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Sample Characterization

A description of the VPP sample preparation can be found elsewhere.! The catalyst was
pelletized with 1 wt-% graphite and activated in an n-butane oxidation gas feed (2% n-butane /
3% H20 in air, 1 ppm triethylphosphate) for about 500 h after a thermal treatment (in air and in
N2/H20 1:1), see Eichelbaum et al.! In the operando MCPT measurements a sieve fraction of
100 to 200 um of the crushed catalyst pellets was investigated.

X-ray fluorescence (XRF) measurements were performed on a Bruker Pioneer S4
Spectrometer. The V205 sample (SN 22054) was found to consist of 100 wt-% V20s and the
VPP sample (SN 12831) showed 56.4 wt-% V20s and 43.6 wt-% P20s (P/V atomic ratio of 1.0).

X-ray powder diffraction (XRPD) measurements were conducted on the Bruker AXS DS
Advance II theta/theta diffractometer (Ni filtered Cu Ka radiation). The powder diffractograms
of the VPP samples (SN 12831 and 10449) are shown in Figure S1 together with the one of a
VPP sample (SN 22698) after the operando MCPT conductivity measurements, where the main
reflections of the vanadyl pyrophosphate crystal structure (ICSD 280777) are indexed. The
corresponding powder diffractograms of the fresh (SN 22054) and used V20s samples after the
operando MCPT measurements (SN 24399) and the ICSD entry of a-V20s5 (60767) is shown in

Figure S2 together with the assignment of the main reflections.
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Figure S1. X-ray powder diffractograms of VPP samples (SN 12831 and 10449) and of VPP
sample after MCPT conductivity measurements (SN 22698).

The peaks below 20 of 14° in the XRD pattern of the unpretreated VPP samples 12831 and
10449 in Figure S1 may be ascribed to the hydrated phases (VO)(HPO4)(H20)s and

(VO)3(PO4)2-6H20.
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Figure S2. X-ray powder diffractograms of V205 sample (SN 22054) and of V20s sample after
MCPT conductivity measurements (SN 24399). The Rietveld fit of the two samples is shown in
gray and in light red on top of the measured diffractograms, respectively.

High-resolution transmission electron microscopy (TEM) imaging of the VPP sample (Figure
S3 (a)) was performed on the JEOL JEM-ARM200F, operated at 200 kV acceleration voltage,
using a low dose due to a beam induced sample transformation (electron dose of about 2
nA/cm?). In the beginning all VPP particles were crystalline with a very small amorphous part

(ca. 1 - 2 nm) on top, which started to grow with prolonged time under the electron beam until
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the particles became completely amorphous. The V20s sample likewise showed beam damage
effects with an oxygen loss and a transformation to lower vanadium oxides starting from the

surface (Figure S3 (b), JEOL JEM-ARM?200F).

(a) VPP

Figure S3. (a) High resolution TEM micrograph of the VPP sample (SN 12831, electron dose ~2
nA/cm?); (b) annular dark field (ADF) STEM micrograph of the V20s sample (SN 22054).

MCPT Conductivity and Permittivity

Correlations between Permittivity/Conductivity and Catalytic Performance

The electrical conductivity and complex permittivity of the vanadium oxide-based catalysts
V20s and vanadyl pyrophosphate (VPP) were investigated during the oxidation of n-butane (2%
C4Hio/ 20% Oz in N2) at 400 °C with total gas flows ranging from 2 to 30 ml/min. The response

of VPP to different contact times (total gas flows) was tested in three different microwave
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resonators operating at resonant frequencies from ~3 to 10 GHz using the TMoio and TMao2o
modes. Furthermore, two different VPP samples batches (no. 12831 and no. 10449) were
investigated. The electric and magnetic field distributions of the two modes are depicted in

Figure S4.

