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Abstract1

Based on our newly developed microwave cavity perturbation technique the microwave2

conductivity of diverse vanadium (III), (IV) and (V) phosphate catalysts is measured under re-3

action conditions for the selective oxidation of n-butane. The conductivity response on the gas4
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phase is identified as very sensitive measure for the redox kinetics, reversibility and stability5

of the samples, which are important prerequisites for highly selective and active catalysts. The6

sensitivity achieved by our method is comparable to surface-sensitive methods such as X-ray7

photoelectron spectroscopy, whereas more conventional analytics such as X-ray diffractome-8

try or Raman spectroscopy only indicate the stability of the bulk crystal phase under the same9

reaction conditions.10

Introduction11

Heterogeneously catalyzed selective oxidation reactions are of particular importance for our soci-12

ety, since 25% of all industrial organic chemicals and intermediates are produced this way.1,2 In13

this contribution we will focus on the selective oxidation of n-butane to maleic anhydride (MA)14

over vanadium phosphorus oxides. This reaction was the first example of a commercially ap-15

plied selective oxidation of an alkane to produce a bulk chemical,3 and hence is of both academic16

and industrial relevance. The partial oxidation to MA is catalyzed by chemically relatively sim-17

ple and homogeneous compounds such as the industrially used phase-pure vanadyl pyrophosphate18

(VO)2P2O7 (VPP). Accordingly, the bulk properties of the material are very well known making19

it an ideal system for the investigation of the working mode of a high-performance catalyst. How-20

ever, despite tedious optimization attempts, VPP only allows MA yields not higher than 65 mol%.21

Albeit the great effort made in studying this catalyst, the atomic or electronic surface structure, and22

in particular the reason for VPP being such a unique (though not perfect) catalytic system, e.g. in23

comparison to alternative vanadium phosphorus oxides, is still a matter of intense debates.4–13
24

Very often the working mode of VPP is described as Mars-van-Krevelen (MvK) mechanism25

(or the kinetics by the MvK rate-expression).4,5,9,14 Although the original work by Mars and van26

Krevelen15 did not include any atomistic description of the elementary steps, it is nowadays very27

often associated with the participation of lattice oxygen from the catalyst in the oxidation reaction.28

Here, we will use the term lattice oxygen for oxygen atoms that induce oxygen vacancies in the29

metal oxide catalyst upon their removal, as suggested by Morrison,16 though the discrimination30
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from adsorbed oxygen is not always straightforward. Within the MvK mechanism, that is better to31

be called redox mechanism, the catalyst has to fulfill several functions. First, the catayst surface32

has to provide binding sites for the substrate and intermediates. Second, the catalyst has to be33

able to exchange oxygen with the gas phase, since the catalyst, or more precisely the active site,34

has to adsorb molecular oxygen and convert (reduce) it to an active form that is able to oxidize35

the alkane. For this (oxygen) reduction process the catalyst has to provide electrons. Eventually,36

the electrons have to be transferred back to the catalyst before the oxidation product can desorb37

into the gas phase. Consequently, the third prerequisite for an oxidation catalyst is the ability38

for electron exchange, whereupon one site could in principle manage all three functions. Redox39

exchange capability (i.e. electron exchange) and exchange of surface "lattice" oxygen should be40

prerequisites for selective oxidation catalysts (as defined within the MvK concept). Experimental41

evidence has been often based on analyses probing the boundary case of a "stoichiometric" reaction42

of the catalyst with either oxygen or the alkane,4,14,17,18 or under unusual reaction conditions (e.g.43

pulse mode, vacuum).8,19 However, such experiments do not necessarily describe the mode of44

operation under "normal" reaction conditions (except for the riser reactor), where both oxygen and45

the substrate are present, probably defining a different chemical and electronic surface structure46

(and working mode) of the catalyst.20
47

Recently, the microwave cavity perturbation technique (MCPT) was introduced to the field of48

catalysis as noncontact alternative to conventional 2-contact conductivity measurements for prob-49

ing charge transfer and redox properties of catalysts.21–23 The contactless and integral nature of50

this method allows the reaction being performed in a conventional fixed-bed flow-through reactor51

with a powder catalyst under high-performance catalytic, i.e. nearly technical conditions, while52

deducing electrical and dielectric materials properties. In this contribution, we applied MCPT to53

determine the complex permittivity and conductivity of different representative vanadium (III),54

(IV) and (V) phosphorus oxides under n-butane oxidation conditions: VIIIPO4, (VIVO)2P2O7,55

Ag6(VIVO)2(PO4)2(P2O7), Ag2VIV,VP1.6O7+δ , Ag(VIVO)(VVO)(PO4)2, β -VVOPO4, and α-VVO-56

PO4. The aim of this study was to validate the two pillars of selective oxidation catalysis,24 lattice57
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oxygen exchange and redox behavior, and to identify electronic properties that are characteristic58

for selective n-butane oxidation catalysts. By measuring the microwave conductivity at different59

chemical potentials of oxygen and n-butane, the nature of band bending and hence the majority60

charge carrier type was identified for each sample. Here, the conductivity was also measured un-61

der the extreme cases of strongly oxidizing (alkane-free) and reducing (oxygen-free) conditions,62

respectively. However, the oxidized and reduced ("extreme") states could be directly compared to63

the electronic state of the working catalyst under normal reaction conditions, and correlated with64

the catalytic properties of the studied samples. In particular, the reversibility and the kinetics of the65

observed redox processes were studied, thus defining physical descriptors for selective catalysts66

that go beyond the simple terms redox and oxygen exchange capability. As for the established cat-67

alyst VPP, these results were rationalized by complementary analytical techniques such as in situ68

near-edge X-ray absorption fine structure spectroscopy (NEXAFS), in situ Raman spectroscopy69

and temperature-programmed oxidation/reduction (TPO/R).70

Results and Discussion71

As benchmark catalyst vanadyl pyrophosphate was investigated. A technical sample provided by72

