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Novel P-containing oxynitrides VZrPON were tested besides their VZrPO oxide precursors in the ammox-
idation of 3-picoline and compared with P-free VZrON catalysts for analysing the influence of both incor-
porated P and N on the catalytic performance. Results of XRD, XPS, 31P and 51V MAS NMR as well as of
simultaneous in situ-EPR/UV–vis/Raman studies during nitridation have shown that the incorporation
of phosphorus enhances the V dispersion, reduces vanadium partially even down to V3+ and leads to
the formation of a crystalline ZrV2�xPxO7 phase for Zr/V P 0.5 with V sites surrounded by four O atoms
only. N is preferentially incorporated in the vicinity of P, thus, suppressing the formation of VAN moie-
ties. These facts may be a reason why the incorporation of P does not markedly improve the catalytic per-
formance of VZrPON catalysts.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction and objective

Ammoxidation of 3-picoline (3-PIC) in the gas phase is an
important industrial process to produce nicotinonitrile (or 3-cya-
nopyridine, 3-CP), which is the starting material for the production
of nicotinic acid and nicotinic amide [1–3]. The latter two com-
pounds are essential vitamins and widely applied in the agrochem-
ical and pharmaceutical sector [4]. Most prominent catalysts for
this reaction are mixed oxides based on V/Ti, V/Mo, V/Sn or V/Sb
compositions, which all contain vanadium as redox-active compo-
nent [5–7]. One of the industrial benchmark catalysts is a SbVTiSi-
KO mixed oxide by which 3-CP selectivities as high as 92–96% are
reached at 3-PIC conversions of 89–97% and space–time yields
(STY) of 146–156 gl�1 h�1 [8]. Also, supported vanadium oxide
and VPO catalysts have been tested in the ammoxidation of 3-PIC
[9–12].

Recently, we have reported on novel VAlON and VZrON oxynit-
ride catalysts which showed even higher space–time yields in the
ammoxidation of 3-PIC [13]. Thus, with VZrON systems, we ob-
tained three times higher STY values of 3-CP than those of the
benchmark system, yet with somewhat lower selectivities.
Improving the selectivity of such materials while maintaining the
high space–time yields would be a worthwhile goal for further
research which calls for a dedicated introduction of structural
ll rights reserved.
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moieties that favour high selectivities. However, this requires de-
tailed knowledge on the reaction mechanism and structural key
features which govern the selectivity of oxynitrides.

Within the last three decades, comprehensive mechanistic
investigations have been performed in the ammoxidation of alkyl-
aromatics and heteroaromatics over oxide catalysts, starting with
the early work of Andersson et al. [14], while no such studies are
available for oxynitrides. Some years ago, a review has been pub-
lished which highlights the main aspects of the role of oxide cata-
lysts [15]. Active sites are considered to be an ensemble of
neighbouring vanadyl species [16]. Based on the excellent catalytic
results obtained over (VO)2P2O7, it was proposed that those sites
should contain surface vanadyl species with a proper distance to
enable simultaneous adsorption of the aromatic p-system and con-
version of the methyl group in neighbouring positions [17]. More-
over, chain- or layer-like vanadyl structures are assumed to be
beneficial, since the electronic coupling between them should sup-
port the electron transport from surface to bulk and vice versa [18].

For oxide catalysts, it has been proposed that the reaction starts
with adsorption of the aromatic ring followed by hydrogen
abstraction from the alkyl group, formation of a benzyl-like inter-
mediate and in situ generation of an AOH group that converts gas-
eous NH3 to NHþ4 by proton transfer. In due course, the NHþ4 ions
are supposed to react with the benzyl species to a benzylamine
intermediate, which is transformed to nitrile. A Mars–van Krevelen
mechanism including participation of lattice oxygen proceeded
during this reaction [19,20]. Also, imido @NH or amido ANH2

species on the catalyst surface are considered as active N-insertion
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sites [21–23], but their role in the ammoxidation of aromatics is
still not fully elucidated. The activation of NH3 from the gas feed
via transient incorporation into the catalyst lattice has been
evidenced by isotopic labelling experiments using the Temporal-
Analysis-of-Products (TAP) reactor and 15NH3 as feed component
[24]. It represents a crucial step within the reaction network inso-
far as oxide catalysts are not active when they are not able to acti-
vate ammonia in this way [21]. For VAlON oxynitride catalysts,
which have been used for the ammoxidation of propane to acryl-
nitrile [25], TAP experiments with labelled 15NH3 have shown,
too, that N insertion into the hydrocarbon occurs via a surface N
site [26,27]. Thus, the insertion of N and O via a double Mars–
van Krevelen mechanism is considered to be responsible for their
high catalytic performance in the ammoxidation of both propane
[26,27] and 3-PIC [13].

For VZrON oxynitrides, even higher space–time yields as for
VAlON catalysts were found in the ammoxidation of 3-PIC, how-
ever, at lower 3-CP selectivities. This has been attributed to the
higher mean oxidation state and polymerization degree of the sur-
face V sites as well as to the fact that almost the total N content is
located in the bulk of the catalysts and, thus, hardly accessible to
reactants [13]. If it was possible to stabilize active nitrogen sites
on the catalyst surface, this could help to improve the selectivity
of such materials. Within the class of oxides, (VO)2P2O7 belongs
to the best catalysts for the ammoxidation of methylaromatics
[15]. For this material, it has been shown that the incorporation
of active N sites in the surface is promoted by ammonolysis of
the PAOAV bonds giving rise to NHþ4 and NH�2 surface groups. This
suggests that phosphorus plays a beneficial role for the N enrich-
ment of the (VO)2P2O7 surface under ammoxidation conditions.
On the other hand, zirconium phosphate oxynitrides (ZrPON) are
known to possess a N-rich surface. Different N sites such as nitride
N3� and NHx (1 6 x 6 4) have been detected in these materials
depending on the nitridation conditions of the oxide precursors
[28]. However, these materials might not catalyse ammoxidation
reactions since the essential redox-active vanadium component
is missing.

Therefore, we have synthesized new VZrPON catalysts by incor-
porating phosphorus into the VZrO precursor, followed by nitrida-
tion. The aim was to promote, with the help of phosphorus, the
stabilization of N sites in the surface of VZrPON catalysts and to ex-
plore the influence of structural properties created by these ele-
ments on activity and selectivity in the ammoxidation of 3-PIC to
3-CP. A comprehensive approach comprising catalytic tests and
spectroscopic investigations was followed to derive structure–
reactivity relationships, including simultaneous in situ-EPR/UV–
vis/Raman studies.
2. Experimental

2.1. Catalyst synthesis

VZrPO oxide precursors were synthesized by the citrate method
with V/Zr ratios of 0.1, 0.5 and 0.9. Respective samples are denoted
as VZrPO-x.x, with x.x being the V/Zr ratio. The atomic Zr/P ratio
was adjusted to 0.9 (V + Zr – const.). The desired amount of
NH4VO3 (Sigma–Aldrich, 99%) was suspended in water under stir-
ring at 70 �C (0.02 M) and subsequently acidified with HNO3

(19 M) to pH = 3. A second solution was prepared by dissolving
the appropriate amount of ZrO(NO3)2 (Sigma–Aldrich, tech.) in
water under stirring at 70 �C (0.02 M). To this solution, the acidic
NH4VO3 solution was added under stirring at 70 �C. After adding
the corresponding amount of phosphoric acid (3 M), a gel was
formed, which was stirred for 1 h at 70 �C, before 55 g of solid citric
acid was added under stirring. Different blue colours were
observed depending on V concentration in solution. These solu-
tions were refluxed for 16 h under stirring at 70 �C. Water was
evaporated using a rotating evaporator, and the resulting brown
powder was dried at 120 �C for 16 h. After grinding, the powder
was calcined in air (6 l/h) for 16 h at 500 �C and for another 6 h
at 600 �C to remove carbon. The resulting yellow powders were
carbon free.