-+ Electric field E (V/m) TMp1o TMy20
Magnetic field H (A/m)

Figure S4. Numerically simulated electric field (red arrows) and magnetic field (light gray
arrows) inside a cylindrical microwave cavity (left: TMoio mode; right: TMo20 mode) with FEM
package COMSOL Multiphysics 5.1, RF module.

The results of the repeated contact time variation experiments of VPP are shown in Figure S5
to Figure S7. The conductivity changes induced by different reactant conversions in one gas feed
were found to be much less pronounced than the changes in between different gas feeds. In order
to resolve the small changes of the less conductive VPP at increasing n-butane conversion, the
measurements had to be conducted in smaller microwave resonators, which exhibit a larger
sample/resonator volume ratio (cf. Figure S5 (c)) and hence a greater perturbation in addition to
a higher resonant frequency. Furthermore, the second mode TMo2o was found to be stable and

sensitive to changes of the sample. The absolute conductivity could be influenced the frequency,
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which should be considered in a comparison of V20s with VPP in these contact time variation
experiments since V20s was measured at ~3 GHz. Nevertheless, the trends of the conductivity
changes with n-butane conversion (i.e. at different contact times) can be compared in any case.

The conductivity response of the two VPP sample batches in the contact time variation
experiments is presented in Figure S5 (a) as time on stream plot in 2% n-butane / 20% oxygen in
Nz at 400 °C. The electrical conductivity of VPP was not found to be significantly influenced by
the frequency showing an average value of 2.0-10 S/m in all the microwave resonators and
modes, which were measured over a time period of two years in the in situ MCPT setup. This
value is also in good agreement with the reported 1.7-102 S/m of VPP at 400 °C in 3% propane /
6% oxygen in N2 (5 GHz, TMo10 mode),” in particular given the expected lower conductivity of
the p-type semiconductor VPP in a more reducing gas feed. This finding suggests that also the
absolute conductivity of VPP from the contact time variation experiments can be compared to
the one of the much more conductive V20s. Still, a seemingly lower conductivity of VPP was
observed in one single measurement at 7 GHz shown in gray in Figure S5 (a), which may be
attributed to the usage of a “wrong” microwave mode given the close vicinity of other modes to
the intended TMo20 mode.

In order to show the small conductivity changes of VPP at different contact times, an offset

plot of the conductivity as a function of time on stream at 400 °C is presented in Figure S5 (b).
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Figure S5. (a) MCPT contact time variation experiments of VPP at 400 °C in 2% n-butane /
20% oxygen in N2 measured in three different resonators (increasing sample/resonator volume
ratio and resonant frequency) using two microwave modes (TMoio and TMo20) and two different
VPP sample batches (no. 12831 and no. 10449); (b) offset plot of the conductivity measurements
in order to show the small changes at different contact times.
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It can be seen in Figure S5 (b) that hardly any conductivity response could be detected in the
~3 GHz resonator, which exhibits the smallest sample/resonator volume ratio as shown in Figure
S5 (). The best signal stability and resolution of the conductivity changes was found in a smaller
microwave cavity operating at ~10 GHz (TMao20 mode), which was therefore chosen for a further
analysis of the correlation between conductivity and catalytic performance.

Figure S6 shows the response of the real part of the permittivity & of VPP in the contact time
variation experiments. The inset, which is highlighted in gray, is a magnification of the first three

measurements in the 3 GHz and 5 GHz resonators.
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Figure S6. Real part of permittivity of VPP from MCPT contact time variation experiments in
Figure S5: measurements using TMoio and TMo2o modes in different resonators of the VPP
samples no. 12831 and no. 10449 at 400 °C in 2% n-butane / 20% Oz in Na.

