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Abstract

Don't touch! Without electrode contacts, but contact-free with microwaves in a resonant cavity the electronic conductivity of a VPO powder

catalyst could be measured under the reaction conditions of the selective oxidation of n-butane to maleic anhydride. As a result, a linear correla-

tion between conductivity and formation rate of maleic anhydride was observed.
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The efficient and direct functionalization of alkanes
from natural gas or future regenerative carbon-based re-
sources is impeded by the lack of suitable catalysts and the
absence of a detailed mechanistic understanding of the few
efficient alkane oxidation reactions. The selective oxidation
of n-butane to maleic anhydride (MA), an important basic
chemical with an annual global production of 1.4 Mt,1 is
one of such scarce commercialized examples. The industri-
ally used vanadium-phosphorous-oxide (VPO) -catalyst
enabling a maximum MA yield of 65 % mainly consists of
(VV0),P,0; (vanadyl pyrophosphate, VPP).1-6 Based on

experimental evidence®” '

it is generally agreed that the
reaction proceeds via a two-step mechanism, in which, in
Step 1: “lattice” oxygen from the catalyst (or oxygen from
an active surface site) is abstracted to oxidize the alkane,
and in Step 2: the catalyst is subsequently reoxidized by
gas-phase O,. It is however still debated, whether the reac-
tion proceeds on non-interacting single surface sites with
the bulk being only an inert support, or if the bulk supplies
charge carriers and oxygen>*'""> The single-site con-
ceptl2—14 would demand spacious active sites to provide
the large number of 14 electrons and seven oxygen atoms
needed per converted n-butane molecule. In contrast, an

unlimited bulk—surface charge and oxygen transfer contra-

12-14
of selec-

dicts the fundamental site-isolation principle
tive oxidation catalysis, which presumes that the
(stoichiometric) limitation and spatial isolation of active
oxygen prevents the further oxidation of the desired prod-
uct to COx.

Clearly, the investigation of charge-carrier dynamics
in selective catalysts is of fundamental importance to disen-
tangle the surface and bulk influence on the catalytic per-
formance. Unfortunately, unstable (Schottky) contact
resistances between catalyst particles, electrodes, and at
grain boundaries hamper quantitative and sensitive electri-
cal-conductivity investigations by DC or AC contact meth-
ods. Although such studies have provided valuable
information on the electrical properties of VPO catalysts,'®”
' the direct participation of bulk charge carriers in the cata-
Iytic reaction has not been demonstrated unequivocally yet.
Herein, the disadvantages of contact methods could be
circumvented by using a noncontact conductivity method
based on the microwave cavity perturbation technique
(MCPT). MCPT is a highly sensitive technique?®?' allow-
ing the non-invasive quantitative measurement of the per-
mittivity and electrical conductivity of polycrystalline
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Figure 1. a) Schematic of the MCPT/GC setup using the TM,;o
mode at 9.2 GHz of a cylindrical cavity allowing the investigation
of powder catalysts in a fix-bed flow-through quartz reactor under
reaction conditions. Sample heating is enabled by an external gas
heating element. b) Measurement principle of MCPT. Shown is the
reflection factor versus frequency for critical coupling with and
without sample. By measuring the frequency shift (w,—w,) and the
change of the line width with and without sample (Aws—Aw) the
complex permittivity and electrical conductivity can be calculated:
(ws—wo)w=A(e\— 1)V Ve, (Aws—Awo)wi=Be Vi Ve, o=¢oertws. A
and B are calibration constants, and V; and V. are the sample and
the cavity volume.