The VZrPO precursors were pressed and crushed to particles
with a diameter between 0.8 and 1 mm. In a home-made shaking
fluidized bed reactor, 6 ml of VZrPO particles were loaded. Precur-
sors were treated in flowing NH3 (40 l/h) for 6 h at 500 �C. During
this treatment, the sample colour turned from yellow to grey or
black depending on the V concentration. The resulting oxynitrides
are denoted as VZrPON-x.x with x.x being the V/Zr ratio.
2.2. Catalytic tests

Catalytic tests were performed in a fixed bed glass reactor (in-
ner diameter = 1.5 cm) with 3 ml of catalyst particles of 1.0–
1.25 mm diameter, diluted in a ratio of 1:1 with glass particles of
the same size [9]. A gas feed flow with a molar ratio of 3-PI-
C:air:NH3:H2O = 1:22:4:8 was passed over the catalyst with a gas
hourly space velocity (GHSV) of 3242 h�1 for VZrPO and VZrPON
samples and 5728 h�1 for VZrON catalysts. The liquid feed compo-
nents were fed into the gas stream by continuous evaporation of a
1.5:1 (vol.%) 3-PIC (Aldrich, 99%)/water mixture using a syringe
pump (Cole-Parmer Instrument Company). Gaseous feed compo-
nents were dosed by mass flow controllers (Bronkhorst). The cata-
lyst bed temperature inside the reactor was adjusted to 360 �C for
all catalytic experiments and measured during reaction using a
thermocouple inside of the reactor. The products were collected
in a cold trap and analysed offline using a GC-17A (Shimadzu)
equipped with an auto sampler (AOC-20i) and a WCOT fused Silica
CP-SIL 8CB column (Varian). Carbon oxides were determined on-
line by a non-dispersive infrared analyser (BINOS100 2M, Rose-
mount). Carbon balances calculated from experimental data were
always higher than 98%. To distinguish between fresh and used
catalysts, the latter are denoted with the letter A at the end of
the sample name.

The effect of time on stream on the catalytic performance was
investigated with 3 ml of the fresh catalyst VZrPON-0.53. The mo-
lar ratio of the gas feed flow, catalyst bed temperature and GHSV
were adjusted as described previously. Analyses of the products
were taken every 20 min.

To elucidate the influence of the feed composition on the cata-
lytic performance at a catalyst bed temperature of 360 �C, the
respective flows of ammonia F(NH3) and air F(air) were modified.
The ratio F(NH3)/F(air) was varied between 2.6 and 9.2. The total
flow of the feed stream was balanced with N2 to maintain a GHSV
of 3242 h�1.
2.3. Catalyst characterization

XRD powder patterns were recorded in transmission geometry
with Cu Ka1 radiation on a Stoe STADI P diffractometer, equipped
with a position sensitive detector (PSD). Processing and assign-
ment of the powder patterns was done using the software Win
Xpow (Stoe) and the powder diffraction file (PDF) database of the
International Centre of Diffraction Data (ICDD).

ICP-OES measurements were performed with a Varian 715-ES
spectrometer calibrated for the required elements. All values were
verified by double determination. Ten milligrams of catalyst was
dissolved in 4 ml HF and 4 ml aqua regia in a microwave oven (An-
ton Paar/Perkin-Elmer) at ca. 60 bar and ca. 120 �C. The obtained
solution was filled up to 100 ml with distilled water and measured.



Fig. 1. Conversion of 3-picoline (X3-PIC) and selectivity of 3-cyanopyridine (S3-CP)
measured at 360 �C for VZrPO oxide precursors and VZrPON oxynitrides. For
comparison, values of P-free VZrON (taken from Ref. [9]) are also shown.

198 C. Janke et al. / Journal of Catalysis 277 (2011) 196–207
CHN analysis was performed with an EA 1110 CHN analyser (CE
Instrumenta) calibrated for the required elements and equipped
with an autosampler. In a home-made tin crucible, 10–30 mg of
each catalyst powder was placed. Measured data were evaluated
with Eager 200 for windows software. All values were verified by
double determination.

31P and 51V MAS NMR spectra were recorded on a Bruker
AVANCE 400 spectrometer (Larmor frequencies: m31P = 161.9 MHz;
m51V = 105.2 MHz) using a 2.5 mm magic angle spinning (MAS)
probe (Bruker Biospin). 51V MAS NMR (I = 7/2) spectra were re-
corded with a sweep width of 1 MHz and an excitation pulse dura-
tion of 0.8 ls ensuring a linear irradiation regime for reducing the
distortion of the spectra. VOCl3 was used as reference for the
chemical shift of 51V. The recycle delay was chosen as 1 s, and
accumulation numbers of 10,060 (sample VZrPO-0.9, mrot = 28 kHz)
and 62,800 (sample VZrPON-0.9, mrot = 25 kHz), respectively, were
used for an acceptable signal-to-noise ratio. 31P MAS NMR mea-
surements (mrot = 25 kHz) were performed with a recycle delay of
120 s, a p/2 pulse length of 6 ls and 180 (sample VZrPO-0.9) or
623 (sample VZrPON-0.9) transients. 31P chemical shifts are refer-
enced against H3PO4.

FTIR spectra at ambient conditions were recorded in attenuated
total reflection (ATR) mode using an Alpha-P FTIR spectrometer
(Bruker). Selected spectra were recorded at room temperature in
transmission mode on a Nicolet 6700 FTIR spectrometer equipped
with a heatable and evacuable IR cell and CaF2 windows. In this
case, 50 mg of each catalyst powder was pressed to a self-support-
ing wafer and heated to 300 �C under vacuum before collecting the
spectrum. Surface acidity was analysed by transmission FTIR spec-
troscopy (Bruker IFS 66) of pyridine adsorbed at 20 �C on self-sup-
porting wafers after pretreatment in flowing air at 300 �C, using
the band areas at 1540 cm�1 for Brønsted sites.

X-ray photoelectron spectra (XPS) were recorded on a VG ESCA-
LAB 220iXL instrument with Mg Ka radiation (E = 1253.6 eV). The
samples were fixed with a double-adhesive carbon tape on a
stainless steel sample holder. The peaks were fitted by Gaussian–
Lorentzian curves after Shirley background subtraction. The
electron binding energy was referenced to the carbon 1s peak at
284.8 eV. For quantitative analysis of the near-surface region, the
peak areas were determined and divided by the element-specific
Scofield factor and the analysator-depending transmission
function.

Simultaneous in situ-EPR/UV–vis/Raman studies during treat-
ment in N2 and NH3/N2 flow were performed using the equipment
described previously in detail [29]. Then, 115 mg catalyst particles
(315–710 lm) were heated in N2 flow (10 ml/min) to 120 �C,
before switching to 20% NH3/N2 (50 ml/min) at the same
temperature.