BASF SE was studied by in situ MCPT, in situ NEXAFS, in situ Raman spectroscopy and TPO/R in73

order to validate its structural and electronic properties. It is to note, that MA, CO and CO2 were74

the only products found in the oxidation of n-butane with VPP. Figure 1a shows the microwave75

conductivity and real part of the permittivity ε1 of VPP starting with a gas mixture containing 1.4%76

n-butane and 20% O2, which was followed by an oxygen-lean mixture (10% O2, 1.4% n-butane).77

While the simultaneously measured n-butane conversion drops from 32 to 26%, the selectivity to78

MA increases only slightly from 74 to 76% upon changing from the alkane-lean to the oxygen-79

lean gas phase (Figure 1b). As for the conductivity, only a very small, hardly discernable decrease80

from 4.3 to 4.1x10−5 S cm−1 is observed between these two conditions. Furthermore, a strongly81

oxidizing atmosphere containing 20% O2 in N2 has a severe impact on the VPP conductivity,82
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inducing an increase to 6.7x10−5 S cm−1 within one hour. The subsequent treatment in a reducing83

atmosphere of 1.4% n-butane in N2 does inititially reverse this behavior, i.e. the conductivity falls84

back to 4.0x10−5 S cm−1. However, this is followed by an increase to 6.0x10−5 S cm−1. The final85

treatment in the lean reaction gas mixture discloses a fully reversible behavior of the electronic86

properties of the catalyst, i.e. it shows nearly the same conductivity as observed at the beginning87

of the measurement. As for the catalytic properties, the conversion and MA selectivity is with88

30 and 74%, respectively, in a similar range as observed in the first cycle under lean reaction89

conditions, aside from a slight deactivation of the activity from 35 to 30% n-butane conversion90

over the whole measurement time. Notably, the real part of the permittivity ε1 is rather constant91

over the whole measurement range irrespective of gas atmosphere, exhibiting values between 1192

and 12, the small variations being within the measurement error. This suggests that the lattice of93

the bulk catalyst remains stable upon the different treatments and that the conductivity changes94

(due to bound and/or free charge carriers) are not due to bulk phase transformations. Notably,95

no changes in the X-ray powder diffractogram and lattice parameters of VPP have been observed96

under oxidizing or reducing conditions (Supplementary Table S1), which is further evidence for97

the stability of the bulk phase under all conditions applied.98

The measured conductivity values are on the upper limit of the VPP conductivity measured99

with AC contact methods, usually ranging between 10−5 and 10−9 S cm−1 under similar condi-100

tions.25–29 However, such comparisons are not straightforward due to the strong frequency depen-101

dence of the conductivity, if a charge carrier hopping mechanism has to be considered,30 as has102

been suggested for V2O5.31
103

The conductivity increase in oxidizing and decrease in reducing gases (except for the subse-104

quent rise after longer reducing times, that will be explained later) can be described best by a105

p-type semiconductor band model16,32 and is in perfect agreement with the behavior observed106

by contact methods.25,26,28,33 The dynamic conductivity was explained by the exchange of lattice107

oxygen (Ox
O), the associated formation/filling of oxygen vacancies (V••O ), and the coupled genera-108

tion/depletion of electron holes (h•) being the majority charge carriers (in Kröger-Vink notation,32
109
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Figure 1: Microwave conductivity, real part of the permittivity ε1 (a), and catalytic performance (b)
of VPP in different gas atmospheres at 385 ◦C, GHSV = 4240 cm−1. Gas mixtures: C4/O2 (1/10):
1.4% n-C4H10, 20% O2; C4/O2 (1/5): 1.4% n-C4H10, 10% O2; O2: 20% O2; C4: 1.4% n-C4H10;
residual gas always N2.
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assuming that all involved oxygen atoms and charge carriers are supplied by the catalyst):110

1/2O2 (g) + V••O → Ox
O + 2h• (1)

111

C4H10 + 7Ox
O + 14h• → C4H2O3 + 4H2O + 7V••O (2)

In addition, the results of the in situ V L3 edge NEXAFS measurements with the same catalyst112

under comparable reaction conditions are depicted in Figure 2a, whereas the simultaneously mea-113

sured MA production rate (detected by proton-transfer reaction mass spectrometry, PTR-MS) is114

displayed in Figure 2b, proving that the catalyst was indeed working despite the reduced pressure115

conditions (total reaction cell pressure: 0.5 mbar). It has been shown that the overall peak position116

at the V L3 absorption edge is related to the formal oxidation state of vanadium (the higher the117

first momentum Ecenter, the higher the oxidation state),34 and thus can be used to compare V oxi-118

dation states of the catalyst in different atmospheres. The first momenta of the V L3 edge spectra119

(Ecenter =
∫

E ∗T EY (E)dE; with T EY being the total electron yield) in different gas mixtures are120

plotted in Figure 2c. As a result, the oxidation state is highest under oxidizing, and lowest under121

reducing conditions, whereas intermediate values of the first momentum are obtained in alkane-122

lean and richer reaction conditions, at which the differences between the latter conditions are rather123

small. This is in good agreement with the in situ X-ray photoelectron spectroscopy (XPS) results124

of VPP published earlier,23 disclosing a gas phase dependent average surface V oxidation state125

between 4.0 and 4.3 (measured at a photoelectron kinetic energy of 160 eV and corresponding126

to an information depth of 1 nm), and resembles the dynamic microwave conductivity behavior127

shown before. NEXAFS in the total electron yield mode is generally more bulk sensitive than128

XPS. The 1st momentum of the V L3 edge spectrum changes at most by 0.16 eV (between con-129

dition "O2" and "C4"), which corresponds in a first approximation34 to a change of the oxidation130

state by 0.1-0.2 (e.g. from 4.0 to 4.1-4.2). This would be in agreement with the evaluation of the131

V2p3/2 XPS spectrum measured at a photoelectron kinetic energy of 760 eV (corresponding to an132

information depth of 4 nm) and giving maximum oxidation state changes between 4.0 and 4.15.23
133
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This points to a respective information depth for the NEXAFS experiment, that can be expected if134