samples in a fixed-bed flow-through reactor.”? The excita-
tion of free charge carriers in the investigated sample by
microwaves (at 9.2 GHz) in a calibrated resonant cavity
enables the determination of absolute conductivity values.
By measuring the change of the resonance frequency and
the quality factor of the cavity with and without the sample,
its complex permittivity e=¢,+ig, can be deduced (Figure
1).2% The imaginary part &, is composed of the dielectric
loss, ionic, and electronic conductivity.”® A major contribu-
tion of ionic charge carriers (e.g. O ions) is negligible be-
cause their high masses are not able to follow the high-
frequency microwave excitation. In addition, no response
of the real permittivity &; of VPO to variations of the gas-
phase chemical potential was observed, hence a significant
influence of dielectric relaxations (through dipoles) can be
excluded. Consequently, the major contribution to & in
VPO is electronic conductivity. Moreover, pre-
investigations showed that the catalyst behaves as a p-type
semiconductor with an increasing conductivity in oxidizing
and a decreasing conductivity in reducing mixtures (Figure
S2 in the Supporting Information). These results are in

agreement with contact conductivity investigations. 1619

According to X-ray powder diffractometry, the VPO
catalyst was phase pure and consisted of vanadyl pyro-
phosphate (Supporting Information, Figure S1). The cata-
lytic performance and conductivity of VPP were probed
simultaneously with the in situ MCPT/GC setup at constant
temperature, but in different gas mixtures and at different
gas hourly space velocities (GHSV), i.e. at different reac-
tion gas contact times. The catalyst was preheated in air to
400°C (GHSV: 14150h") followed by an isothermal
treatment in 100 % N, (condition I; Figure 2 a,b). After 100
min the measured conductivity leveled at 8.9x1077 Scm .
Subsequently, a lean reaction-gas mixture containing 2 %
n-butane in air at 14 150 h™' was introduced (condition II).
As a result, the conductivity declined sharply while a con-
version between 25 and 27 %, and a MA selectivity be-
tween 83.4 and 83.8% was determined (Figure 2 a,b).
Then, the GHSV was successively changed to 7075 h
(condition III), 3540 h™' (IV), and back to 14 150 h™" (II).
As a consequence, with decreasing GHSV an increasing
conversion and both a decreasing MA selectivity and con-
ductivity were obtained. After switching the GHSV back to
14150 h™', neither the catalytic performance nor the con-
ductivity fully recovered. Instead, a lower conversion, MA
selectivity, and conductivity were determined.

Plotting the MA, CO, CO, selectivities and the MA
production rate as weight-time-yield (WTY) versus con-
ductivity suggests that a high conductivity favors a high
MA selectivity and rate (Figure 2 c—e), but a low total-
oxidation product (COx) selectivity. Moreover, the rate of
MA formation depends approximately linearly on the MW
conductivity of the working catalyst (Figure 2 e). Notewor-
thy, the final state of the relaxed catalyst after increasing
the GHSV back to 14 150 h™" fits nicely into this monoton-
ic dependence, further supporting the intimate relationship
between electronic and catalytic behavior.

If the often proposed first and rate-determining step of the
reaction, that is, the oxy-dehydrogenation of butane to butyl

3,13,19,23 - .
%% is considered, the dependence of

and finally butene,
the rate on the number of majority charge carriers (holes in
p-semiconductors: h’) and hence conductivity, that is,
r<[h’]xo, can be explained through Equation (1) (in

Kroger-Vink notation11).
C4Hig.aas) + O%0 + h" — C4Ho.aas) + OHo' (1

Long contact times increase the consumption of start-
ing materials, indicated by a higher conversion. The thus
lower starting-material concentration causes the rate of
product formation to decrease. Hence, the direct change in
conductivity (proportional to charge-carrier concentration)
with contact time can be explained by the consumption of
charge carriers during the reaction. Moreover, the negative
correlation between conductivity and COx selectivity can
be explained by a lower availability of selective (lattice)
oxygen at high contact times (i.e. at low conductivities),
this then favors total oxidation by electrophilic oxygen
species (e.g. O, and O") on the catalyst surface.”*
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Figure 2. Conversion of n-butane and MA selectivity (a) and mi-
crowave conductivity (b) in different gas atmospheres and at dif-
ferent GHSVs. Conditions: I: 100 % N,, GHSV: 14 150 h ', I1: 2 %
n-C4Hyo, 20 % O, in N, GHSV: 14 150 h™; TIT: 2 % n-C4H,, 20 %
0, in N,, GHSV: 7075h™"; IV: 2% n-C4Hyo, 20% O, in N,,
GHSV: 3540 h™'. MA selectivity (c), CO and CO, selectivity (d),
and weight time yield (WTY) of MA (e) relative to the determined
microwave conductivity for conditions II-IV. The dashed line is a
linear-regression fit. Red symbols are values for the relaxed cata-
lyst after switching from condition I'V to II. In (c)—(e) all the values
are steady-state values (in each case the last two measurement
points in (a)).