EPR spectra in X-band (m � 9.5 GHz) were recorded on an EPR
cw-spectrometer ELEXSYS 500-10/12 (Bruker) at a microwave
power of 6.3 mW, a modulation frequency of 100 kHz and a mod-
ulation amplitude of 0.5 mT. The magnetic field was measured
with respect to the standard 2,2-diphenyl-1-picrylhydrazyl hy-
drate (DPPH). Computer simulation of EPR spectra was performed
with the program SIM14S of Lozos et al. [30] using the spin
Hamiltonian

H ¼ lB � S � g � B0 þ SAI ð1Þ

in which lB is the Bohr magneton, S is the electron spin operator, g
is the g tensor, B0 is the magnetic field vector, A is the hyperfine ten-
sor, and I is the nuclear spin operator.

Raman spectra were measured with a laser power of 50 mW
and an acquisition time of 4–8 s. For each spectrum, 4–8 scans
were accumulated. The beam of a 785 nm diode laser of a Kaiser
Optical Systems RXN spectrometer was focused through a front
hole in the EPR cavity onto the catalyst bed within the reactor.
UV–vis spectra were simultaneously collected in reflectance
mode and converted into Kubelka–Munk (KM) functions by an
AVASPEC fibre optical spectrometer (Avantes) using a quartz sen-
sor (Optran UV 1500/1800 T, CeramOptec GmbH), which was di-
rectly inserted into the catalyst bed through the top of the EPR
flow reactor [30].

The BET surface area of each catalyst was determined by nitro-
gen adsorption at 77 K (ASAP2010).
3. Results and discussion

3.1. Catalytic properties of VZrPO precursors and VZrPON oxynitrides

In Fig. 1, the conversions of 3-PIC (X3-PIC) and selectivities to-
wards 3-CP (S3-CP) at 360 �C are plotted as a function of the V/Zr ra-
tio for the VZrPON oxynitride catalysts and the VZrPO oxide
precursors, which have not been pretreated in NH3 flow. For com-
parison, the results of the P-free VZrON catalysts (taken from Ref.
[13]) are also shown. Interestingly, although the BET surface areas
of the VZrPON samples are somewhat lower (Table 1), VZrPO and
VZrPON samples with equal V content show identical conversion
values, which pass through a maximum at a medium ratio of V/
Zr = 0.56. The 3-CP selectivity over the N-free VZrPO precursor is
slightly higher than for the VZrPON catalysts at lower V content
but falls below the selectivity of the latter at the highest V/Zr ratio.
In comparison with the P-containing VZrPON oxynitrides, the pre-
viously studied P-free VZrON catalysts are much more active at low
V/Zr ratios, while the 3-CP selectivity is comparable to that of the
VZrPON catalysts. (dashed lines in Fig. 1). Thus, it turns out that the
introduction of P into the VZrON structure does not lead to the de-
sired improvement of the catalytic performance. This is surprising
since, based on literature data over VPO catalysts, a positive effect
on the catalytic performance was expected. To find reasons for this
unexpected behaviour, a detailed characterization study is pre-
sented below to discover the role of phosphorus with respect to
structure and catalytic performance of VZrPON oxynitrides.

In Fig. 2A, the catalytic performance of the oxynitride VZrPON-
0.53 is shown depending on reaction time. While X3-PIC is nearly
constant, S3-CP is slightly changing with time on stream. Starting
from 65%, selectivity drops after 40 min to a minimum of 59%
and returns afterwards to ca. 62%. Apparently, the structure of
the oxynitride catalyst is changing during the initial reaction
period.

In Fig. 2B, the catalytic performance of VZrPON-0.53 is depicted
as a function of the air and ammonia feed ratio F(air)/F(NH3). It can



Table 1
Surface area (SBET), bulk and surface composition of fresh and used oxide precursors and nitrided catalysts.

Catalyst SBET (m2 g�1) Composition, fresha Freshb Usedb

wt.% Na Zr/V Zr/P N/V N/P wt.% Na Zr/V Zr/P N/V N/P

VZrPO-0.1 192 ZrV0.11P1.18O6.23 0 9.10 0.84 – – 2.67 – – – –
(5.88) (0.76) – – (2.26) (0.81) (1.20) (0.36)

VZrPO-0.5 75 ZrV0.56P1.22O7.86 0 1.78 0.82 – – 1.86 – – – –
(2.00) (0.64) – – – – – –

VZrPO-0.9 52 ZrV0.96P1.19O7.59 0 1.04 0.84 – – 0.51 – – – –
(0.86) (0.62) – – – – – –

VZrPON-0.1 122 ZrV0.11P1.16O6.71N0.59 3.35 9.10 0.86 5.36 0.51 2.94 – – – –
(6.67) (0.65) (2.00) (0.19) (5.48) (0.69) (1.89) (0.24)

VZrPON-0.5 65 ZrV0.56P1.21O6.15N0.53 2.83 1.78 0.83 0.95 0.44 2.60 – – – –
(1.74) (0.63) (0.71) (0.26) (1.65) (0.67) (0.78) (0.32)

VZrPON-0.9 25 ZrV0.97P1.17O7.40N0.47 2.91 1.03 0.85 0.48 0.40 1.61 – – – –
(1.25) (0.61) (0.43) (0.21) (1.03) (0.64) (0.55) (0.34)

a Derived by CHN analysis and ICP-OES.
b Values in brackets reflect surface values derived by XPS.

Fig. 2. Conversion of 3-picoline (X3-PIC) and selectivity of 3-cyanopyridine (S3-CP)
measured at 360 �C for VZrPON-0.53 as a function of time on stream (A) and as a
function of the flow ratio F(air)/F(NH3) at a reaction time of ca. 1 h for each ratio (B).
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be seen that X3-PIC increases with rising air content in the feed up to
a ratio of F(air)/F(NH3) = 5 and then remains virtually constant,
while S3-CP decreases continuously upon lowering the NH3 content.
This shows clearly that a high NH3 concentration is essential to
maintain high selectivity, while high activity is mainly related to
a high oxygen concentration.

3.2. Structural properties of VZrPO precursors and VZrPON catalysts

3.2.1. XRD results
XRD patterns of the fresh VZrPO oxide precursors are shown in

Fig. 3A. While sample VZrPO-0.1 is essentially amorphous, sample
VZrPO-0.9 shows well-pronounced reflections indicating the pres-
ence of a crystalline phase which starts to form already at a ratio of
V/Zr = 0.5. The intensity of these reflections increases after use in
the ammoxidation of 3-PIC for V/Zr ratios higher than 0.5, while
the used VZrPO-0.1 catalyst remains amorphous (Fig. 3C). In gen-
eral, the same XRD peaks, though with much lower intensity, are
observed for the VZrPON-0.9 oxynitride, while VZrPON catalysts
with lower V content are completely amorphous (Fig. 3B). This sug-
gests that nitridation of the oxide precursor destroys this crystal-
line phase. As for the oxide precursor, the XRD reflections of
sample VZrPON-0.9 gain intensity after use in ammoxidation
pointing to a slight increase in crystallinity; however, the crystal-
line phase remains much less pronounced than in the oxide pre-
cursor (compare Fig. 3C and D).
This crystalline phase is not part of the powder diffraction file
database of the International Centre of Diffraction Data (ICDD),
yet the positions of the reflections in Fig. 3 fall right between those
of the isostructural binary cubic ZrV2O7 and ZrP2O7 phases [31,32]
and the relative peak intensities are also very similar (Fig. S1). In
cubic ZrM2O7 compounds (M = V or P), MO4 tetrahedra are con-
nected via M-O-M bridges to dimers, which surround the ZrO6

octahedra. Due to the strong similarities of the XRD patterns in
Fig. 3 with those of the binary compounds (Fig. S1), we supposed
that the patterns in Fig. 3 may arise from a mixed ZrVPO7 phase
in which V and P occupy the centres of MO4 tetrahedra statistically.
The formation of such mixed phases in the ternary ZrAVAP oxide
system has been previously concluded from solid-state NMR mea-
surements [33,34] and it was found that mixed VPO4�

7 dimers are
prevailing over the pure V2O4�

7 and P2O4�
7 dimers when the Zr/M

ratio is close to unity [34], as it is the case in the VZrPO-0.9 and
VZrPON-0.9 samples.