Auger electrons contribute primarily to the signal.135

These results and the respective conductivity behavior suggest that the concentration of electron136

hole charge carriers is in equilibrium with the V4+/V5+ ratio after137

(VVO)•VO 
 (VIVO)x
VO + h•, (3)

and supports the often discussed16 role of a narrow V 3d band or local V surface states as acceptor138

band/states giving rise to the p-type conductivity of VPP. However, the pronounced decrease of139

the vanadium oxidation state in n-butane ("C4") is not reflected in the conductivity response. The140

difference might be an effect of the different total pressures and thus chemical potentials in the141

two experiments (n-butane conversion in the NEXAFS experiment is below 1%), or due to the142

formation of electronically isolated reduced vanadium species on the surface (such as V3+). A143

third explanation (but closely related to the first argument) is the prevention of a strong reduction144

of the catalyst due to coke formation under reducing conditions at ambient pressures and high145

conversions, which will be discussed next.146

As described before, it has been found that after the expected sharp initial decline the conduc-147

tivity was rising again in gas mixtures containing 1.4% n-butane in N2 (Figure 1a). In order to148

find an explanation for this unexpected behavior, in situ Raman spectroscopy was performed. In149

Figure 3 Raman spectra of VPP under reaction, oxidizing, inert, reducing and again oxidizing con-150

ditions are shown. During all treatments signatures at 929, 1131 and 1178 cm−1 were observed.151

The first band can be assigned to the pyrophosphate P-O-P stretching vibration, whereas the two152

latter signals can be attributed to V-O-P stretching bands of VPP.35–38 A very weak shoulder around153

1000 cm−1 might be assigned to V=O that could be an indication for a very small concentration154

of V5+ species,37 probably located mainly on the surface. Besides, no signals to be attributed to155

alternative vanadium oxide or phosphate bulk phases such as VOPO4
35–38 appeared, proving that156

the sample consists of phase-pure VPP that is stable in all gas mixtures applied. However, in the157
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Figure 2: a) In situ V L3 NEXAFS spectra of VPP in different gas mixtures after the respective time
on stream (TOS), b) PTR-MS signal of MA and applied temperature program and c) first momenta
of the normalized spectral distributions (Ecenter =

∫
E ∗TEY(E)dE) at the V L3 edge of VPP in

different gas mixtures. Gas mixtures: C4/O2 (1/10): 0.5 sccm n-C4H10, 5.0 sccm O2; C4/O2 (1/4):
0.5 sccm n-C4H10, 2 sccm O2, 3 sccm He; O2: 5.0 sccm O2, 0.5 sccm He; C4: 0.5 sccm n-C4H10,
5.0 sccm He.
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reducing mixture containing 2% n-butane in He, an additional broad feature at 1580 cm−1 showed158

up with increasing intensity. In this spectral region graphitic carbon shows a specific Raman signal159

known as G-band.39 In addition, a very weak and broad signal around 1360 cm−1 appeared that160

can be assigned to the D-band of defective carbon species.39 Thus, the new Raman signals, evolv-161

ing under reactive conditions within minutes, can be explained by coke formation on the catalyst.162

Coking is a very frequently observed phenomenon in alkane oxidation reactions,38 in particular163

in strongly reducing environments, and was also reported for VPO catalysts and even given as a164

principal source for CO and CO2 by-product formation.4 As expected, the coke can be removed165

by introducing an oxidizing gas flow containing 20% O2 in He. Under such oxidizing conditions166

the bands at 1360 and 1580 cm−1 disappeared, obviously due to an oxidation of the coke to COx.167

Now, the observed microwave conductivity behavior of the sample in Figure 1a can be understood.168

Graphitic carbon is a rather strong electronic conductor, exceeding the conductivity of VPP by or-169

ders of magnitude (10 GHz conductivity of graphite: 0.5-1 Sm−1; carbon black: 0.04-0.2 Sm−1),40
170

perfectly explaining the increasing conductivity in the strongly reducing environment.171

Figure 3: In situ Raman spectra of VPP in different gas atmospheres at 400 ◦C, initial VPP weight:
80 mg, gas flow: 10 ml/min. C4/O2: 2% n-C4H10, 20% O2; O2: 20% O2; C4: 2% n-C4H10; He:
100% He; residual gas always He.

The amount of exchangeable oxygen in VPP between room temperature and 450◦C was quan-172
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tified by temperature-programmed oxidation (TPO1 in Figure 4) in 5% O2 in He, succeeded by173

temperature-programmed reduction (TPR1) in 5% H2 in Ar. This oxidation/reduction cycle was174

repeated (TPO2 and TPR2, respectively). From the integrals of the measured absolute consump-175

tion of O2 and H2, respectively, the relative amount of exchanged oxygen of VPP was calculated176

and plotted versus temperature (Figure 4). As for TPO, at 385◦C the determined amount of con-177

sumed oxygen would correspond to 0.22% of VPP lattice oxygen. The TPR experiment revealed178

that the consumption of hydrogen up to 385◦C would correspond to the extraction of 0.15% of VPP179

lattice oxygen. For both TPO and TPR a relative total oxygen exchange of 0.35% was obtained at180

450◦C. These results show, that 1) the as-received catalyst (run under lean reaction conditions for181

more than 100 hours) is in a reduced state, and that 2) the redox processes are at least within one182

redox cycle reversible. The differences between the TPO and TPR curves below 450◦C might be183

due to the different kinetics of the reduction and oxidation processes. While both TPR measure-184

ments show within the measurement error no differences and hence indicate the reversibility of the185

oxygen exchange, the second TPO curve is shifted to lower temperatures and results in a higher186

absolute O2 consumption. An explanation could be the formation of OH− and H2O and/or the ir-187

reversible formation of small amounts of thermodynamically very stable vanadium(V) phases (not188

yet observable with Raman or XRPD), that might also give rise to the slight but constant decrease189

of the cataytic activity and conductivity (cf. Figure 1). In contrast, the reversible TPR cycles likely190

reflect only the reversible exchange of oxygen on the surface.191

One of the strongest XRPD signals of VPP can be found at 2θ=23.0◦ (Supplementary Fig-192

ure S1), that are assigned to {200}-plane reflections. This might suggest that {100} cleavage193

planes are dominating the surface, which are also discussed as active layers for MA formation.17,25
194