Interestingly, the real part of the permittivity of VPP showed no changes at different n-butane
conversions as opposed to the response of €' of V20s in the contact time variation experiments.
This observation holds generally true, as can be seen in Figure S6 for the two VPP sample

batches (no. 12831 and no. 10449) in the different resonators from ~3 to 10 GHz and using the
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TMoio and TMo20 modes. In addition, there seems to be an increase of & with increasing
operating frequency, disregarding again the 7 GHz “TMo20”” measurement shown in gray.
The catalytic performance of VPP recorded with online GC during the MCPT contact time

variation experiments is shown in Figure S7 in terms of a selectivity-conversion plot.
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Figure S7. Selectivity-conversion (S-X) plot from MCPT contact time variation experiments in
Figure S5: VPP sample no. 12831 at 400 °C in 2% n-butane / 20% Oz in Na.
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A stable average maleic anhydride selectivity of about 72% was observed over a
comparatively wide range of n-butane conversions, together with selectivities of approx. 18%

and 10% to CO and CO, respectively.

Redox Properties

The V205 sample showed reversible conductivity changes in different gas feeds (2% n-butane /
20% O2 in N2 ; 20% O2 in N2 ; 100% N2 ; 2% n-butane / 20% Oz in N2; “redox response”). The
oxidation of V20s in the 20% oxygen in nitrogen gas feed, which lead to a conductivity decrease
due to a consumption of charge carriers,’

O,(ads) +2V;" +4¢€e - 205 (1)

proceeded slower and after two hours no steady state of was reached. This was also reported in
the literature,* where a combination of a fast surface oxidation process and a slower process
involving the healing of oxygen vacancies V,, was suggested (see above in Eq. (1)).* In line with
this interpretation, the conductivity and permittivity response can be described by an exponential
decay in the O2/N2 gas feed with two rate constants.

The 100% nitrogen feed acted slightly reducing compared to the O2/N2 gas feed, which may be
due to oxygen loss at 400 °C in an Oz-free gas atmosphere. The following treatment of V205 in
the reaction gas feed proved the reversibility and stability of the catalyst.

In non-stoichiometric oxides like V20s that are prone to oxygen loss (“V20sx"), for instance in
reducing gas atmospheres or under ultra-high vacuum at elevated temperatures,® >* the oxygen
vacancies are believed to be a source of charge carriers (electrons) and are thus related to the
electrical conductivity.> *!° The remaining electrons were shown to be localized at vanadium

centers (filled V 3d levels) in the neighborhood of the oxygen vacancies or increasingly freed at
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higher temperatures.® 11> Perlstein, however, stated that there is probably no simple relation
between the oxygen vacancies and the electrical conductivity in vanadium pentoxide.'®
Similarly, it may be assumed that the situation in vanadyl pyrophosphate is likewise more
complicated.

The absorption below 500 to 600 nm in the spectra of V20s in Figure S8 (a), which has a band
gap of about 2.0 to 2.2 eV,!”!® is due to O*~V>" ligand-to-metal charge transfer (LMCT)
transitions.'*° In addition to the CT transition, also transitions from V** (3d') can contribute to
the spectra of partially reduced V20s.'" 2 In the literature, the NIR absorption of V20s is
attributed to transitions from 3d' states and their intensity increases with increasing amount of
V4 ! This can be seen in the present study on V205 by the increase of the absorption before the
CT edge in the region of the “baseline” in the reducing reaction gas feed, see the inset in Figure
S8 (a). In the oxidizing O2/He gas feed, a decrease of the intensity in this region was observed,
which indicates a decrease in the number of the V** centers.

This effect was also shown in a study on supported V205 on ZrOz in the literature, where an
increasing intensity below the absorption edge with increasingly reducing gas feeds at 300 °C
was clearly demonstrated,?® see also the work by Heine et al.* on V20s in n-butane- and O»-

containing gas atmospheres.*
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Figure S8. (a) DR-UV-Vis spectra of V20s recorded at 400 °C in different gas feeds (average
spectra); (b) comparison of MCPT conductivity and absorption at 775 nm as time on stream
plots in different gas feeds.