In addition, in situ X-ray photoelectron spectroscopy
(XPS) was performed to elucidate the catalyst surface and
sub-surface electronic structure. In previous investigations,
in situ XPS and in situ X-ray absorption of VPP indicated
major differences between the electronic structure of the

topmost surface and deeper layers.25-27 It has been pro-
posed that the gas-phase chemical potential sets the bound-
ary conditions for the formation of a distinct surface phase.
We measured in situ XPS of the VPP sample in a reaction
cell allowing the monitoring of product gases with proton-
transfer-reaction mass spectrometry (PTR-MS). First, a
lean reaction gas mixture (“C4/02”: 0.5 sccm n-C4Hy, 5.0
sccm O,) was introduced. At 320 °C a strong initial rise of
the MA PTR-MS signal at m/e 99, and a subsequent de-
crease to a constant lower level was observed (Figure 3 a).
While the initial MA peak can be explained by the desorp-
tion of residual MA from the catalyst, the subsequent con-
stant MA rate can be attributed to a real continuous MA
production. The consumption of n-butane was too low to be
measured by the applied analytical equipment, that is, the
conversion was below 1 %. However, the experiment clear-
ly showed that the catalyst was working under the applied
conditions (total pressure in reaction cell: 0.5 mbar). At
400 °C, the increasing MA signal in the PTR-MS response
indicates a much higher n-butane turnover (Figure 3 a).
Simultaneously, XP spectra were acquired. First, photoe-
lectrons up to an information depth of 1.4 nm were detected
(for details see Supporting Information). From the evalua-
tion of the recorded V 2ps;, spectra (Supporting infor-
mation, Figure S3) average vanadium oxidation states were
deduced (Figure 3 b). After applying an oxidizing gas mix-
ture (“O2/He”: 5.0 sccm O,, 0.5 sccm He) an increase of
the V oxidation state from 4.25 to 4.31 was observed.
Switching to the reducing mixture (“C4/He”: 0.5 sccm n-
C4Hyp, 5.0 sccm He) induced a decrease to 4.07. Addition-
ally, average V oxidation states from an information depth
between 1-4 nm representing sub-surface layers were de-
termined (more details in the Supporting Information).
Accordingly, sub-surface oxidation states of 4.09, 4.10, and
4.02 were observed in the mixtures “C4/02”, “O2/He”, and
“C4/He”, respectively (Figure 3 b). After switching back to
the lean reaction mixture “C4/02” the MA rate recovered
and the average oxidation state of vanadium approached
with 4.27 (surface) and 4.07 (sub-surface), respectively, the
original values.

Three major findings can be deduced from the in situ
XPS measurements: 1) The surface of the VPP catalyst is
highly dynamic and the average vanadium oxidation state
can fluctuate between 4.0 and 4.3. This result corresponds
to the dynamic microwave conductivity response (Figure
S2, in the Supporting Information). In a first approxima-
tion, the conductivity depends on the abundance of V°'.
This dependence could be explained by the rigid band
model assuming (VO)>* as acceptor states28 inducing elec-
tron holes in the VPP valence band upon thermal ionization

[Eq. D]
(VY0) vo=(VVO)'yoth’ ©)
2) The dynamic response of the V oxidation state is only

observed in the surface region, whereas even at a depth of
just 1-4 nm the V oxidation state is very close to the bulk
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Figure 3. a) PTR-MS signal of MA and applied temperature program in different gas mixtures at 0.5 mbar. b) Average V oxidation state in VPP

obtained at different depths as determined by the evaluation of the V 2ps, core level. « Surface region, measured within 1.4 nm information depth.

