadate phase covers the entire catalyst bed after heating
above the melting point of K3V5O14. We thus attribute the
decrease in activity to the flooding of highly-active silica-
supported VxOy centers, called in the following the “supported
active species”, with melt.

The simultaneous increase in selectivity is not solely due to
the decrease of conversion. This is shown by an experiment
(Figure S13 in the Supporting Information) in which the contact
time was first varied on the solid catalyst and then on its
liquefied state at the same temperature of 390 °C. When heated
from room temperature to this low temperature, the surface

Figure 4. Representative SEM image of one spherical SiO2 particle covered
by K� V oxide (A), and a magnified region of the solidified melt of the K/
V=0.6 catalyst (B). TEM image of the solidified K-V oxide melt on SiO2 (C),
and elemental mapping with STEM-EDS (D–H).

Figure 5. Operando- DSC profile of the catalyst K/V=0.6 in propane
oxidation; (A) Simultaneously measured heat flow with increasing temper-
ature (dashed line: calculated heat flow based on on-line product analysis),
(B) conversion of propane and (C) selectivity to propylene; Reaction
conditions: total flow: 9 mlmin� 1, feed: C3H8/O2/N2=7.5/7.5/85 vol%,
GHSV=4300 h� 1, β=0.42 °C ·min� 1, W/F=0.34 g · s ·ml� 1.
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layer is still solid (see DSC results in Figure S12 in the
Supporting Information) and at conversions between 0.5 and
3% the selectivity to propylene is 25% (Figure S13 in the
Supporting Information). Then, the surface layer was completely
liquefied by heating the catalyst to a reaction temperature of
500 °C. Subsequently, the catalyst bed was cooled down again
to 390 °C. However, this did not result in solidification of the
surface layer as a supercooled melt was formed (see the
hysteresis in the heating and cooling cycles measured by DSC
shown in Figure S12 in the Supporting Information), i. e., the
phase remains in a thermodynamically metastable liquid state.
At this point, the contact time was varied again and slightly
higher selectivity to propylene than over the solid catalyst can
be detected over the supercooled melt at the same reaction
temperature and conversion (Figure S13 in the Supporting
Information).

Impact of Melting on Catalysis

In summary, adding alkali metal ions to silica-supported
vanadium oxide allows the formation of alkali-vanadate phases
that melt at the reaction temperatures of alkane oxidation. The
melting then has an influence on the catalyst performance. The
low activity of the melt (Figure 5B) could be attributed to the
lack of strain in the V-O bonds in the species that are present at
the liquid-gas interface.[3] To investigate this, a model catalyst
containing supported K3V5O14 as the only crystalline phase was
prepared. However, besides K3V5O14, additional highly dispersed
vanadium oxide species VxOy of different nuclearity x bound to
SiO2 are present in K/V=0.6 as well (Figure S7).[21] While the
potassium vanadate phase seems to be completely inactive
during propane oxidation in the solid and the liquefied states
(Figure S10), the activity of K/V=0.6 could only be due to the
dispersed, SiO2-bound vanadium oxide species, which corre-
sponds to supported active species. This hypothesis is strength-
ened by the “flooding” experiment shown in Figure S11 and by
the similar trend of the increase in propane conversion with
increasing temperature and the comparable selectivity for V/
SiO2 and K/V=0.6 in the solid state (Figure S14). After melting,
the activity of the VxOy centers on the supported catalyst V/SiO2

(in the “flooding” experiment, Figure S11) and K/V=0.6
(Figures 5 and S14) is almost extinguished by covering the
supported active species with molten alkali vanadate with the
result that undesired subsequent reactions of propylene are
prevented, and the selectivity remains high even with increas-
ing conversion at higher temperatures (Figure S14).

Since K/SiO2 has the highest activity among the two
potassium-containing catalysts above the temperature of
liquefaction of K3V5O14 (Figure S14), the activity at higher
temperatures seems to be controlled by potassium rather than
vanadia, which further underlines the coverage of the sup-
ported active species (highly-active surface vanadium oxide
species) by the melt.