3.2.2. 31P and 51V MAS NMR results
Therefore, we studied the latter two samples by solid-state MAS

NMR spectroscopy to prove the formation of VPO4�
7 dimers (Fig. 4).

The 31P MAS NMR spectrum of the VZrPO-0.9 oxide precursor con-
tains two peaks which are assigned to P in VAOAP units
(�28.9 ppm) and in PAOAP units (�41.7 ppm) [33,34]. The signal
at �822 ppm in the 51V MAS NMR spectrum can be assigned to V
within VAOAP moieties [33,34], while the second narrow line at
�612 ppm is characteristic for V2O5 [35]. The NMR spectra of the
oxynitride catalyst show the same signals for the mixed ZrVPO7

phase, yet the line for V2O5 is missing (Fig. 4). This suggests that
V2O5 is more easily reduced than ZrVPO7 during nitridation by
ammonia. The broad background signal in the 31P spectrum of VZr-
PON-0.9 along with the worse signal-to-noise ratio obtained with
an even larger number of accumulations suggests in agreement
with XRD data that the major part of this catalyst might be amor-
phous, i.e., the crystalline ZrVPO7 phase is markedly destroyed.

3.2.3. Bulk and surface composition
The bulk and surface compositions of fresh and used catalysts

are compared in Table 1. The Zr/P ratio in the fresh oxide precur-
sors is close to 0.9 as desired and this does not change after nitrid-
ation to the corresponding oxynitrides. Thus, a loss of P via the
formation of volatile phosphine during ammonia treatment can
be excluded. The Zr/P ratio on the surface is slightly lower than
in the bulk for all fresh VZrPO and VZrPON samples, indicating that
phosphorus is slightly enriched on the surface. The concentration
of vanadium is almost the same in the bulk and in the surface



Fig. 3. Powder XRD patterns of fresh samples (A@VZrPO and B@VZrPON) and catalysts after use in 3-PIC ammoxidation (C@VZrPO and D@VZrPON) with different V/Zr ratios
(a = 0.1, b = 0.5 and c = 0.9).

Fig. 4. 31P (left) and 51V (right) MAS NMR spectra for VZrPO-0.9 and VZrPON-0.9
measured at room temperature (�spinning side bands).

Table 2
Binding energies EB and DEB with DEB = EB(O1s) � EB(V2p3/2) for fresh and used
(denoted by A) VZrPON-x catalysts.

Catalyst EB (eV) EB (eV) EB (eV) EB (eV) Percentage
amount
of N (%)

DEBm (eV)
O1s P2p V2p3/2 N1s

VZrPO-0.1 530.4 132.6 516.7 – – 13.7
VZrPO-0.5 530.4 132.6 516.8 – – 13.6
VZrPO-0.9 530.3 132.7 516.8 – – 13.5

VZrPO-0.1A 530.5 132.6 516.4 399.8 100 14.1
VZrPON-0.1 530.0 132.6 515.8 400.4 29.5 14.2

398.2 70.5
VZrPON-0.5 529.8 132.6 515.6 400.9 4.2 14.1

398.4 95.8
VZrPON-0.9 529.8 132.7 515.7 400.6 14.3 14.1

398.6 85.7

VZrPON-0.1A 530.4 132.6 516.8 400.7 51.3 13.6
398.8 48.7

VZrPON-0.5A 530.3 132.6 516.7 400.7 67.9 13.6
399.0 32.1

VZrPON-0.9A 530.3 132.6 516.7 401.0 45.5 13.6
399.6 54.5
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except for VZrPO-0.1 and VZrPON-0.1. In these samples, vanadium
is enriched in the surface, as reflected by the markedly lower Zr/V
ratios.

The total N content and the N/V ratios in the VZrPON series de-
crease with rising V content, while the N/P ratios remain nearly
constant. This suggests that PAO bonds may be more prone to
nitridation than VAO bonds and incorporation of N in the oxide
precursor is rather linked to the P content. In comparison with
the bulk N/V ratios, the surface N/V ratios of the fresh VZrPON cat-
alysts are lower, indicating that N is enriched to some extent in the
bulk. Incorporation of nitrogen into the oxide precursors does not
only occur during nitridation in NH3 flow but also upon using
the VZrPO precursors directly as catalysts in the ammoxidation
of 3-PIC (Table 1, used samples). As likewise observed for fresh
VZrPON catalysts, the total N content decreases for the used
oxide precursors with rising V content. In contrast to the oxide
precursors, the VZrPON oxynitrides loose nitrogen during use in
the ammoxidation; however, the N percentage remaining in the
structure is still higher than in the used VZrPO samples.

In the XPS spectra, the P2p peak is found at a binding energy of ca.
132.6 eV in all samples, which is very similar to the EB values in VPO
compounds [36]. However, differences were observed for the N1s
and V2p3/2 peaks (Table 2). From the difference of the binding ener-
gies of the O1s and the V2p3/2 peak, DEB = EB(O1s) � EB(V2p3/2), the
mean V valence state can be estimated, based on DEB values which
have been derived for a series of vanadium oxides with known mean
V valence [37]. This procedure is more reliable than using the bind-
ing energies of the V2p3/2 peaks alone for deriving the mean V
valence.

The DEB values in Table 2 are essentially the same for all fresh
oxynitrides and amount to 14.1 which corresponds to a mean V



Fig. 5. ATR spectra of fresh VZrPO (top) and VZrPON (bottom) catalysts with
different V/Zr ratios (a = 0.1, b = 0.5 and c = 0.9).
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valence of 4.0 according to the relation given in reference [37]. A
slight decrease in DEB values from 14.1 to 13.6 is observed for
the whole catalyst series VZrPON after use in the ammoxidation
reaction, which points to a slight increase in the surface V valence
state from 4.0 to 4.3. DEB values of fresh oxide precursors VZrPO-
x.x are also similar, ranging between 13.5 and 13.7 eV which corre-
sponds to a mean surface V valence of �4.3. From a comparison of
the DEB values of the fresh VZrPO-0.1 and used VZrPO-0.1A oxide
precurors with those of the corresponding VZrPON-0.1 and VZr-
PON-0.1A oxynitrides, it can be concluded that the surface of the
oxide precursors is slightly reduced during ammoxidation, while
that of the oxynitrides is oxidized.

It must be mentioned that all XP spectra have been recorded
from samples after contact with ambient atmosphere. This may
have caused reoxidation of V3+, which could have been formed
after nitridation and/or ammoxidation. This aspect is discussed in
more detail later with the in situ-EPR and -UV–vis studies.

