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a b s t r a c t

This paper studies the role of Au as a promoter for vanadyl pyrophosphate, catalyst for n-butane oxidation
to maleic anhydride. Samples were prepared with a stoichiometric P/V ratio (P/V = 1.0), and then doped
with increasing amounts of Au. It was found that the addition of the Au promoter had a profound influence
on its catalytic behaviour, as samples containing the greater amount of Au (3 wt%) showed a behaviour
that was similar to that of optimal catalysts which were prepared with a slight excess of P. In fact,
eywords:
aleic anhydride

-Butane
anadyl pyrophosphate
old
electivity

the presence of Au allowed all the phenomena that typically lead to the worst catalytic behaviour of
stoichiometric vanadyl pyrophosphate to be minimised, i.e. both the over-oxidation of vanadium and
the development of the very active but poorly selective �I-VOPO4. This was attributed to the enhanced
reducibility of V5+ that was observed in Au-doped samples, as compared to the undoped ones.

© 2011 Elsevier B.V. All rights reserved.
opants

. Introduction

The selective oxidation of n-butane to maleic anhydride (MA) is
atalysed by vanadyl pyrophosphate (VO)2P2O7 (VPP), which pro-
uces an MA molar yield of between 53 and 65 mol% at n-butane
onversion of 80–85 mol% [1–3]. While the bulk VPP is always
ssumed to constitute the core of the active phase, there are differ-
nt hypotheses regarding the nature of the first atomic layers – i.e.
hose in direct contact with the gas phase [4–6]. In previous works
7,8], we found that the nature of the surface-active layer is a func-
ion of the P/V ratio used for the preparation of the catalyst. A slight
xcess of P with respect to the stoichiometric requirement for the
PP formation is necessary to aid the formation of the moderately

ctive but selective �-VOPO4, that is formed during reaction on the
urface of VPP. On the contrary, in stoichiometric VPP (P/V atomic
atio 1.0), the formation of highly active but quite unselective �I-
OPO4 is fostered, especially when the reaction is carried out at

∗ Corresponding author at: Dipartimento di Chimica Industriale e dei Materi-
li, ALMA MATER STUDIORUM Università di Bologna, Viale Risorgimento 4, 40136
ologna, Italy.

E-mail address: fabrizio.cavani@unibo.it (F. Cavani).

920-5861/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.12.050
temperature intervals of between 340 and 400 ◦C. The P/V atomic
ratio in the most efficient catalysts may range from 1.10 to 1.20.

Another important factor governing the catalytic behaviour of
VPP is the presence of promoters. Surprisingly, the numbers of sci-
entific papers devoted to the study of promoters for VPP has been
growing in recent years, despite that fact that during the 1980s
it seemed that all the possible dopants for this catalyst had been
already investigated [9–12]. In fact, a more profound knowledge of
the chemical and physical properties of VPP has allowed for a bet-
ter comprehension of the role of dopants, the promotional effect of
which had already been preliminarily evaluated in the past. This is
the case of Co and Fe [13–16], Bi [17], Nb [18–20] and alkali metals
[21–23]. In his fundamental work aimed at making a rationale on
the role of dopants in VPP-based catalysts, Haber and co-workers
reported that the doping of VPP with alkaline and alkaline earth
metal ions leads to an increase in the effective negative charge on
oxygen atoms, which is equivalent to the increase of nucleophilic-
ity of its surface, and accelerates the rate of n-butane oxidation to

MA [21–23].

In the present work, we report the effect of Au dopant on the cat-
alytic behaviour of VPP. Our aim was to discover how the addition
of Au affects both the surface features of VPP and the performance
in n-butane oxidation.

dx.doi.org/10.1016/j.cattod.2010.12.050
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:fabrizio.cavani@unibo.it
dx.doi.org/10.1016/j.cattod.2010.12.050
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. Experimental

.1. Preparation of catalysts

The unpromoted and promoted VPO catalysts were prepared
ccording to the following procedure. V2O5 (10 g) and H3PO4
85 wt%, 12.9 g), dissolved in an aqueous solution were refluxed
or 72 h to form a yellow slurry containing the VOPO4·2H2O pre-
ursor. The water was evaporated and the cake dried for 12 h at
20 ◦C. Afterwards, the formation of VOHPO4·0.5H2O (precursor)
as accomplished by suspending VOPO4·2H2O in isobutanol and

efluxing for 72 h. The whitish-blue slurry was filtered and the
esulting paste was dried at 120 ◦C overnight. The P/V atomic ratio
as 1.0. The precursor was then thermally treated in reacting atmo-