At the high temperatures required for melting, it also can
be assumed that homogeneous reactions in the gas phase
provide an additional contribution to the activity. The molten

layer itself may also play a role in releasing active radicals to
initiate gas-phase hydrocarbon reactions.[49] If so, the catalyst
generates alkyl fragments that further react to olefins in the
gas-phase,[50–51] or OH radicals that contribute to selective
dehydrogenation of propane to propylene.[52] In this study, a
significant change in activation energies before and after
melting suggests a difference in the reaction mechanism as one
factor responsible for higher propylene selectivity in the
liquified state (Arrhenius plots are presented in Figure S15, and
apparent activation energies are listed in Table S3 in the
Supporting Information). The apparent activation energy of
134 kJ ·mol� 1 calculated for both K/V=0.6 in the liquid state
and for SiO2 in the same reaction temperature range further
underlines the significant contribution of gas-phase reactions.
On the other hand, since the same products were obtained
before and after melting (Figure S16 in the Supporting
Information), the change in the distribution of these products
suggests that a significant difference in reaction rate constants
must occur upon liquefaction, which could also be related to a
change in the adsorption centers on the surface during melting.
We can therefore not exclude that both factors, on the one
hand the change of the surface centers, and on the other hand
gas phase contributions, account for the change of reactivity.

The influence of alkali addition to supported vanadium
oxide catalysts on the physicochemical and catalytic properties
is complex and depends on the composition, the support, and
the catalyst synthesis. In the oxidative dehydrogenation of
propane to propylene, a decrease in activity and an increase in
selectivity to propylene were most frequently observed in the
literature.[9,30, 53] The effects were attributed to an influence of
the alkali oxide on the reducibility,[21,54–55] and/or the acid-base
properties.[54–55] Geometric and electronic effects[33] or an impact
on the dispersion of the vanadium oxide species[31] were also
discussed. The formation of alkali vanadates has been observed
in related catalyst systems,[11,27, 56] and the melting was
experimentally confirmed in catalysts studied for the oxidation
of diesel soot.[56]

K-V compounds can also form locally in low concentrations,
even if they are not detectable by XRD. However, although the
melting temperatures of alkali vanadates are in the range of the
reaction temperatures commonly used in oxidation reactions of
hydrocarbons (400–550 °C), the effects of melting on catalytic
properties have never been discussed in propane oxidation
over alkali-doped vanadium oxide catalysts. In hotspots, which
are to be expected due to the exothermicity of oxidation
reactions, even higher temperatures can be reached. A strong
indication of melting effects may be a progressive increase in
selectivity to propylene with increasing propane conversion, as
the present study also demonstrates (Figures 5 and S8 in the
Supporting Information).

Conclusions

Liquefied surface layers can have highly interesting catalytic
properties, especially for dehydrogenating alkanes to
olefins.[57–58] This article aims to demonstrate, using a model
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catalyst, the huge impact phase transformations can have on
the performance and the reaction mechanism. Operando DSC
and reference experiments clearly demonstrated that the non-
oxidative melt of an alkali vanadate covers supported active
species and extinguishes their activity. It becomes clear that the
sudden change in catalyst performance upon melting is not
directly associated with the transformation of the crystal
structure of the predominating crystalline phase. Nor is it a
chemical phenomenon, such as the degradation of strain
through melting,[3] but a physical effect – the covering of the
actual supported active species VxOy/SiO2. Using the present
example, our study highlights how to prove a supposed but
misleading “obvious” structure-function relationship.

The results shed new light on the interpretation of doping
effects of alkali elements in vanadium catalysts for selective
oxidation and open further perspectives for improving selectiv-
ity in oxidation catalysis. The underlying catalyst dynamics are
not always easy to capture analytically in real high-performance
catalysts. Phase transformations at reaction temperatures must
be considered when interpreting the effects of additives
depending on the thermodynamic and solid-state kinetic
properties of the active phase. We illustrate how a phase
transition can lead to deactivation, with the positive side effect
that the resulting melt covers highly-active centers for
undesired consecutive reactions. These reactions are thus
suppressed, even if higher conversions are reached at higher
reaction temperatures. As a result, we generally postulate that
high yields of the desired product could ultimately be achieved
over liquified redox-inactive surface layers. Hence melting and
targeted blocking of highly-active sites can also be considered
as a design element for catalyst optimization.