Two different XPS peaks were detected in the N1s region for all
fresh and used VZrPON catalysts in a range of 400.4–401.0 and
398.2–399.6 eV. Fripiat et al. [28] observed three different N1s
peaks in ZrPON oxynitrides with Zr/P = 0.9. They assigned these
peaks to nitride anions N3� (397.7 eV), surface NHx species with
1 6 x 6 4 (399.2 eV) and NHþ4 ions (400.4 eV). Based on this work,
we attribute the peaks at 399.8–401.0 eV to NHþ4 ions and the
peaks at 398.2–399.6 eV to ANH2 and/or ANH surface groups.
Wiame et al. have studied the influence of nitridation temperature
TN on the nitrogen environment in VAlON catalysts using XPS [38].
They found surface species of the latter type already at a tempera-
ture of TN = 250�, while nitride species in the vicinity of V began to
form only at 500 �C and their amount increased with rising TN.

In contrast to VAlON catalysts, the formation of nitridic VAN
surface species can be excluded, since no peaks at typical binding
energies like in VAlON catalysts (513.9 eV for V2p3/2 and
395.9 eV for N1s [13]) are detected. Thus, it is likely that the second
N surface site is rather connected to P or Zr which, however, does
not change the position of the P2p peak. This may be due to the
rather low amount of surface N species. The N/P surface ratio
amounts to 0.19–0.34 only (Table 1). This means that nominally
only one of the four PAO bonds is replaced by PAN. Most probably
this is not enough to cause a P binding energy shift that differs sig-
nificantly from experimental error, which is 0.1–0.2 eV.

Inspection of Table 2 shows that the binding energies for the
two N1s signals do not differ much for all fresh and used VZrPON
catalysts; however, their relative intensity changes. In general,
the percentage of NH2 and NH surface species (peak at
EB � 398 eV) dominates in the fresh VZrPON catalysts, in particular
for higher V/Zr ratios, while the percentage of NHþ4 species (peak at
EB � 400 eV) increases after use in the ammoxidation reaction.
Interestingly, the used oxide precursor VZrPO-0.1A after ammoxi-
dation contains only NHþ4 surface species, reflected by a single
N1s peak at 399.8 eV.

3.2.4. FTIR results
More detailed information about structural changes upon treat-

ment in NH3 flow can be obtained by comparing the ATR spectra in
Fig. 5. Bands between 1500 and 1200 cm�1 m(P@O), 1200 and
900 cm�1 m(P-O) and 650 and 300 cm�1 d(OAPAO) are characteris-
tic for oxidic phosphorus compounds [39].

The spectrum of sample VZrPO-0.1 shows a broad PAO band at
999 cm�1 (Fig. 5A). The V@O vibration is expected around
1030 cm�1 [40], yet the V content might be too low for this vibra-
tion being visible in the spectrum. Only in the spectra of VZrPO-0.5
and -0.9 with markedly higher V content the V@O vibration is
superimposed on the PAO band, which shifts the maximum of
the sum band to 1023 cm�1 and 1045 cm�1, respectively. In the
spectrum of VZrPO-0.5, additional bands appear below
1000 cm�1 which can be considered as a fingerprint of the crystal-
line ZrV2�xPxO7 phase. In agreement with XRD data (Fig. 3A), they
become more pronounced for VZrPO-0.9, in which this phase is
dominating. Bands in this range arise from m(MAOAM) vibrations
[41]. Thus, PAOAP bridging groups in sodium pyrophosphate
Na4[P2O7] give rise to the stretching vibrations mas = 915 cm�1

and ms = 730 cm�1, while VAOAV units in sodium pyrovanadate
Na4[V2O7] vibrate at mas = 710 cm�1 and ms = 533 cm�1 [42,43].
Based on these data, bands at 874 cm�1 and 650 cm�1 in Fig. 5
(top) are assigned to m(PAOAP) and those at 715 cm�1 and
533 cm�1 to m(VAOAV) vibrations. The band around 800 cm�1

which is particularly strong in sample VZrPO-0.9 containing the
mixed ZrV2�xPxO7 as main component may come from a VAOAP
stretching mode. The very weak band around 1620 cm�1 arises
from a d(H2O) vibration.

Treatment in NH3 flow gives rise to a new band at around
1430 cm�1, which is typical for NHþ4 species (Fig. 5, bottom) [44].
Moreover, the bands assigned to the crystalline ZrV2�xPxO7 phase
disappear completely in sample VZrPON-0.5 and widely in sample
VZrPON-0.9, in agreement with XRD and NMR data (Figs. 3B and 4).
For VZrPON-0.9, new bands at 977, 887 and 817 cm�1 can be
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observed, which presumably hide those of the residual crystalline
ZrV2�xPxO7 phase. Obviously, the MAOAM sites (M = P and/or V) in
this phase are split by ammonia treatment, which makes the sam-
ple widely amorphous (compare also Fig. 3B). Bands at 887 and
817 cm�1 may originate from condensed P–N units [45,46], while
the shoulder at 977 cm�1 can be attributed to PAO(H) groups
[45]. Possibly, PAOAM bonds (M@P or V) undergo ammonolysis
according to Eq. (2), as likewise observed also for VPO catalysts
[11].
P—O—Mþ NH3 ! P—NH2 þHO—M ð2Þ

The ATR spectra of all samples after use in the ammoxidation of
3-PIC are shown in Fig. 6. By comparing the spectra of the VZrPO
oxide precursors before and after use (Figs. 5 and 6, top) it is clearly
seen that position and shape of the bands do almost not change
during treatment in ammoxidation feed flow. The only difference
is a NHþ4 band that arises in the spectra at lower V content, but is
hardly seen in the used sample VZrPO-0.9. Interestingly, the
ZrV2�xPxO7 fingerprint is still well visible in the spectra of the used
oxide precursors with V/Zr P 0.5, indicating a high stability of this
phase under ammoxidation conditions.

In the spectrum of used VZrPON-0.9 with the highest V content,
the ZrV2�xPxO7 fingerprint signals at 879, 808 and 719 cm�1 gain
intensity after use in the reaction (compare Figs. 5c and 6c , bot-
tom), suggesting that this phase is restored under ammoxidation
Fig. 6. ATR spectra of used VZrPO (top) and VZrPON (bottom) catalysts with
different V/Zr ratios (a = 0.1, b = 0.5 and c = 0.9).
conditions. Also bands of NHþ4 at 1425 cm�1 appear again, but their
intensities are almost equal and do not correlate with V concentra-
tion. Especially for used VZrPON-0.9, the intensity of this band is
higher compared to the corresponding spectra before and after
nitridation.

To support the identification of different nitrogen-containing
sites in the VZrPON series, FTIR spectra of self-supporting wafers
were recorded at 300 �C in vacuum (Fig. 7) from fresh VZrPON
samples. For comparison, IR bands of phosphorodiamidic acid used
as reference are presented in Table 3 [47]. On this basis, the band at
1558 cm�1 in Fig. 7 is assigned to PANH2 vibrations, while the
band at 1420 cm�1 is typical for a d(NHþ4 ) vibration. This band
has also been observed in the ATR spectra of fresh and used VZr-
PON samples recorded under ambient conditions (Figs. 5 and 6).
Moreover, the presence of NHþ4 surface species is confirmed by
the XPS results (Table 2, N1s peak around 400 eV). No bridging
PANHAP unit can be identified, since bands around 3074 cm�1

(not shown in Fig. 7) are missing. Vibrations of doubly bound
AP@NAP units formed by condensation of neighbouring PANH2

and MAOH groups (Eq. (3)) are expected in a range from 1420 to
1250 cm�1 (mas) and 950 to 800 cm�1 (ms) [42].