The density of V atoms on this plane is about 8.3 µmol/m2 according to the determined unit cell195

parameters (Supplementary Table S1). This would correspond to a theoretical surface oxygen ca-196

pacity of 66 µg/m2, assuming a V4+/V5+ redox couple. With a BET surface area of 24 m2/g a197

surface oxygen capacity of 159 µg per 100 mg catalyst is obtained. Accordingly, 0.22% of ex-198

changeable oxygen determined at 385◦C would correspond to 103 µg/100 mg catalyst, complying199
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Figure 4: Temperature-programmed oxidation (TPO) and reduction (TPR) plots of VPP in integral
units of the relative amount of inserted (TPO) and extracted (TPR) VPP lattice oxygen, respec-
tively.

with 65% of the theoretical total surface oxygen capacity. At 450◦C, 164 µg/100 mg lattice oxygen200

was exchanged, which is close to the theoretical maximum surface capacity. These data suggest201

that the reversible oxygen exchange mainly involves the catalyst surface. This result fits nicely to202

the observed surface restriction of the vanadium oxidation state change proven by NEXAFS and203

XPS, the stability of the bulk phase shown by XRD and Raman spectroscopy, and points to the sur-204

face sensitivity of the measured microwave conductivity of the sample depending on the applied205

gas phase chemical potentials.206

Having identified the electronic properties of the benchmark catalyst VPP, its gas-sensitive207

electronic behavior is to be compared to other selective, inselective or inactive vanadium phos-208

phates. For this purpose, the microwave conductivity and permittivity of the inselective samples209

VIIIPO4, α-VVOPO4 and β -VVOPO4 (crystal structures shown in Figure 5) was measured (Fig-210

ure 6a). It is to note, that αI- or αII-VOPO4 are spectroscopically hardly descernible from the211

VOPO4 ·2H2O phase. Moreover, the layered α-VOPO4 structure (Figure 5d,e), which is most212
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likely present at the high reaction temperatures, intercalates easily water between the layers and213

transforms reversibly into the dihydrate at lower temperatures.214

There are only very few catalysts known exhibiting reproducible, stable and at least mod-215

erate selectivities to MA. Recently, Karpov et al. identified a sample with the empirical formula216

Ag2VIV,VP1.6O7+δ (0<δ<0.5), supposedly having a vanadyl (IV,V) orthophosphate-pyrophosphate217

layer structure, since its XRPD pattern (Supplementary Figure S2) resembles the recently charac-218

terized Ag6(VIVO)(PO4)(P2O7) structure (Figure 5b).41 The former sample exhibited promising219

selectivities to MA, and thus was included as selective catalyst in our study. For comparison,220

the phase-pure samples Ag6(VIVO)(PO4)(P2O7) and Ag(VIVO)(VVO)(PO4)2, the latter originally221

synthesized and characterized by Raveau et al.,42 were tested as well (Figure 6a). All samples were222

investigated by the same protocol under isothermal conditions at 385◦C and a GHSV of 4240 h−1
223

(i.e. contact time: 0.85 s): after 2 hours in the lean reaction gas mixture containing 1.4% n-butane224

and 20% O2, the samples were exposed for two hours to an oxidizing mixture (20% O2 in N2),225

followed by a one-hour inert treament in N2. Then, the gas mixture was switched back for one226

hour to lean reaction conditions, followed by a strongly reducing atmosphere containing 1.4% n-227

butane in N2 for one hour. As for the VPP sample, the latter treatment was restricted to 30 minutes.228

Instead, VPP was exposed subsequently to 20% O2 and to a final treatment in 2% H2 in N2. The229

latter conditions were applied to verify the p-type conductivity behavior of VPP in reducing atmo-230

spheres excluding the effect of coking. As a result, the conductivity behavior of VPP is in perfect231

agreement with the aforementioned description within the p-type semiconductor model. The initial232

decrease upon the second treatment in O2, followed by a steady increase can be well explained by233

the removal of coke (diminishing initially the conductivity), as already observed by Raman spec-234

troscopy (Figure 3), and the subsequent increase due to the oxidation of the catalyst surface, which235

is as expected for a p-type semiconductor. In H2 the conductivity drops immediately to the level236

already observed under lean reaction conditions. The latter observation is further evidence for237

coking being responsible for the originally unexpected conductivity behavior under n-butane-rich238

conditions.239
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Figure 5: Images of the crystal structures of a) (VIVO)2P2O7, b) Ag6(VIVO)(PO4)(P2O7), c)
Ag(VIVO)(VVO)(PO4)2, d) αI-VVOPO4, e) αII-VVOPO4, f) β -VVOPO4.

The catalytic properties, conductivities and permittivities of all samples measured in differ-240

ent gas atmospheres are depicted in Figure 6 and are summarized for the lean reaction condi-241

tion ("C4/O2") in Table 1. Notably, for all active samples CO and CO2 were the only prod-242

ucts observed in significant amounts (besides MA when indicated). Moreover, it is obvious that243

none of the investigated materials come even close to the MA yield obtained with VPP. Only244

the novel sample Ag2VIV,VP1.6O7+δ shows a moderate and stable MA selectivity of 25%, while245

the n-butane conversion is with 2.5% rather low (but stable). At higher temperatures (430◦C)246

the selectivity was decreasing to 13% at a conversion of 24%, as was shown in an earlier study247

(with a GHSV of 2000 h−1).41 Interestingly, the monovalent silver vanadyl (IV) orthophosphate-248

pyrophosphate Ag6(VIVO)(PO4)(P2O7) shows no MA selectivity at all, despite its structural simi-249

larities to Ag2VIV,VP1.6O7+δ . Its activity is with a conversion of 0.4 to 0.8% very low. In contrast,250

the mixed vanadyl (IV,V) silver orthophosphate and β -VOPO4 produce MA, though with a low se-251

lectivity of 10-15% and an n-butane conversion of about 1%. The low but reproducible conversions252

allow the investigation of the catalysts under nearly differential conditions, hence avoiding steep253
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concentration and conductivity gradients in the fixed bed. This is an advantage in light of the in-254

tegral nature of MCPT measuring the overall conductivity of the sample, which is to be correlated255

with the chemical potential of the gas phase (that is only known upstream and downstream of the256

catalyst). The other samples VPO4 and α-VOPO4 can be regarded as inactive (and unselective),257

since only minor amounts of COx are produced.258

Table 1: Catalytic activities, selectivities and microwave conductivities of the different vanadium
phosphate samples measured at the end of the second cycle under reaction conditions (cf. Figure 6):
T=385◦C, GHSV=4240 h−1 (5 ml/min); gas mixture: 1.4% n-butane, 20% O2, residual gas N2.