In Figure S8 (b) the similarity of the MCPT conductivity changes in the different gas feeds at
400 °C to the changes in the intensity at 775 nm in the DR-UV-Vis spectra of V205 can be seen.
Hence, both the increased absorption (Kubelka-Munk function F(R)), which was attributed to
V# centers, and the MCPT conductivity are caused by the same effects, i.e. an increased
reduction of the V205 sample leading to a higher electrical conductivity of the n-type

semiconductor in the reaction gas feed. This correlation between the DR-UV-Vis measurements
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and the MCPT experiments strongly supports the interpretation of the response of the

conductivity and of €'’ as due to a change in the number of charge carriers.

The DR-UV-Vis experiments were also extended to the p-type VPP, which has a bulk
vanadium oxidation of +4. The DR-UV-Vis spectra of VPP are presented in Figure S9 (a) at 400
°C. Here, the average spectra in the respective gas feeds are shown and the assignment of the
bands according to literature is indicated in the figure. Furthermore, the absorption of VPP at 385
nm (in terms of the Kubelka-Munk function F(R)) is compared to the electrical conductivity
response in Figure S9 (b).

VPP showed the same redox behavior as V20s in the different gas feeds, except that the
conductivity increased in the oxidizing gas feeds (increase of the majority charge carries, i.e.
holes)?!

O,(ads)+2V;" —» 205+ 4h° 2)
and decreased upon reduction. The trapping of a hole by lattice oxygen can lead to the creation
of a reactive O species (or “05”).21>
05+ h =05 / V*+ 027 = V¥ + 0 (3)
As was discussed above for V20s, the reduction of VPP in C4H10/O2/N2 also proceeded faster
than the oxidation in O2/N2, where no steady state was reached after two hours.
The conductivity of VPP stabilized in the subsequently applied 100% nitrogen gas feed, which
stopped the ongoing oxidation. The initial conductivity of 2-102 S/m was then reached again by

the treatment of VPP in the last reaction gas feed.
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Figure S9. (a) DR-UV-Vis spectra of VPP recorded at 400 °C in different gas feeds (average
spectra); (b) comparison of MCPT conductivity and absorption at 385 nm as time on stream
plots in different gas feeds.

The absorption bands of VPP between 250 and 500 nm are due to ligand-to-metal charge

transfer transitions. The O*~V*" CT band occurs below 300 nm?*2® and overlaps with the LMCT

23,25, 27-28 exhibiting a maximum at about 385 nm

band of O>~V>" that appears at a lower energy
as indicated in Figure S9 (a). In addition, some authors have reported a contribution of the
energetically highest lying d-d transition of V** to this region.?* 2’ The following d-d transition

can also be seen in the spectra between 600 and 700 nm.>*®
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The Kubelka-Munk function at 385 nm increased upon oxidation of VPP in the 20% Oz in He
gas feed indicating a higher amount of V>*. The subsequent 100% He feed was found to be inert
in line with the 100% nitrogen gas feed in the MCPT conductivity measurements, i.e. no change
of the V oxidation state was observed in this gas feed. The redox response of VPP was found to
be reversible, which can be seen by the decrease of F(R) at 385 nm (i.e. of the oxidation state)
upon returning to the reaction gas feed, see the dotted line in Figure S9 (a). In Figure S9 (b) the
electrical conductivity of VPP is compared to the Kubelka-Munk function at 385 nm at 400 °C in
the different gas feeds. It can be seen that both curves follow the same trends as a function of
time on stream. The MCPT conductivity changes can thus be attributed to the reversible
oxidation/reduction of vanadium (occupation of V 3d states) like in the case of V20s. This
correlation is clearer in the case of VPP, because for V20s the absorption bands of V** lie in the
IR region and in the DR-UV-Vis spectra only changes in the “baseline” below the absorption
edge were detected.

The DR-UV-Vis spectra of V20s in different gas feeds are shown in Figure S10 as Kubelka-
Munk function F(R) with time on stream at 400 °C. The absorption at 775 nm is indicated by the

dashed line.
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Figure S10. DR-UV-Vis spectra of V205 recorded at 400 °C in different gas feeds (2% CaHio /
20% O2 in He ; 20% Oz in He ; 100% He ; 2% CsHio / 20% Oz in He). The evolution of
Kubelka-Munk function F(R) at 775 nm is indicated by the dashed line.