PANH2 þHOAM! P@N—MþH2OðM@P or ZrÞ ð3Þ

A band at 1372 cm�1, which could arise from mas (AP@NAP)
vibrations, is well seen in the spectrum of sample VZrPON-0.9
(Fig. 7c). In agreement with XPS data, this suggests that N might
be preferentially incorporated in the vicinity of phosphorus.

Brønsted surface sites have been analysed by adsorption of pyr-
idine. Relative band areas at 1545 cm�1 are shown in Table 4 for
the fresh and used oxide and oxynitride catalysts with V/Zr = 0.1.
The corresponding spectra are plotted in Fig. S4 (Supporting infor-
mation). These four catalysts were chosen, since the conversion X3-

PIC is nearly identical for the oxide and oxynitride, but their selec-
tivity S3-CP is different (Fig. 1). As proved by time-dependent cata-
lytic tests (Fig. 2) and XPS results (Table 2), the structure of
oxynitride and oxide catalysts changes during catalytic reaction.
Therefore, besides the fresh samples, also the used oxide and oxy-
nitride were investigated by pyridine adsorption to identify the
number acid sites.

Unfortunately, the characteristic band for Lewis acid sites at
1445 cm�1 in the fresh oxynitride VZrPON-0.1 is partly superim-
posed by a second broad band, which may be assigned to NHþ4 sites
(see Fig. S4). For this reason, only the Brønsted band at 1545 cm�1

has been analysed for evaluating surface acidity. From Table 4, it is
evident that the number of Brønsted acid sites slightly increased
during the ammoxidation reaction for both oxide and oxynitride
catalyst. In general, the oxynitride catalysts possess more Brønsted
acidic sites than the corresponding oxide catalyst.

3.3. Structural changes during NH3 treatment followed by in situ-EPR/
UV–vis/Raman spectroscopy

While FTIR spectroscopy is sensitive to detect structural modi-
fications, EPR and UV–vis spectroscopy are complementary meth-
ods to follow changes of the V valence state during nitridation, in
addition to the chemical environment. The treatment of the VZrPO
oxide precursors in a diluted 20% NH3/N2 stream has been investi-
gated by simultaneous in situ-EPR/UV–vis/Raman spectroscopy.
Samples were heated in N2 flow at 120 �C for 90 min, followed
by a treatment in NH3/N2 at a maximum temperature of 410 �C.
EPR spectra recorded at elevated temperature are shown in
Fig. S2 (Supporting information).

However, for deriving spin Hamiltonian parameters by spectra
simulation, EPR spectra were measured at room temperature
before any treatment as well as after treatment in N2 and in
NH3/N2 flow and cooling in the same atmosphere, since this led



Fig. 7. FTIR spectra of fresh VZrPON catalysts with different V/Zr ratios (a = 0.1, b = 0.5 and c = 0.9) measured in transmission mode at 300 �C in vacuum.

Table 3
Nitrogen-containing species in HPO2(NH2)2 and their
vibration modes at 120 �C.

Wave number (cm�1) Assignment

3074 ms (P)ANHA(P)
870 and 696 mas, ms PANHAP
3385; 3269; 1586 mas, ms, d(P)ANH2

1467 dNHþ4
830–750 ms P@NA
690 ms PAN(P)AP

Table 4
Relative concentration of Brønsted acid sites (a.u.) for
the fresh and used oxide and oxynitride with V/
Zr = 0.1, obtained by normalizing the area (integral) of
the FTIR band of adsorbed pyridine at 1545 cm�1 on
the BET surface area (AB/SBET).

Sample AB/SBET�1000

VZrPO-0.1 8.9
VZrPON-0.1 16.8
VZrPO-0.1A 12.6
VZrPON-0.1A 27.8

Fig. 8. Normalized in situ-EPR spectra of VZrPO precursors with different V/Zr ratio
(a = 0.1, b = 0.5 and c = 0.9) measured at room temperature: a–c untreated oxide
precursor; a�–c� after heating in N2 flow for 90 min at 120 �C; a��–c�� after heating in
NH3/N2 flow for 30 min at 410 �C. The numbers on the right side of each spectrum
denote the signal intensities Iint (double integrals).
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to spectra with higher quality. In Fig. 8, normalized EPR spectra are
presented to better visualize changes of the spectral shape. The
true intensity is evident from the double integrals given on the
right side of each EPR spectrum. It has to be mentioned that the
only V species accessible by EPR spectroscopy under these condi-
tions is V4+ in square-pyramidal or octahedral oxygen coordina-
tion, while tetrahedrally coordinated V4+ as well as V3+ are
usually not visible at ambient and elevated temperature, due to
short relaxation times and V5+ is not paramagnetic.

All spectra show a well-resolved hyperfine structure multiplet
which arises from isolated VO2+ species in square-pyramidal or
octahedral coordination due to the coupling of the electron spin
of V4+ (S = ½) with the nuclear spin of vanadium (I = 7/2). Two
single VO2+ sites (labelled S1 and S2) with slightly different spin
Hamiltonian parameters and a broad isotropic singlet caused by
cluster-like magnetically interacting VO2+ species (denoted as C)
had to be superimposed to properly reproduce the experimental
spectra (Table 5). As expected, the contribution of the cluster signal
increases with rising V content within each series.

Spin Hamilton parameters for each isolated site S1 and S2 in
sample VZrPO-0.1 before any treatment (spectrum a in Fig. 8)
and for all VZrPO samples after heating in NH3/N2 flow (spectra
a��–c�� in Fig. 8) are listed in Table 5. A plot of the experimental to-
gether with the calculated spectra is shown in Fig. S3. The intensity
ratio of the single and cluster site signals, S1:C:S2, is also shown.
The parameter Dg||/Dg\ (with Dg|| = g|| � ge and Dg\ = g\ � ge) is
a measure for the overall distortion of an axial site. The larger
Dg||/Dg\, the higher is the distortion, in other words, the shorter
the V@O bond and the longer the VAO bonds in the basal plane
of the VO2+ octahedron [48,49]. b�22 is the in-plane delocalization
coefficient. It is a measure for the extent to which the unpaired
electron of the V4+ is delocalized towards the four oxygen ligands
within the basal plane of the VO2+ species, i.e., a measure of the de-
gree of covalency of the VAO bonds. b�22 = 1 when the unpaired
electron is completely localized at the V4+ nucleus [44]. b�22 can
be calculated using Eq. (4) in which P = 184.5 G for the free V4+

ion [50].



Table 5
Spin Hamiltonian parameters (A||, A\, g||, g\), b�22 , Dg||/Dg\ and S1:C:S2 ratio for in situ formed VZrPON catalysts.