Experimental

Chemicals

K2CO3 (>99%, Sigma Aldrich), V2O5 (>99%, BASF), and conven-
tional amorphous silica (Aerosil 300, Degussa; 285 m2g� 1) were
applied as starting materials. All chemicals were dried overnight at
80 °C before using. Millipore® water was used as solvent. Propane
with a purity of 99.95% was purchased from Westfalen AG for the
catalytic reaction. The purity of nitrogen, oxygen and argon was
99.999%.

Synthesis

The silica-supported K/V=0.6 catalyst was prepared from a
suspension of 0.3 g K2CO3, 0.7 g V2O5 and 9 g SiO2 (Aerosil 300, ID
S28958) in distilled water (350 ml). The suspension was stirred for
2 hours at room temperature and subsequently spray-dried apply-
ing the following parameters: Tinlet= 200 °C, Toutlet=130 °C, aspira-
tor=100%, nozzle cleaner=1, pump rate=15%. The obtained fine
powder (ID S28600) was transferred to a rotating quartz tube and
calcined in synthetic air (21 vol% O2 in N2) using a flow rate of
10 ml ·min� 1 at 620 °C (heating rate 2 °C ·min� 1) for 16 hours. After
cooling down to room temperature, ~6 g of catalyst were obtained
(internal ID is S28654). A total metal oxide content of 10 wt% was
targeted. Silica-supported potassium (ID S28690) and vanadium (ID

S28683) oxides were synthesized as reference catalysts according to
the same procedure.

For reference, the support-free K3V5O14 was prepared using a
conventional solid-state method described elsewhere.[59] For this,
3 g of K2CO3 and 6 g of V2O5 were mixed and ground in a mortar.
The solid mixture was pressed into pellets (3 cm diameter) with 2
tons for 1 min. Prepared pellets were transferred into a tube
furnace (Carbolite) and heated to 380 °C (heating rate 10 °C ·min� 1)
in flowing 21 vol% O2 in Ar. After the temperature was reached, the
pellets were kept at this temperature for 4 days and then cooled
down to room temperature at the natural rate of cooling in the
tube furnace. The procedure was repeated several times until the
target phase was reached (internal ID is S31564).

Characterization

The phase composition of catalysts was identified by X-ray
diffraction (XRD) using a Bruker D8 ADVANCE II theta/theta
diffractometer. Ni-filtered Cu Kα radiation and a position-sensitive
LynxEye silicon strip Detector were applied. The XRD data were
analyzed by full pattern Rietveld fitting using the TOPAS software
(TOPAS, Version 6, Bruker AXS).

The potassium and vanadium contents of the materials were
determined by X-ray Fluorescence (XRF) using the Pioneer S4
(Bruker AXS GmbH) spectrometer. For sample preparation, a
mixture of 0.05 g catalyst and 8.9 g lithium tetraborate (>99.995%,
Aldrich) was fused into a disk using an automated fusion machine
(Vulcan 2 MA, Fluxana). Calibration was performed using the
physical mixtures of K2O and SiO2 in various ratios.

Ambient pressure X-ray photoelectron spectroscopy (AP-XPS) was
carried out at the BElChem (Berlin joint lab for electrochemical
interfaces) beamline at the synchrotron radiation source BESSY II in
Berlin, Germany. A pressed powder pellet (1 ton, 8 mm diameter) of
about 15 mg supported catalyst on a SiC plate and a sapphire
sample holder was activated, i. e., heated under dynamic flow
(21 vol% O2 in N2) at 10 °C ·min� 1 to 520 °C and held there for
2 hours. Si 2p, O 1s, and V 2p XPS core level spectra were collected
by setting the pass energy of the spectrometer to 20 eV. The
excitation energy was 680 eV for O 1s and for V 2p, and 260 eV for
Si 2p spectra. XPS core level spectra of K 2p were collected with a
photon energy of 440 eV. Quantitative elemental abundance of O
1s and the V 2p1/2 and V 2p3/2 core levels were determined using
tabulated atomic subshell photo-ionization cross sections.[60] The
peaks were fitted with Gaussian-Lorentzian functions after a Shirley
background correction within the CASA data analysis software. The
total peak areas of the respective core levels after a Shirley
background correction were taken for calculation of the average
oxidation state. For vanadium, the sum of V 2p1/2 and V 2p3/2 areas
was used. To minimize differential charging, the spectra were
collected 520 °C.