Sample Xn-butane SMA SCOx [%] RateMA σ Cond.

[%] [%] CO2+CO [mol/(m2min)] [Scm−1] type

(VIVO)2P2O7 31 80 10+10 4.6x10−7 4.0x10−5 p

Ag6(VIVO)2(PO4)(P2O7) 0.5 0 100+0 0 0.17 p

Ag2VIV,VP1.6O7+δ 2.5 25 38+37 2.7x10−8 1.6 p

Ag(VIVO)(VVO)(PO4)2 1.2 12 35+53 6.1x10−9 1.1 p

α-VVOPO4 (0.2) 0 (58+42) 0 9.0x10−7 n

β -VVOPO4 1.4 13 46+41 4.3x10−8 1.6x10−5 n

VIIIPO4 0.1 0 100+0 0 5.0x10−5 -

It is now interesting to compare the simultaneously measured (dynamic) conductivity and per-259

mittivities under the respective conditions (Figure 6a). First, all vanadyl (IV) catalysts, including260

the mixed vanadyl (IV,V) phosphates, show an increasing conductivity in O2 and a decreasing261

conductivity in the n-butane atmosphere. As described before, this can be interpreted in terms of262

a p-type semiconducting behavior. Although Ag6(VIVO)(PO4)(P2O7) is obviously unstable in the263

presence of n-butane (or more likely its surface) exhibiting a constantly falling conductivity, it is264

stabilized in inert or oxidizing conditions, thus justifying its classification as p-type semiconductor.265

In contrast, the conductivities of the two vanadyl (V) orthophosphates show the opposite trend, a266

decreasing value under oxidizing and a rising conductivity under reducing (or reaction) conditions.267

Hence this can be explained by electrons being the majority charge carriers, classifying these sam-268
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ples as n-type semiconductors. The p-type and n-type conductivity of VPP and the two VOPO4269

samples, respectively, is in agreement with contact measurements at low frequencies.26 The other270

materials have not been measured by DC or AC methods yet.271

Interestingly, the conductivity of VPO4 remains basically constant and does not respond sys-272

tematically to the different gas mixtures. Hence it can be summarized that the investigated com-273

pounds with a bulk vanadium oxidation state of +4 (or mixed +4/+5) exhibit p-type, samples with274

an oxidation state of +5 show n-type semiconductivity, while the V3+ phosphate does not react on275

the gas atmosphere.276

Another important result is that the conductivity of the silver vanadyl phosphates is orders of277

magnitudes higher than for the other samples. In general, Ag+ ions in the different crystal layer278

structures are located between the layers (Figure 5). Hence charges might be transferred easily279

between the Ag ions forming a delocalized partially filled conduction band, giving rise to the high280

conductivity due to the high number of charge carriers and/or very high mobilities. Ionic con-281

ductivity of Ag+ might be another explanation, though in general the high microwave frequency282

excitation privileges highly mobile electronic compared to inertial ionic charge carriers. How-283

ever, the characteristic conductivity behavior of the three different silver vanadyl phosphates upon284

changing the gas phase is probably still governed by the vanadium, since the dynamic behavior re-285

sembles the situation found for the silver-free samples, in particular with respect to the vanadium286

oxidation state.287

Moreover, the differences in the gas-phase response of the permittivity ε1 are striking. Whereas288

no significant changes are observed for the silver-free samples, the permittivity follows nearly289

exactly the conductivity trend for the silver vanadyl phosphates (Figure 6a). The real part of the290

permittivity depends on the polarizability (i.e. electric dipole character) of the material. Thus it291

is conceivable that large changes of the absolute number or mobility of charge carriers (indicated292

by the conductivity), as observed in the silver samples upon changing the gas atmosphere, will293

induce appropriate changes in the dipolar character (polarizability) of the sample. However, this294

interpretation has to be taken with care, since the resonance frequency shift of the microwave295
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cavity induced by the sample becomes dependent on the conductivity σ (or the imaginary part296

of the permittivitiy ε2) for large conductivities in the vicinity of the depolarization peak,43 and297

not only on ε1 as assumed in our calculation. The exact relationships have to be determined by298

temperature-dependent measurements of the complex permittivity in the future.299

In order to better compare the conductivity kinetic trends of the different samples, the con-300

ductivities were normalized to (i.e. devided by) the respective value measured under lean reaction301

conditions after 190 hours time on stream for each sample. This way, all data could be plotted in302

one graph (Figure 7). Since the conductivity σ is the product of the charge carrier density N and303

the mobility µ ,304

σ = eNµ, (4)

and under the assumption that the charge carrier mobilities do not depend on the external gas305

phase, the thus normalized conductivity would allow the direct comparison of the relative changes306

of charge carrier concentrations in dependence on the gas mixture. Although this hypothesis307

has to be proven in the future by measuring the mobilities, the general differences between the308

samples can be already deduced. First, it is remarkable that only the selective samples VPP and309

Ag2VIV,VP1.6O7+δ show a similar behavior, i.e. a strong and fast response to the O2 atmosphere310

and a stable and reproducible conductivity under reaction conditions, irrespective of the previous311

treatment. Under oxidative conditions the value for VPP doubles, whereas the conductivity of312