EPR spectrum VZrPO-0.1 (a) VZrPON-0.1 (a��) VZrPON-0.5 (b��) VZrPON-0.9 (c��)

Species S1a S2a S1a⁄⁄ S2a⁄⁄ S1b⁄⁄ S2b⁄⁄ S1c⁄⁄ S2c⁄⁄

A|| (G) 202.3 198.5 192.8 181.8 190.5 184.4 188.0 188.5
A\ (G) 74.1 69.5 69.0 54.4 68.7 53.9 67.3 53.8
g|| 1.923 1.933 1.937 1.939 1.940 1.938 1.942 1.939
g\ 1.978 1.976 1.981 1.972 1.981 1.972 1.981 1.971
Dg||/Dg\ 3.26 2.63 3.08 2.09 2.98 2.12 2.83 1.98

b�22
0.89 0.89 0.85 0.87 0.83 0.89 0.82 0.91

S1:C:S2 1:3.7:1 1:5.1:0.8 1:11.6:0.7 1:18.9:0.6
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b�2
2 ¼ 7=6Dgjj � 5=12Dg? � 7=6½ðAjj � A?Þ=P� ð4Þ

For the untreated oxide precursors, the double integral intensities
increase with rising V content as expected (Fig. 8a–c). There is not
much change after heating in N2 flow. However, the signal intensity
grows strongly after treatment in NH3/N2 flow, which goes along
with an increase in the relative contribution of the cluster signal.
Interestingly, the gain in total intensity upon switch from N2 to
NH3/N2 flow, which reflects the reduction in V5+ to V4+ is most pro-
nounced for sample VZrPO-0.1 with the lowest V content, while it is
almost negligible for VZrPO-0.9 (Fig. 8a��–c��). The reason is proba-
bly that with rising V content, the reduction in vanadium goes par-
tially to EPR-silent V3+. This is also supported by UV–vis data which
will be discussed later.

Spin Hamiltonian parameters of isolated VO2+ provide informa-
tion about the local environment of such species. The g and A
parameters of species S1 in VZrPON-0.1 after NH3 treatment (Ta-
ble 5) are very similar to those of partially reduced VOPO4�2H2O
which contains single VO2+ defects (g|| = 1.938, g\ = 1.982,
A|| = 192 G, A\ = 69 G [51,52]). In this structure, VO5 chains are
linked together by PO4 tetrahedra resulting in polymeric (VOPO4)n

layers. The axial geometry of the second isolated VO2+ species S2 in
VZrPON-0.1 is less distorted, as can be concluded from the smaller
Dg||/Dg\ ratio (Table 5). The spin Hamiltonian parameters of this
site are similar to those derived for the corresponding phospho-
rus-free VZrON catalyst (g|| = 1.940, g\ = 1.980, A|| = 182.4 G,
A\ = 61.9 G, Fig. S5). Thus, species S2 can be attributed to isolated
VO2+ sites connected via oxygen bridges to Zr rather than to P.
From Table 5, it is evident that the two isolated species S1 and S2

are equally abundant in the untreated sample VZrPO-0.1, while
the intensity of species S2 decreases in relation to that of species
Fig. 9. Normalized in situ-UV–vis spectra measured at room temperature for VZrPO
oxide precursors with different V/Zr ratios after heating in N2 flow for 90 min at
120 �C (A) and after heating in NH3/N2 flow for 30 min at 410 �C (B). Eg denotes the
absorption edge energy.
S1 in VZrPON-0.1 after NH3 treatment. This suggests that VO2+ spe-
cies connected to Zr (S2) are easier reduced to EPR-silent V3+ than
those connected to P (S1).

With rising V content, A|| values of sites S1 and S2 become more
similar, converging at ca. 188 G in sample VZrPON-0.9 (Table 5).
This sample contains Zr, P and V in almost equal amounts. Given
that a rather homogeneous distribution of V is established
throughout the structure, this would imply that both V sites S1

and S2 should be connected via oxygen bridges to both P and Zr,
which may average to some extent the differences in their local
environment.

When b�22 and Dg||/Dg\ values for VZrPON samples in Table 5
are compared to those of previously described VAlON catalysts
(b�22 = 0.69 – 0.67 and Dgp/Dgs = 3.46–3.30 [13]), in which VAN
bonds are present, marked differences are evident. This suggests
that a partial substitution of VAO by VAN moieties observed for
VAlON can be excluded for VZrPON catalysts. In other words, the
coordination sphere of V sites in the latter catalysts is most prob-
ably almost N-free and this agrees properly with the results of XPS
and FTIR spectroscopy which also suggest that N might be prefer-
entially linked to P and not to V.

UV–vis spectra after treatment in N2 flow recorded along with
the EPR spectra are shown in Fig. 9 A. They are characterized by
a broad band at lower wavelength which arises from charge-trans-
fer (CT) transitions of pentavalent V5+ [53]. The absorption edge
energy Eg for this transition was determined by finding the inter-
cept of the straight line in the low-energy rise of a plot of
[F(R)hm]2 against hm, where hm is the incident photon energy [54].

The absorption edge energy Eg increases with rising V content.
As expected, this points to increasing formation of vanadyl clus-
ters, which is also evident from the broad background signal in
the EPR spectra for VO2+ species. Upon heating in an NH3/N2 flow,
the intensity of the CT bands below 400 nm decreases while it rises
strongly in the visible range above 500 nm, where d–d transitions
of reduced V4+ and V3+ species occur (Fig. 9B) [55]. It is clearly seen
that the increase in absorbance is highest for sample VZrPON-0.9
with the highest V content, suggesting strongest reduction. Most
probably, this leads, besides EPR-visible V4+, to a certain percent-
age of EPR-silent V3+, which accounts for the intensity loss of the
EPR signal of sample VZrPON-0.9 (Fig. 8c��), while d–d bands of
V4+ and V3+ superimpose in the high-wavelength range of the
UV–vis spectra and cannot be distinguished from each other
(Fig. 9B).

In situ Raman spectra recorded along with EPR and UV–vis
spectra are plotted in Fig. 10 only for sample VZrPO-0.9 with the
highest V content before and after treatment in NH3/N2 flow, since
for the other catalysts with lower V/Zr ratio the signal-to-noise ra-
tio was too low. Bands at 994, 702, 525,486, 405 and 285 cm�1 are
assigned to V2O5 nanocrystals [56], which are obviously too small
to be detected in the XRD pattern of Fig. 3A. This is in agreement
with results of 51V MAS NMR (see Fig. 4). Bands at 883 and
817 cm�1 may be assigned to vibrations of VAOAP units, while
the one at 1045 cm�1 might arise from the V@O vibration of single



Fig. 10. In situ Raman spectra of sample VZrPO-0.9 measured at room temperature after heating in N2 flow for 90 min at 120 �C (a) and after heating in NH3/N2 flow for
30 min at 110 �C (b), for 90 min at 160 �C (c) and for 30 min 300 �C (d).
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V5+ sites [57,58]. Most probably, these bands belong to the crystal-
line ZrV2�xPxO7 phase. It can be seen that during NH3 treatment,
the intensity of all bands decreases. This is due to the reduction
in V5+. However, it is also evident that the bands of V2O5 nanocrys-
tals decrease faster than those of the ZrV2�xPxO7, suggesting that
the latter is more stable against reduction by NH3.