The specific surface area was determined applying the multipoint
Brunauer � Emmett � Teller (BET) method based on N2 adsorption-
desorption isotherms recorded at � 196 °C using an Autosorb AS-6B
(Quantachrome) analyzer. The sample was degassed in dynamic
vacuum at a temperature of 150 °C for 2 h prior to adsorption.
Adsorption isotherms with 11 data points were recorded and the
linear range of the adsorption isotherm (0.05 < p/p0<0.15) was
considered for data analysis assuming a N2 cross-sectional area of
16.2 Å2.

The thermal behavior of catalysts regarding phase transitions was
studied in a heat flux differential scanning calorimeter (DSC)
(Mettler-Toledo HP DSC 827) with a star-shaped, layered Au� Au-Pd
sensor (one layer 56 thermocouples). The measurements were
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carried out under a dynamic atmosphere 21 vol% O2/79 vol% Ar
(70 ml·min� 1) with a heating rate of 10 °C ·min� 1 and a cooling rate
of 5 °C ·min� 1. To test for reversibility of the endothermic processes,
three heating and cooling cycles were applied. The temperatures
and heat flows were calibrated by measuring the melting points of
certified indium and zinc specimens.

The content of potassium vanadate in supported K/V=0.6 (internal
ID S28654) was determined using the melting enthalpy of support-
free K3V5O14 (internal ID 31564) as reference. The content of
pentavanadate K3V5O14 in the SiO2-supported catalyst determined
in this way is 5.2 wt%. The deviation from the value of 8.2 wt%
determined by XRF analysis is due to the reaction of K with silica
and the formation of amorphous vanadium oxide species.

Raman measurements were conducted using a TriVista Raman
Microscope System (TriVista TR 557, S&I, GmbH) equipped with a
liquid N2-cooled CCD camera (Spec10: 100BR, Princeton Instru-
ments) applying two different laser wavelengths, namely, 266 nm
and 532 nm. The 266 nm laser used was from CryLas (266 nm,
FQCW 266) and the beam was focused with a 15x objective,
applying a laser power of 0.41 mW. For the 532 nm laser (DPSS
Lasers (Cobolt 05–01 series)), the beam was focused with a 10x
objective (Olympus), applying a laser power of 2 mW at the sample
position. No beam damage was observed under these conditions.
The measurements were performed after pre-treatment of the
samples in a Linkam CCR1000 (Linkam Scientific, Tadworth, UK) cell
using a flow of 1 ml ·min� 1 of 21 vol% O2 diluted in nitrogen in the
temperature range from 50 °C to 520 °C. Spectra acquisition was
performed in 10 accumulations of 60 seconds each (t=10 min) for
the 532 nm laser, whereas 30 accumulations of 60 seconds each
(t=30 min) were necessary by measuring with the 266 nm laser.
The temperature was accurately controlled by the Linkam T96.S
controller (via a S-type platinum/rhodium thermocouple). Temper-
ature calibration in the cell was done by measuring the melting
point of potassium pentavanadate crystals (K3V5O14) under
10 ml ·min� 1 flow of synthetic air (21 vol% O2 balanced by N2).

Oxidative Dehydrogenation of Propane

Propane oxidation was measured in a commercial parallel reactor
setup (Premex Reactor GmbH) composed of two reactor blocks
with 8 fixed-bed reactors at atmospheric pressure. The catalysts
were pressed under 0.0196 MPa and sieved into a particle size of
250–355 μm. Quartz wool was placed at the tapering point of the
empty reactor in order to hold the catalyst bed in the isothermal
zone of the reactor. 350 mg of catalyst was loaded without dilution.
The thermocouple for temperature measurements was placed
coaxially in the catalyst bed. The temperature was varied between
350 °C and 520 °C. An empty reactor with SiO2 (Aerosil 300, particle
size: 250–355 m was used to check the inertness of the support. All
catalysts were activated in an oxidative atmosphere (21 vol% O2