Ag2VIV,VP1.6O7+δ increases by a factor of 1.5. The abrupt change of the conductivity of VPP313

under inert conditions might be due to the removal of weakly chemisorbed oxygen. Although the314

unselective sample Ag(VIVO)(VVO)(PO4)2 exhibits a similarily increasing conductivity in O2, its315

slope is much smaller and, even more important, the conductivity stays at the high value under the316

subsequently applied reaction conditions. A similar, though reversed, behavior is observed for the317

inactive α-VVOPO4. Here, the conductivity shows a strong and steep decrease in O2, that does318

not recover in the reaction gas mixture. Contrarily, the slightly active β -VVOPO4 does recover,319

but the conductivity difference between oxidizing and reaction gas atmosphere is much smaller320
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than for the other active samples. As for Ag6(VIVO)(PO4)(P2O7) and VPO4, the conductiviy is321

not stable under reaction conditions or does not respond at all on the gas phase, respectively. In322

conclusion, a strong reversible response in the sequence C4/O2, O2, C4/O2 might be an indication323

for the activity and selectivity of the catalyst.324

Figure 7: Normalized microwave conductivity of selected vanadium phosphates in different gas
atmospheres at 385 ◦C, GHSV = 4240 cm−1. Gas mixtures: C4/O2: 1.4% n-C4H10, 20% O2; O2:
20% O2; N2: 100% N2; C4: 1.4% n-C4H10; residual gas always N2.

In addition to the reversibility of the conductivity, the behavior under reducing conditions is325

unique for VPP. Neither in n-butane (where coking disturbs the measurement), nor in H2 does the326

conductivity undercut the values observed under reaction conditions. In contrast, the conductivity327

of the p-type conductor Ag2VIV,VP1.6O7+δ is further decreased, whereas the n-type conductors328

α-VVOPO4 and β -VVOPO4 exhibit a pronounced increase. Interestingly, Ag(VIVO)(VVO)(PO4)2329

shows even under strongly reducing conditions only a very slowly falling conductivity.330

Moreover, it is remarkable that all vanadium (IV) (and (IV,V)) samples are p-type semicon-331

ductors, whereas all vanadium (V) phases are n-type semiconductors. As already indicated by332

equation (3), in vanadium (IV) oxides a small amount of V5+ is needed for the generation of333
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electron holes. It has been suggested28 that these electron holes are trapped by lattice oxygen:334

Ox
O + h• → O•O (5)

Hence the conductivity could be described as hopping process where the electron hole is trans-335

ferred between adjacent O− and O2− ions or within the valence band (exhibiting a strong O char-336

acter44,45).337

In vanadium (V) oxides or phosphates, local V4+ states or a narrow partially filled V 3d band338

within the band gap have been suggested,16 and were indeed identified in V2O5 single crystals.45
339

These states can donate electrons into the conduction band and thus explain the n-type semicon-340

ductivity of the vanadium (V) samples.341

In a next step, we tried to summarize these results exemplarily for the two selective catalysts342

VPP and Ag2VIV,VP1.6O7+δ in schematic band diagrams (Figure 8). Due to the gas phase sen-343

sitivity of the measurements and the finding, that only the surface participates in the reaction (as344

proven for VPP), the samples are best described as solid-state gas sensors (chemiresistor).16,46
345

Then, the V4+/V5+ redox couple can be identified as surface state exchanging electrons with the346

gas phase (adsorbed molecules). The emptied surface state would correspond to V5+, the occupied347

surface state to V4+. This charge transfer will induce a band bending and the formation of a space348

charge region due to the pinning of the Fermi level to the surface state level (and/or the redox po-349

tential of the adsorbed reaction gas). As a consequence, the band bending, which is accompanied350

by changes in the subsurface charge carrier concentration to screen the surface charge, will con-351

trol the conductivity in the subsurface region, as was oberved in our MCPT measurements. From352

this representation it becomes also clear, why vanadium (III) phosphates cannot activate n-butane.353

The (empty) V3+/V4+ surface state lies most probably in any cases above the redox potential of354

n-butane, thus providing no driving force for the exchange of charge carriers.355

This way, the conductivity behavior of the p-type semiconductor Ag2VIV,VP1.6O7+δ can be356

easily understood, with a high conductivity in O2, an intermediate conductivity in C4/O2, and a357

low conductivity in C4 (Figure 8a; cf. Figures 6 and 7). This is in contrast to VPP, where the358
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Figure 8: p-Type semiconductor band diagrams with upward band bending upon adsorption of the
acceptor molecule O2 and downward bending upon adsorption of the donor n -butane to a V4+/V5+

surface state, explaining the different conductivity response of Ag2VP1.6O7+δ (a) and VPP (b).
EF: Fermi energy, Ei: intrinsic energy, ECB: conduction band edge, EVB: valence band edge. The
arrows indicate the transfer of electron holes due to adsorption of molecules with suitable frontier
orbitals and redox energies ERedox at surface states. Additionally, the corresponding local and
mean conductivities (as measured by integral methods such as MCPT) of the semiconductors are
shown schematically.
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conductivity never went below the value already measured in the reaction gas mixture. Here, VPP359

is already in a strongly reduced state (probably with strong downward band bending, Figure 8b).360

The absence of oxygen only leads to the formation of coke and not to the formation of oxygenates361

due to the lack of charge carriers and/or active oxygen. This can be explained by a very fast reduc-362

tion step (oxidation of n-butane), as already indicated in the conductivity response upon changing363

the atmosphere to more reducing conditions (Figures 6 and 7). In a low conducting (strongly re-364

duced) p-type semiconductor the transport of charge carriers to the surface is limited due to the365

increasing electrostatic repulsion with the increasing depletion of electron holes (strong downward366

band bending). This space charge limited charge transfer might prevent the overoxidation of the367

substrate, thus being an important prerequisite for highly selective oxidation catalysts, and which368

was only observed in the highly selective VPP, but in none of the other investigated (inselective)369

samples. Furthermore, the restriction of the (2-dimenisonal) V5+ phase to to the surface can be un-370

derstood as well, since a 3-dimensional oxidation or reduction of the compound would enormously371

increase the band bending and hence the electrostatic repulsion within the space charge layer, i.e.372

the system is self-limiting in the segregation of the surface structure.373

Conclusions374

In this contribution, the microwave conductivity of the vanadium phosphates VIIIPO4, (VIVO)2-375