The DR-UV-Vis spectra of VPP as Kubelka-Munk function F(R) with time on stream at 400
°C in different gas feeds are shown in Figure S11 (a) together with a schematic presentation of

the three d-d transitions of the vanadyl ion in approximate local C4y symmetry in Figure S11 (b).
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Figure S11. (a) DR-UV-Vis spectra of VPP recorded at 400 °C in different gas feeds (2% C4Hio
/ 20% O2 in He ; 20% Oz in He ; 100% He ; 2% CsHio / 20% O2 in He) and evolution of
Kubelka-Munk function F(R) at 385 nm. (b) Scheme of the three d-d transitions of the vanadyl
ion in approximate local Cs4y symmetry showing the often-used nomenclature based on the
irreducible representations in the Cay group.
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Temperature Dependence of Conductivity and Permittivity

The experimental procedure of the temperature dependent MCPT measurements is shown for
the example of V20s measured in 20% Oz in N2 in Figure S12 in terms of the Q-factor change at

different temperatures.
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Figure S12. Experimental procedure of temperature dependent MCPT measurements: change of
reciprocal Q-factor (1/Qs) of V20s-loaded microwave resonator (~3 GHz; TMoio) as a function
of time in 20% Oz in N2, and corresponding temperatures from 30 to 450 °C, which are also

indicated by the numbers.

The temperature dependent MCPT measurements of V20s in the different gas feeds (2% n-

butane / 20% Oz in N2, 20% O2 in N2, and 100% N2) are shown in Figure S13 in terms of the
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reciprocal Q-factor change and the resonant frequency shift compared to the empty cavity

measurement.
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Figure S13. MCPT raw data of V20s (subscript “s”) in different gas feeds (2% n-butane / 20%
O2 in N2, 20% O2 in N2, 100% N2) with respect to empty measurement (subscript “0”): change in
reciprocal Q-factor (1/Q, — 1/Q,) and shift in resonant frequency ([fy — f;]1/f;) as a function of
temperature.

The corresponding plot of the temperature dependent MCPT measurements of VPP in the

different gas feeds is presented in Figure S14.
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Figure S14. MCPT raw data of VPP (subscript “s”) in different gas feeds (2% n-butane / 20% Oz
in N2, 20% Oz in N2, 100% N2) with respect to empty measurement (subscript “0”): change in
reciprocal Q-factor (1/Qg — 1/Q,) and shift in resonant frequency ([f, — f;1/f;) as a function of
temperature.

Figure S13 and Figure S14 show that the reciprocal Q-factor change of V20s first increased
until about 200 °C, but then the increase levelled off, whereas the reciprocal Q-factor change of
VPP kept rising. The resonant frequency shift of both samples was also increasing with
temperature, however, to a smaller extent.

At first glance there seems to be a similarity between the shape of the reciprocal Q-factor
change of V205 as a function of temperature and the reported depolarization peak,>-3° still it
should be emphasized that we are showing a plot of (1/Qs —1/Q,) Vvs. T in contrast to the

logarithmic plots as a function of the reciprocal temperature that are found in literature, because,
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in fact, we observed still rather small changes as compared to the increase in the reciprocal Q-
factor change over several orders of magnitude (e.g. 10° to 10%) that was reported in literature.?’
This is also in line with the finding that neither V20s nor VPP reached the intrinsic conduction
regime in the investigated temperature range (30 to 450 °C), as expected given the rather large
band gaps (about 2 eV for V20s5).!7-1® In addition, the resonant frequency shift also showed rather
small changes with temperature, yet it is not independent of temperature, which would occur
upon reaching the high conductivity region above the depolarization crossover.>!