balanced by N2) at 520 °C (heating rate 2 °C ·min� 1) for 2 h, followed
by cooling to 50 °C. Then, the catalysts were exposed to the
reaction mixture containing C3H8, O2 and N2 in a ratio of
7.5 :7.5 : 85 vol% using mass flow controllers (Bronkhorst USA, Inc.).
A precise total gas flow of 10 mL ·min� 1 was fed to start the
reaction. Product analysis was performed using an Agilent 7890 A
GC system equipped with thermal conductivity (TCD) and flame
ionization detectors (FID). A combination of Plot-Q (length 30 m,
0.53 mm internal diameter, 40 μm film thickness) and Plot-
MoleSieve 5 A (30 m length, 0.53 mm internal diameter, 50 μm film
thickness) columns, connected to the thermal conductivity detector
(TCD), was used to analyze the permanent gases CO, CO2, N2, O2,
and CH4. A system of a FFAP (length 30 m, 0.53 mm internal
diameter, 1 μm film thickness) and a Plot-Q column (length 30 m,
0.53 mm internal diameter, 40 μm film thickness), connected to a

flame ionization detector (FID), was used to analyze C2-C3 hydro-
carbons and oxygenates. The catalyst was kept at each reaction
temperature for 24 h until steady state was achieved. Propylene
and carbon oxides (CO and CO2) were found as main reaction
products. The amounts of C2 products and oxygenates (acrolein,
acrylic acid and propionaldehyde) were below 2% of the total
amount of products. The SiO2 support can be regarded as inactive
under the applied reaction conditions since the conversion of
propane at the highest temperature (i. e., 520 °C) was found to be
1.7%. The conversion of propane X and the selectivity to product j
Sj were calculated based on the sum of products according to
Eq. (1) and (2), respectively:

X ¼

Pn
j¼1 Njcj

Nalkanecalkane;0
� 100 (1)

Sj ¼
Nj

Nalkane
cj

Pn
j¼1

Nj
Nalkane

cj
� 100 (2)

where Nj is the number of carbon atoms in the product j, cj is the
concentration of product j in the gas at the reactor exit, Nalkane is
the number of carbon atoms in the alkane, calkane;0 is the
concentration of the alkane in the reactant feed.

Reaction rates for propane consumption and propylene formation
were determined by using the following Eq. (3):

d nið Þ

d W=F

� �Þ ¼ #iri (3)

where ni is the number of alkane at the reactor exit, W is the mass
of the catalyst in g, F is the total flow rate of the inlet gas stream,
and #i is the stoichiometric coefficient of alkane. The rates are
normalized to the vanadium content in g and provided in the unit
mol g� 1Vs

� 1: For the calibration procedure, please see the oper-
ando DSC section below.

Operando Differential Scanning Calorimetry (DSC)

Operando thermal analysis was studied using a Calvet type[61] in situ
calorimeter with plug-flow geometry Sensys Evo (Setaram) coupled
with a gas chromatograph Agilent 7890B and custom-designed
mass-spectrometer (Pfeiffer Vacuum). The (PtRh-Pt) Calvet type
sensor was calibrated on the production site with contact-free Ohm
resistance and verified against melting enthalpy of a certified
indium standard. A volume of approximately 125 μl sample was
pressed under 0.0196 MPa and sieved (sieve fraction 100-250 μm).

Approximately 50 mg of sample was loaded into a 150 mm long
quartz tube with an inner diameter of 4 mm and placed on a
sintered glass substrate covered with a thin layer of quartz wool
(10 mm batch length, 125 μl batch volume) in the center of the
measurement zone of the calorimeter. An identical reactor was
used in the reference position of the calorimeter. The reference
reactor was filled with quartz wool and kept under continues N2

flow equal to the total flow on the sample side. The gas chromato-
graph was coupled with the calorimeter downstream of the reactor.
Injected through the preheated inlet the solute was split and
introduced into two channels: a thermal conductivity detector
(TCD) for the analysis of CO, CO2, Ar, O2 via HP Plot Q (30 m,
0.53 mm I.D., 40 m and HP Molsieve 5 A (30 m, 0.53 mm I.D., 50 m
capillary columns, and a flame ionization detector (FID) for
detecting C3H8 and C3H6 via HP Plot Q and HP FFAP (30 m x

Wiley VCH Montag, 29.01.2024

2403 / 335167 [S. 248/250] 1

ChemCatChem 2024, 16, e202301242 (7 of 9) © 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH

ChemCatChem
Research Article
doi.org/10.1002/cctc.202301242

 18673899, 2024, 3, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202301242 by Fritz-H
aber-Institut D

er M
ax-Planck-G

esellschaft, W
iley O

nline L
ibrary on [25/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



0.53 mm x 1.0 m columns. The complete separation run lasted
22 min. Thus, to acquire the product concentration at every 10 °C
the heating rate of 0.42 °C ·min� 1 was adjusted for the DSC
experiment. All connection lines were permanently held at 120 °C
to avoid condensation. Quantitative calibration was performed for
CO2 with multiple concentrations (0.25–20%). Each calibration test
had five repetitions, which were then averaged. Excellent linearity
in the analyzed concentration range was achieved with 5 points.
For calibration of C3H6, C3H8, CO, O2 certified calibration mixtures
with the following content: 2% C3H6, 5% C3H8, 1% CO, and 1% O2

were used. The controlled gas flow was maintained with mass flow
controllers EL-Flow by Bronkhorst, additionally calibrated with a
flowmeter Definer 220.

Owing to the heat capacity (Cp) of the sample, there would be a
temperature difference of the heat transferred to the sample and
the reference reactor. The difference is measured by the thermo-
couples and represented as dQ/dt. The change in number of
molecules of the outlet stream is recorded by GC and represented
as dN/dt. The general equation for the calculation of the heat flow
for a sample is as follows:

q ¼
dQ
dt

� �

=
dN
dt

� �

(4)

where dQ/dt is the total heat flow and dN/dt is the change in the
number of molecules at the reactor exit.

Catalysts were first activated in an oxidative environment with 9
mLmin� 1 total flow (21 vol% O2 in N2) at 620 °C (heating rate=

10 °C ·min� 1) for 2 h then completely cooled down with 10 °C ·min� 1

in the same gas feed. For the reaction, the total flow of 9 mL ·min� 1,
C3H8/O2/N2-7.5/7.5/85 (Mcat/Ftotal =0.34 g · s ·ml� 1, GHSV �4300 h� 1)
was adjusted and a temperature ramp (β=0.42 °C·min� 1) applied. In
contrast to the experiment in a fixed bed reactor, we deliberately
lowered the contact time to reduce the propane conversion and
thus the exothermic effect of the reaction.

Calculation of the heat flow generated by the reaction was
calculated based on the rates of C3H6 and COx formation and
standard reaction enthalpies calculated for stoichiometric reactions
per mol of propane. The calculated heat flow (HF) in J ·min� 1 ·g� 1 is
defined as follows:

� HF ¼ rC3H6 � DH0
r C3H6ð Þ þ rCO2

� DH0
r CO2ð Þ þ rCO � DH0

r COð Þ (5)

where ri are formation rates in mol ·min� 1g� 1 and DH0
r ið Þ is a reaction

enthalpy form tabulated enthalpies of formation in Jmol� 1 (C3H8).
The temperature effect on enthalpies were neglected.

C3H8 þ 0:5O2 ! C3H6 þ H2O DH0
r C3H6ð Þ ¼

� 116:7kJ=mol C3H8ð Þ
(6)

C3H8 þ 5O2 ! 3CO2 þ 4H2O DH0
r CO2ð Þ ¼ � 2043 kJ=mol C3H8ð Þ (7)

C3H8 þ 3:5O2 ! 3COþ 4H2O DH0
r COð Þ
¼ � 1194 kJ=mol C3H8ð Þ(8)

In situ X-Ray Diffraction

XRD scans were conducted using a Theta/theta X-ray diffractometer
with Bragg-Brentano geometry (STOE). Cu Kα1+2 irradiation was
used; a secondary graphite monochromator (graphite) was in-
stalled, and a scintillation counter measured the diffracted beam.
The sample was placed as a pellet on the top of an Al foil in the

sample holder of an Anton Paar XRK 900 heating chamber. Close to
the sample, a thermocouple measured the set temperature. The Al
foil ensured correct height of the sample with respect to the beam
position. The XRK 900 in situ chamber was open and thus flooded
with air. The sample was heated at 10 °C ·min� 1 to the desired
temperature. At each temperature an XRD pattern was measured
for approximately 11 h per scan. Cooling was performed at
5 °C ·min� 1. Heating and cooling cycles were performed 3 times in a
row. During the 2nd and 3rd heating cycle the scan range was
increased to observe more reflexes yielding in a scan time of about
17 h. Due to melting and recrystallization, some sample moved out
of the beam position causing a drop in the intensity in the 2nd and
further in the 3rd heating cycle
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