3.4. Structure–reactivity relationships in VZrPON catalysts

In comparison with the best previously tested P-free VZrON cat-
alyst, the highest achievable conversion of 3-PIC obtained over
VZrPON catalysts is only about half as high, while the 3-CP selec-
tivity over VZrPON-0.9 exceeds that of the best P-free VZrON-
0.25 catalysts only slightly (Fig. 1). Marked structural changes
caused by the incorporation of phosphorus might be responsible
for this different catalytic behaviour. This is evidenced by a variety
of characterization methods. For VZrON catalysts, pronounced for-
mation of crystalline ZrO2, though containing some dispersed V
sites in Zr lattice positions, forces agglomeration of the majority
of V within VxOy clusters in which vanadium takes markedly higher
mean valence states (between 4.3 and 4.9 [13]) in comparison with
the VZrPON catalysts in this work. Moreover, the surface of the P-
free VZrON catalysts remained essentially free of N, since the latter
was almost completely enriched in the bulk structure.

The incorporation of P leads first of all to a higher dispersion of
vanadium in the VZrPON catalysts. This is clearly shown by the
VO2+ EPR spectra which possess resolved hyperfine structure
(Fig. 8). Moreover, the formation of a crystalline mixed ZrV2�xPxO7

phase suppresses the agglomeration of VOx species. This phase, in
which V is tetrahedrally coordinated by oxygen, was confirmed by
XRD (Fig. 3, Fig. S1), NMR (Fig. 4) and ATR (Figs. 5 and 6). Both ef-
fects, high V site isolation and low oxygen coordination, are known
to diminish catalytic activity but improve selectivity in selective
oxidation reactions [59,60]. As far as the mean V valence state is
considered, it turned out that a V valence close to +4 might be opti-
mal [13]. A high percentage of V5+ increases activity (though at the
expense of selectivity), while deep reduction to V3+ deactivates the
catalyst. Coupled in situ-EPR/UV–vis results suggest that in the
VZrPON-0.9 catalyst with the highest V content, a marked reduc-
tion to inactive V3+ takes place during treatment in NH3/N2 flow,
which might account for the drop in activity (see Figs. 8 and 9).
Surprisingly, S3-CP values are not much higher than for P-free
VZrON catalysts at low V content (see Fig. 1). This suggests that
factors other than V dispersion might govern the 3-CP selectivity.
For VZrON and VAlON oxynitrides, the close vicinity of V and N
sites within VANAM moieties (M@Al or Zr) as well as negligible
surface acidity was found to be beneficial for high catalytic perfor-
mance, besides high V dispersion [13]. While V sites are highly dis-
persed also in VZrPON catalysts, XPS, FTIR and EPR results suggest
that nitrogen in these catalysts, although being present on the sur-
face (in contrast to VZrON [13]), is preferentially linked to P but not
incorporated in the vicinity of vanadium. This possibly disfavours a
concerted oxidation/N-insertion mechanism catalysed by
AOAVANAMAOA sites, which could lower the 3-CP selectivity.

From Table 1, it is evident that initially N-free VZrPO precursors
take up nitrogen when exposed to ammoxidation conditions, while
the corresponding VZrPON catalysts loose nitrogen under the same
conditions. A similar behaviour has been observed by Florea et al.
for VAlO and VAlON catalysts in the ammoxidation of propane
[57,61]. In their experiments, the equilibrium N content estab-
lished during reaction was governed by the NH3/O2 ratio in the
feed. Moreover, it was found that the selectivity of acrylonitrile in-
creased with the total N content in the catalysts, while the propane
conversion was not influenced [61]. In the series of our used VZr-
PON catalysts, a similar dependence of the 3-CP selectivity is
found, yet not on the total N content but on the surface N content
reflected by the XPS N/P ratio (compare Fig. 1 and Table 1), which
is more relevant for the catalytic behaviour. This is not only evi-
dent within the series of VZrPON catalysts, but also from a compar-
ison of S3-CP and the N/P ratio of the used VZrPO catalyst in which N
originates exclusively from the reactant feed. This suggests that the
same surface N species are formed in VZrPO as well as in VZrPON
catalysts under reaction conditions, as supposed accordingly by
Florea et al. for the VAlO/VAlON system.

Besides the surface N content, it was supposed that the surface
acidity may influence the 3-CP selectivity as well, since the incor-
poration of P in the surface of VZrPON catalysts might lead to some
Brønsted acidity by formation of PAOH bonds and to Lewis acidity
arising from empty 3d orbitals of P, in contrast to VZrON being free
of such sites [13]. Acidic surface sites can hinder fast desorption of
the basic nitrile product molecules and, thus, diminish selectivity
as a consequence of deep oxidation. As mentioned previously,
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NH3-TPD cannot be used for acidity determination in these sys-
tems and from FTIR spectroscopy of adsorbed pyridine, the charac-
teristic band of pyridine adsorbed on Lewis sites is not accessible,
since the relevant wave number range is masked by an NHþ4 band.
However, a band being characteristic of Brønsted sites is clearly
seen in both VZrPO and VZrPON catalysts (Fig. S4), which was
essentially missing in the respective P-free catalysts [9]. Neverthe-
less, the selectivity of P-free, non-acidic VZrON is lower compared
to VZrPON (Fig. 1). This suggests that a certain amount of surface N
species, which are present on VZrPON (Table 1) but completely
missing on P-free VZrON [13], might have a higher impact on 3-
CP selectivity than surface acidity. It could be the reason why the
N-containing surface of VZrPON catalysts, despite its higher sur-
face acidity (Table 4), is more selective than the completely N-free
though non-acidic surface of VZrON. The dominating impact of sur-
face N species is also evident by comparing the selectivity of
VZrPO-0.1 and VZrPON-0.1 (Fig. 1). The surface concentration of
Brønsted sites is higher on the latter catalyst (Table 4). Neverthe-
less, this catalyst is more selective (Fig. 1) and this is most probably
due to its higher N/P surface ratio (Table 1). The selectivity-
improving impact of nitrogen is also supported by catalytic tests
with varying air/NH3 flow ratio, in which highest selectivities were
found for lowest F(air)/F(NH3) ratios (Fig. 2B).
4. Conclusions

In comparison with previously tested phosphorus-free VZrON
oxynitrides [13], the incorporation of P in VZrPON catalysts leads
to lower activities, while the 3-CP selectivity is only slightly im-
proved when the V/Zr ratio approaches unity. With rising V con-
tent, a crystalline mixed ZrV2�xPxO7 phase is formed in the VZrPO
oxide precursors, which includes a marked percentage of the total
vanadium in the form of single V5+O4 sites. Upon nitridation in NH3

flow, this phase is degraded and V5+ is to a considerable extent re-
duced to V4+ or even to V3+ when V/Zr = 0.9. High V dispersion and
marked reduction are considered as main reasons for lower activity
in comparison with the P-free VZrON catalysts. During treatment
in NH3 flow, N is preferentially incorporated in the vicinity of P,
leading to P-NH2 and P@NAM (M = P, Zr) groups, while the forma-
tion of AVANAMA moieties, considered to be essential for effec-
tive ammoxidation following a concerted oxidation/N-insertion
mechanism, is suppressed. The selectivity of 3-CP increases with
the amount of N species on the catalyst surface. The impact of
these N species on 3-CP selectivity is more dominant in compari-
son with surface acidity introduced by the incorporation of P. This
could explain why VZrON catalysts, in which N is enriched in the
bulk leaving the catalyst surface widely N-free, are less selective
than VZrPON catalysts that do contain surface N species, although
the latter show a higher surface acidity which could favour strong
surface adsorption followed by deep oxidation of the 3-CP product
molecules. In summary, it must be concluded that the incorpora-
tion of phosphorus into VZrPON oxynitrides does not improve their
catalytic performance in comparison with their P-free VZrON
counterparts.
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