In order to be able to better compare our measurements to literature, Figure S13 is plotted

again as semi-logarithmic curve of the temperature dependent MCPT measurements of V20s as a

function of 1/T in Figure S15.
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Figure S15. Reciprocal Q-factor change and resonant frequency shift of V20s in different gas
feeds as semi-logarithmic plot vs. 1/T.

It is therefore assumed that the measurements of both V20s and VPP were conducted in the
low-conductivity region of the depolarization regime, in which case the resonant frequency shift

is proportional to the real part of the sample’s permittivity and the change in the reciprocal Q-

factor is related to the imaginary part of the permittivity.? 3233

Further support for this assumption is given by a comparison of the resonant frequency shift
with the cavity filling factor (4 (V;/V,)) divided by the depolarization factor “N*

fo—1s Vi1 “4)
—fo < AVCN

which yields a value of 1.8-10"2 with an estimated maximum depolarization factor of 0.1 (for a

)31, 33-34

cylinder of 1.5 mm radius and 10 mm height compared to a much smaller frequency shift
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of V205 of 3.1-1073 at 400 °C in 2% n-butane / 20% O2 in N2 (~3 GHz, TMo1o0), and of VPP of
1.3-107 under the same conditions. It is indeed often assumed that N is close to zero.>* It may be
noted that in this case, with the demonstrated validity of the microwave cavity perturbation

equations®? used in this work, also the condition®3

1 (5
II< 1_1 _
& & +N

is satisfied with the determined powder conductivities of V20s and VPP of &," (V20s) = 0.43
<&, (V20s) = 2.7 (0, (V20s) = 0.077 S/m) and of &,” (VPP) = 0.016 < ¢," (VPP) = 1.7 (g,
(VPP) = 2.8-10° S/m), respectively. The above-mentioned depolarization peak should occur at
much higher imaginary permittivities at ¢” = ¢ — 1+ 1/N.

Taken together, there is a strong probability that the resonant frequency shift can be directly
related to the real part of the permittivity of V20s or VPP and hence to dielectric relaxation and
the change in the reciprocal Q-factor to the imaginary part of the permittivity, which is then used
to calculate the conductivity of V205 or VPP.

The temperature dependence of the thus determined conductivities was then further
investigated. Figure S16 shows the conductivity and complex permittivity of V20s and VPP as a
function of temperature from 30 to 450 °C in the different gas feeds 2% n-butane / 20% Oz in N2,
20% O2 in N2, and 100% N2. Both the initial values are shown upon reaching the temperature
and the steady-state values, which are average values after 1 hour at the respective temperature.
Both samples were previously treated at 425 °C in the different gas feeds in order to remove

adsorbates like water.
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Figure S16. Temperature dependence of conductivity and complex permittivity in different gas
feeds: (a) V20s, (b) VPP. Both initial values after reaching a temperature (empty symbols) and
steady-state values (filled symbols) are shown.

Already in the conductivity versus temperature curves in Figure S16, differences between the
two samples can be seen. First of all, V20s exhibited an initial steep increase in conductivity
below 200 °C, which levelled off at higher temperatures. In contrast to this, the conductivity of
VPP started to increase significantly only above ~200 °C. Moreover, the comparison of the
different gas feeds, C4Hi0/O2/N2, O2/N2, and N2, revealed significant differences for VPP
between the reaction gas feed (black squares in Figure S16 (b)) and the other gas feeds. The
conductivity of V20s in Figure S16 (a) also followed the trends from before, i.e. a decrease of the

conductivity with increasing oxidizing potential of the gas atmosphere o(C4Hi10/O2/N2) > o(N2) >
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0(02/N2). However, these gas phase dependent conductivity differences in the high temperature
region were much more pronounced in VPP, in particular in the reaction gas feed. This is in line
with the generally observed greater relative conductivity changes of VPP in different gas feeds.
The initial conductivity (empty symbols in Figure S16) and steady-state values (filled symbols)
were found to be essentially the same. The permittivity of the samples likewise increased with
temperature.