* Sub-surface region, measured in approximately 1-4 nm depth (for details, see the Supporting Information). Gas mixtures: “C4/02” 0.5 sccm n-
C,4Hy, 5.0 scem Oy; “C4/02/He” 0.5 scem n-C4Hjp, 2 scem O,, 3 scem He; “O2/He” 5.0 scem O, 0.5 sccm He; “C4/He” 0.5 sccm n-C4Hy, 5.0

sccm He.

value of 4.0. 3) The redox processes are completely re-
versible.

However, it is very questionable that the dynamic
behavior and the high surface concentration of V** can be
accommodated by a perfect surface termination as part of
the translational symmetric VPP lattice. Moreover, in the
“C4/02” lean reaction gas mixture at 400 °C a surface
V:P:O ratio of 1:1.5:6 was determined by XPS. These val-
ues deviate significantly from the theoretical 1:1:4.5 ratio
of the Daltonid formula (VO),P,05. In particular the high
excess of surface oxygen atoms points to a surface phase-
segregated state consisting of a metastable two-dimensional
binary vanadium oxide (and phosphoric acid).”

Although the site-isolation concept, demanding a (by
the reaction stoichiometry) restricted number of well sepa-

- 1214
rated active oxygen surface species,

is in agreement
with these results, it seems to conflict with the observed
dependence of the rate on the bulk conductivity, especially
if a rigid band model with delocalized bands is used to
describe the conductivity. Hence the dynamic conductivity
should be better explained by the involvement of (local)
surface states. From the in situ XPS results, such surface
states can be identified as part of the VxOy surface recon-
struction resulting from metastable termination of VPP

under reaction conditions. The lowest unoccupied and

highest occupied molecular orbitals of surface states are
usually situated within the band gap of the bulk semicon-
ductor.15, 28 As a consequence, a charge transfer between
bulk and surface state will occur inducing band bending
and the formation of a space charge region (Figure 4). The
band bending will manifest itself in a conductivity response
arising from the change of the charge-carrier concentration
in the space charge region. If an (electron) acceptor mole-
cule with matching energy and symmetry of its frontier
orbitals, for example, O,, adsorbs at a surface state of the p-
type semiconductor VPP, the number of electron holes in
the space charge region (upward bending, decrease of the
hole depletion layer or formation of an accumulation layer)
and thus the conductivity will be increased (Figure 4 a). In
contrast, adsorbing donors, such as H, or n-butane, will
induce a downward bending and consequently reduce the
number of holes and the conductivity (Figure 4 b). By the
identification of the surface states as catalytically active
sites, the unambiguous bulk conductivity response can be
explained, that is, the catalyst acts like a solid-state gas
sensor (chemiresistor).” VPP with its isolated polymeric
[V,04] chains perpendicular to the {100} plane provides an
optimal structure to facilitate the bulk—surface charge trans-
fer. However, the observed conductivity response indicates
that the charge transfer to the surface is limited by the reac-
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tion-induced formation of a hole-depletion layer (and thus
increasing electrostatic repulsion within this layer). The
phenomenon of a space charge restricted charge transfer
would be in conceptual agreement with the site-isolation
principle.

In summary, the first-time application of the noncon-
tact microwave cavity perturbation technique for studying
the dynamic electrical conductivity of VPP catalysts in the
oxidation of n-butane revealed 1) a charge transfer between
bulk and surface during the oxidation reaction arising from
the direct response of the measured conductivity to the
reaction-gas contact time, 2) a positive correlation between
conductivity and MA production rate, and 3)a reversed
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