P2O7, Ag6(VIVO)2(PO4)2(P2O7), Ag2VIV,VP1.6O7+δ , Ag(VIVO)(VVO)(PO4)2, β -VVOPO4, and376

α-VVOPO4 was investigated by the microwave cavity perturbation technique under different re-377

action conditions and was compared with the simultaneously measured catalytic performance of378

these samples in the selective oxidation of n-butane to maleic anhydride. It was found that all vana-379

dium (IV) and (IV,V) samples showed p-type, vanadium (V) phosphates n-type semiconductivity,380

whereas the vanadium (III) phase exhibited no response on the applied reaction gas mixtures.381

As for VPP, it could be shown by XRPD and Raman spectroscopy that the bulk is stable during382

the redox cycles applied. Moreover, TPR/O and in situ NEXAFS experiments indicate that the383
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redox activity of vanadium and the oxygen exchange is restricted to the surface region of the384

catalyst. This proves the high sensitivity of MCPT as indicator for the redox stability of catalysts385

under operation conditions. It is conceivable that MCPT could be developed as a rapid test method386

for evaluating high-throughput catalytic data without performing a complete structural analysis for387

pre-determining promising (even multiphase) catalysts.388

Moreover, we could identify three general descriptors of selective and active oxidation cata-389

lysts: 1) The conductivity (and surface vanadium oxidation state) changes fast and reversibly with390

the chemical potential of the gas phase, b) the electronic structure (conductivity and vanadium391

oxidation state) is stable under reaction conditions, and c) the absolute conductivity under reaction392

conditions should be as low as possible (compared to strongly reducing conditions for p-type or393

oxidizing conditions for n-type semiconductors). The latter descriptor is interpreted as physical394

representation of the "site isolation" principle of selective oxidation catalysts since a low amount395

of active charge carriers should prevent an overoxidation of the substrate. The absolute conductiv-396

ity and the majority charge carrier type are probably no (simple) descriptors of selective catalysts,397

since an alternative compound such as the MoVTeNbOx M1-phase is active and selective in the398

oxidation of n-butane, but shows in contrast to VPP a rather high and n-type semiconductivity as399

identified in preliminary in situ MCPT studies.400

Experimental Section401

Catalyst preparation402

The synthesis and characterization of the benchmark catalyst vanadyl pyrophosphate was described403

previously.23 Its X-ray powder diffraction pattern is shown in Figure S1 of the Supporting Infor-404

mation. This catalyst exhibited a BET surface area of 24 m2/g.405

Ag2VIV,VP1.6O7+δ (0≤ δ ≤0.5) was synthesized by the reaction of silver acetate with V2O5406

and phosphoric acid in water, using citric acid as reducing agent under reflux and constant stirring.407

The resulting suspension was filtered and the recovered solid washed with water and dried under408
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vacuum at 90◦C. The XRPD pattern of Ag2VIV,VP1.6O7+δ (Supplementary Figure S2), in partic-409

ular of the post mortem sample measured after the whole measurement cycle, shows similarity410

to those of Ag0.43VIV,VO(PO4) ·2H2O,47 Ag2(VVO2)(PO4),41,48 and Ag6(VIVO)2(PO4)2(P2O7)49
411

(Supplementary Figure S4). The sample exhibited a BET surface area of 7 m2/g.412

In a very similar procedure49 Ag6(VIVO)2(PO4)2(P2O7) was obtained from AgNO3, V2O5,413

(NH4)2HPO4 and vanadium as reducing agent. The same temperatures as reported for Ag(VIVO)-414

(VVO)(PO4)2 were used. Thus, the mixed pyrophosphate-orthophosphate was obtained as single-415

phase product (Supplementary Figure S4) with a BET surface area of 0.3 m2/g.416

Ag(VIVO)(VVO)(PO4)2 was synthesized according to a slighty modified procedure described417

in literature42 by reacting AgNO3, V2O5 and (NH4)2HPO4 in the molar ratio 1:0.9:2 for 24 h at418

380◦C in air. After complete evaporation of all volatile species elemental vanadium was added419

as reducing agent to set the desired composition. After reaction at 550◦C (72 h) in a sealed sil-420

ica tube, silver-vanadyl(IV)-vanadyl(V)-orthophosphate was obtained as brown, microcrystalline421

single-phase powder (XRPD in Supplementary Figure S3).422

α-VVOPO4/VVOPO4 ·2H2O. The dihydrate (Supplementary Figure S5) was synthesized ac-423

cording to literature50 by refluxing V2O5 in conc. H3PO4, filtering the precipitate, washing with424

water and acetone and drying in air. The anhydrous phosphate was obtained by dehydrating the425

dihydrate under vacuum at 700◦C . The anhydrous phosphate is re-hydrated reversibly and rather426

fast. The sample exhibited a BET surface area of 6 m2/g.427

By heating α-VVOPO4 and traces of moisture in a sealed silica ampoule for 7 d at 500◦C the428

α form was transformed to β -VOPO4. By applying a temperature gradient 700→600◦C chemical429

vapor transport of β -VOPO4 becomes possible, with water acting as transport agent.51 According430

to its XRPD pattern (Supplementary Figure S6) the β -modification was obtained as single-phase431

product with a BET surface area of 1 m2/g.432

Vanadium(III)-orthophosphate was obtained in sealed silica tubes by reducing β -VOPO4 with433

vanadium phosphide VP. VIIIPO4 was purified and crystallized by chemical vapor transport. De-434

tails on synthesis and crystallization are described in literature.51,52 The XRPD pattern of the435
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single-phase material is given in Figure S7 (Supporting Information). The BET surface area was436

<1 m2/g.437

All powder samples were first pelletized, then the pellets were crushed and for the catalytic and438

MCPT experiments the sieve fraction of 80-200 µm was used.439

Characterization440

The MCPT setup and the measurement protocol were described in detail previously.22,23 In short,441

as resonator a cylindrical X-band TM110 silver-plated brass cavity (ZWG Berlin-Adlershof) with442

a height of 19.5 mm and a diameter of 38.5 mm was used. A quartz tube plug-flow reactor with443