In order to investigate the charge transport mechanism in V20s and VPP, the temperature
dependence of their conductivities was analyzed using different conduction models on the basis
of semi-logarithmic conductivity vs. of 1/T plots, which are shown in Figure S17 for both V205

and VPP in the different gas feeds.
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Figure S17. Determination of apparent activation energies of conduction of V20s (a) and of VPP
(b) in different gas feeds (2% n-butane / 20% Oz in N2, 20% Oz in N2, 100% Nz) according to
different models (at 3 GHz, TMo10 mode).

The apparent activation energies of conduction were determined from the slopes in the linear
regimes in Figure S17, where a low-temperature regime (< 100-150 °C) and a high temperature
regime (350 to 450 °C) was distinguished for V20s and VPP. The results are presented in Figure

S18.
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The comparison to absolute literature values for the apparent activation energies of conduction
should be read with care given that different samples and methods (single crystals and
polycrystalline samples, DC and AC methods until 1 MHz as well as contact-less measurements
based on the microwave cavity perturbation technique at 3 GHz in the present study) and

sometimes different temperature regimes were studied. A lower activation energy should be

| 36 36-37
*

measured at higher frequencies w, as was pointed out by Eichelbaum et al.,”® according to

o(w) = opc +Aw’ = E_.=kgT -[Ino, — In(Aw®)] . (6)

Here, the frequency dependence of the conductivity is given in terms of a frequency-
independent part (o) and a second part that shows a power law behavior, where the exponent s
is usually close to one, and A is a parameter.>*>” Still, we found a satisfactory agreement with
literature values not only regarding the qualitative trends of the two samples, V20s and VPP, but
also regarding the absolute apparent activation energies when keeping the expected decrease of

the apparent activation energy at higher operating frequencies in mind.
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Figure S18. Apparent activation energies of conduction of V20s compared to VPP (from Figure
S17). The activation energies in the low temperature range in blue (30 to 100 °C for VPP or to
150 °C for V20s) and in the high temperature range in red (350 to 450 °C) are shown in different
gas feeds (2% n-butane / 20% Oz in N2, 20% Oz in N2, 100% N2) and using different conduction
models.

It can be seen in Figure S18 that the activation energies increased when using different models,
but the trends in the different gas feeds were conserved, i.e. V20s showed the highest activation
energy in both the low temperature and the high temperature regime in the 20% O2 in N2 gas
feed, which was also observed for VPP, where, however, the lowest activation energy was

always found in the reaction gas feed. Figure S18 also clearly shows the much higher apparent
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activation energies of conduction of VPP in the catalytically relevant high temperature regime
compared to V20s.

In addition to the apparent activation energies of conduction, the temperature dependence of
the n-butane oxidation over V20s and VPP was investigated from the operando MCPT
measurements in 2% n-butane / 20% O2 in nitrogen. Figure S19 presents the Arrhenius plots of
the n-butane consumption rates as a function of the reciprocal temperature, where the slopes

were used for the determination of the apparent energies of the reaction (E,).
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Figure S19. Arrhenius plots for determination of apparent activation energies of n-butane oxidation E,
(a) over V,0s and (b) over VPP from temperature-dependent operando MCPT measurements in 2% n-
butane / 20% O in Na. The natural logarithm of the overall rate of n-butane consumption (in mmol g h™!)
is shown as a function of the reciprocal temperature.
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The linear fits of the Arrhenius plots yielded apparent activation energies of n-butane oxidation
of 61 kJ/mol or 0.63 eV for V205 and 85 kJ/mol or 0.88 eV for VPP (R? =0.9982 and 0.9997 for
V205 and for VPP, respectively). For VPO catalysts different values were reported in the
literature ranging from ~54 to 99 kJ/mol with a decreasing activation energy with an oxidation
treatment of the catalysts,*® compare for instance to 71 — 79 kJ/mol found by Zhang-Lin et al.*

or to 88 kJ/mol by Wang and Barteau.*’
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