phere at 420 ◦C for a period of 72 h (after this period samples
re to be referred to as fresh catalysts), and finally resulted in the
ormation of the desired VPP phase. Catalysts were then used in
-butane oxidation for experimental tests in function of temper-
ture; samples finally downloaded from reactor are referred to as
sed catalysts. The 1 wt% Au/VPO and 3 wt% Au/VPO samples were
repared by the pore volume impregnation (incipient wetness)
ethod. The desired amount of HAuCl4 was impregnated onto the

recursor. The paste was ground and dried at 150 ◦C overnight and,
nally, thermally treated as described above. Samples are denoted
ith the codes VPO, VPO1Au and VPO3Au, for samples containing
(undoped), 1 and 3 wt% Au, respectively.

.2. Characterisation of catalysts

The characterisation of the catalysts was performed using
RD, BET, XPS, TEM and TPR techniques. X-ray diffraction (XRD)
atterns were collected using a Rigaku D III-MAX horizontal-
can powder equipped with a graphite monochromator, operating
t 40 kV and 45 mA, and employing nickel-filtered CuK� radi-
tion (� = 0.1542 nm). The calculation of the crystallite size of
he (2 0 0) and (0 2 4) planes is given by the Scherrer equation:
= 0.9�/(ˇh k l × cos �h k l), where t is the crystallite size, � is the X-
ay wavelength of radiation for CuK�, ˇh k l is the full-width at half
aximum (FWHM) at (h k l) peak and �h k l is the diffraction angle

24].
Single-point BET surface areas of the catalysts were determined

sing N2 adsorption at 77 K using a Thermo Quest Surface Area
nalyser.

XPS measurements were performed in an M-Probe Instrument
SSI) equipped with a monochromatic Al-K� source (1486.6 eV)
ith a spot size of 200 �m × 750 �m and a pass energy of 25 eV,
roviding a resolution for 0.74 eV. The accuracy of the reported
inding energies (BEs) can be estimated to be ±0.2 eV. The quan-
itative data was checked accurately and reproduced several times
at least 10 times for each sample). Binding energies of C 1s, P 2p,

2p3/2 (V5+ and V4+), Au 4f and O 1s were determined.
Transmission electron microscopy (TEM) was carried out using

Tecnai F20 transmission electron microscope operating at 200 kV
nd equipped with a high-angle annular dark field (HAADF)
etector for scanning electron microscopy (SEM) and an energy
ispersive X-ray (EDX) detector. To obtain suitable samples for
EM characterisation, the catalysts were treated as follows: sam-
les were finely ground and then deposited onto a holey copper
arbon grid in the native form. Particle sizes and particle size distri-
utions were determined from the TEM micrographs by measuring
he sizes of at least 100 particles. The gold content of the samples

as determined by energy dispersive X-ray analysis (EDX).

H2-TPR measurements were performed using a Micromeritics
ulse Chemisorb 2700 apparatus. An appropriate amount of sam-
les (20 mg ca.) was purged at 100 ◦C for 2 h in Ar flow (50 mL/min)

n a pyrex fixed-bed micro-reactor, and then cooled down. The
2-Theta

Fig. 1. XRD patterns of fresh samples (top), and of used samples (bottom).

TPR experiment was conducted on treated sample heating, with
rate of 8 ◦C/min, to 600 ◦C in a H2 (5% by vol.)/Ar mixture (1 bar,
50 mL/min).

2.3. Catalytic testing

Catalytic tests were carried out in a quartz continuous-flow
reactor, loading 0.8 g of catalyst and feeding 1.7% n-butane and 17%
oxygen (remainder N2). Overall GHSV was 2160 h−1. Products were
analyzed online by sampling a volume of the outlet gas stream and
injecting it into a gas chromatograph equipped with an HP-1 col-
umn for the separation of C4 hydrocarbons, formaldehyde, acetic
acid, acrylic acid, and MA. A Carbosieve SII column was used for
the analysis of oxygen, CO, and CO2. Fresh catalysts were kept
under reacting stream at 400 ◦C for 20 h before carrying out cat-
alytic experiments; this “equilibration” period is necessary to reach
a steady catalytic behaviour.

3. Results and discussion

3.1. Bulk characterisation of catalysts

The characterisation of the VPO, VPO1Au and VPO3Au sam-
ples was performed before (with fresh samples) and after (with
used samples) catalytic reaction by XRD. The pattern of fresh VPO
indicated the presence of characteristic peaks of well-crystallised

◦
(VO)2P2O7 phase (JCPDS-01-089-8338) (Fig. 1, top), at 2� = 14.1 ,
15.5◦, 18.5◦, 23.0◦, 28.5◦, 29.9◦, 33.8◦, 36.9◦, 43.3◦, 46.9◦, 49.5◦,
58.5◦, 63.7◦, and 67.7◦, with three main characteristic peaks at
2� = 23.0◦, 28.5◦ and 29.9◦, which correspond to (2 0 0), (0 2 4) and
(0 3 2) planes, respectively [25]. The crystallite sizes of the (2 0 0)
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Table 1
XRD data for VPO, VPO1Au and VPO3Au catalysts (fresh and used).