4 mm outer and 3 mm inner diameter containing the sample under investigation (powders were444

filled in with a bed height of 10 mm and embedded within quartz wool) and surrounded by a445

10 mm outer diameter double-walled quartz dewar mantle was directly placed in the center of446

the cavity. The quartz tube reactor was connected upstream to a gas delivery manifold equipped447

with mass flow controllers (Bronkhorst El-Flow) and downstream to an on line gas chromatograph448

(Agilent 7890A). Heating of the reactor was performed by preheating a stream of 8 l/min N2 in449

a resistive furnace consisting of a Sylvania tungsten series I heater. The cavity was cooled with450

two water-circuit-cooled copper plates attached to the resonator endplates and additionally heated451

by heating wires to maintain a constant resonator temperature of 25 ◦C. The cavity was connected452

to a vector network analyzer (Agilent PNA-L N5230C-225) in order to record resonance spectra453

of S11-parameters in reflection mode (reflected power versus frequency) and to determine the454

resonance frequency and quality factor of the cavity with and without sample. The microwave455

power attenuation was set to 11 dBm.456

In situ near-edge X-ray absorption fine structure spectroscopy (NEXAFS) has been performed457

at the synchrotron radiation facility BESSY II of the HZB (Helmholtz-Zentrum Berlin) using458

monochromatic radiation of the ISISS (Innovative Station for In Situ Spectroscopy) beamline as a459

tuneable X-ray source. High pressure NEXAFS spectra were obtained in the presence of reactive460

gases at elevated temperature using the high pressure end station designed and constructed at the461
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Fritz-Haber-Institut. Details of the set-up are described elsewhere.53 In brief, 5 mg of VPP powder462

was pressed into a self-supporting disc (5 tons pelletizing pressure, pellet diameter: 8 mm) that was463

mounted inside a reaction cell onto a sapphire sample holder approximately 1200 µm in front of464

the 1st aperture of a differentially pumped electrostatic lens system. The home-built electron lens465

serves as the input system for a (modified) commercial hemispherical electron analyzer (PHOI-466

BOS 150, Specs-GmbH). Gases are introduced to the cell via calibrated mass flow controllers,467

heating is provided by a NIR laser (808 nm, cw) at the rear of the sample, and the temperature is468

monitored by a thermocouple attached directly to the sample surface.469

As for the in situ Raman experiments the catalyst sample was placed in a temperature-controlled470

Raman cell (Linkam CCR1000) which is mounted on a microscope stage. 1 mW of an Ar-ion laser471

(Spectra-Physics Stabilite 2018) operating at 488 nm were focused on the sample and the scattered472

light was analyzed in a grating spectrometer coupled to a CCD camera (Princeton Instruments,473

500 gr/mm, 750 mm).474

Temperature-programmed oxidation and reduction experiments were performed in a tube fur-475

nace (Carbolite). The catalyst was placed above a frit in a fixed-bed reactor. The temperature476

was measured with a thermocouple (K-type) in the sample and the O2/H2 gas concentration was477

analyzed by TCD detectors (Rosemount Analytical). The applied temperature ramp was always478

6 K/min. Before the measurements the sample was pre-heated in He at 400◦C to remove residual479

water and adsorbates.480

Nitrogen adsorption was carried out at 77 K on a Quantachrome Autosorb-6B analyzer to481

measure the specific surface area. Prior to the measurement, the sample was outgassed in vacuum482

at 250◦C for 3 h. The specific surface area SBET was calculated according to the 11-point Brunauer-483

Emmett-Teller method (BET) in the p/p0 = 0.05-0.3 pressure range.484
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X-ray powder diffractometry

All measurements were performed at room temperature on a STOE Stadi-P transmission diffrac-

tometer using Cu Kα radiation. Shown are always the measured (blue line) and, if the crystal

structures are known, calculated diffractograms (green line: after Rietveld refinement, anisotropic

fit using 6th order spherical harmonics; red line: with corrected background) of the investigated

samples. Additionally, the difference between observed and calculated background-corrected in-

tensities are shown in gray. Calculated peak positions of the Bragg reflections are indicated as tick

marks at the bottom of the graphs. In the right corners a representative excerpt of the accordant

crystal structure is shown schematically, if known.

Figure S 1: (VIVO)2P2O7.
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Table S 1: Lattice parameters and cell volumes of the VPP catalyst after treatment under n-butane
oxidation reaction conditions ("as is"), after 2 h treatment in 5% H2 in He at 400◦C ("red") and
after 2 h treatment in 5% O2 in He at 400◦C ("ox"), as determined by XRPD at 25◦C in He.

Treatment a
[
Å
]

b
[
Å
]

c
[
Å
]

V
[
Å

3
]

"as is" 7.734 ± 0.005 9.595 ± 0.004 16.610 ± 0.008 1233.0 ± 1.1

"red" 7.739 ± 0.005 9.595 ± 0.004 16.612 ± 0.008 1233.6 ± 1.1

"ox" 7.739 ± 0.005 9.594 ± 0.004 16.611 ± 0.008 1233.5 ± 1.1

Figure S 2: Ag2VIV,VP1.6O7+δ . The diffractograms of the sample before (as-received) and after the
measurement cycle reported in the article (post-mortem) are depicted.
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Figure S 3: Ag(VIVO)(VVO)(PO4)2. The reflex marked with "*" could not be assigned to this
phase.

Figure S 4: Ag6(VIVO)2(PO4)2(P2O7).
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Figure S 5: α-VVOPO4/VVOPO4 ·2H2O. The α-phases and the dihydrate cannot easily be distin-
guished and reversibly transform into each other (by intercalation and extraction, respectively, of
water between the layers) under the applied high temperature reaction conditions.

Figure S 6: β -VVOPO4.
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Figure S 7: VIIIPO4. The phase could be unambigously identified, however a meaningful fitting of
the diffractogram was not possible due to strong predominant orientations in the crystal particles.
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