Samples VPP
FWHM (2 0 0)

VPP
FWHM (0 2 4)

Au
FWHM (1 1 1)

VPPa

t (2 0 0) (nm)
VPPa

t (0 2 4) (nm)
Aua

t (1 1 1) (nm)

VPO (fresh) 0.63 0.29 – 13 ± 1 28 ± 2 –
VPO (used) 0.53 0.32 15 ± 1 26 ± 2
VPO1Au (fresh) 0.41 0.33 0.44 20 ± 2 25 ± 2 19 ± 2
VPO1Au (used) 0.4 0.32 0.41 20 ± 2 25 ± 2 20 ± 2
VPO3Au (fresh) 0.41 0.37 0.42 20 ± 2 22 ± 2 20 ± 2 (16 ± 1)b

24 ± 2 31 ± 2 22 ± 2

h k l × cos �h k l).
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Table 2
Surface areas of VPO, VPO1Au and VPO3Au catalysts (fresh and used).

Samples SBET (m2 g−1) (fresh) SBET (m2 g−1) (used)
VPO3Au (used) 0.34 0.26 0.37

a Calculation of mean crystallite size based on the Scherrer equation t = (� × �)/(ˇ
b Mean particle size measured from TEM analysis.

nd (0 2 4) planes were calculated as 13 nm and 28 nm, respectively
Table 1).

For VPO1Au, the typical peaks of vanadyl pyrophosphate
ere also observed, with additional diffraction peaks which are

ttributable to gold in the metallic state (2� = 38.1◦, 44.2◦ and 64.6◦)
JCPDS-00-002-1095). The calculation of the average gold crystal-
ite size, estimated from the line-width of the Au (1 1 1) diffraction
eak at 2� = 38.1◦, gave a value of 19 nm. In addition, the crystallite
izes of the (2 0 0) and (0 2 4) VPP planes were 20 nm and 25 nm,
espectively. In the case of the XRD pattern of VPO3Au, the aver-
ge crystallite size of Au was 20 nm, whereas the crystallite sizes of
2 0 0) and (0 2 4) VPP planes were 20 nm and 22 nm, respectively.

These data show that all patterns are characteristic of the VPP
hase, and that the addition of Au had only a minor or negligible

nfluence on the FWHM of the (2 0 0) and (0 2 4) VPP planes and on
he crystallite sizes in the corresponding planes.

TEM analysis was performed for the fresh VPO3Au, where the
ize of Au particles was evaluated; Fig. 2 shows HRTEM images of
he sample. As can be seen, the presence of Au particles was con-
rmed while the mean particle size was 16 ± 1 nm. The particle
ize distribution was rather broad, in the range of 2–69 nm (stan-
ard deviation 13). The majority of Au particles were in the range
–16 nm, whereas a small amount of large gold particles (≥26 nm)
ere present. The value of mean Au particle size is close to the value

btained from the measurement of the Au crystallite size using the
cherrer equation (20 nm).

The XRD pattern of the used catalysts (Fig. 1, bottom) demon-
trated that there was no modification of the structure, thus

ndicating structural and thermal stability under the studied reac-
ion conditions. The calculation of the crystallite size of (2 0 0) and
0 2 4) VPP planes revealed a small change registered after the cat-
lytic reaction for VPO3Au (Table 1). There was no variation of the
rystallite size of Au for both VPO1Au and VPO3Au, thus indicating

Fig. 2. HRTEM images of fresh VPO3Au; arrows indicate Au partic
VPO 14 18
VPO1Au 15 16
VPO3Au 19 21

that under these reaction conditions the growth of Au particle size
is not significant.

The surface area analysis was performed on fresh and used sam-
ples, as it is shown in Table 2. For fresh VPO, VPO1Au and VPO3Au,
the specific surface areas were 14, 15 and 19 m2 g−1, respectively.
As can be observed, no relevant changes in surface area were reg-
istered while doping the VPO material with Au. After the catalytic
reaction surface areas were 18, 16 and 21 m2 g−1, respectively.

3.2. XPS analysis

The oxidation state, concentration of surface elements and inter-
action between Au particles and VPO catalysts were investigated by
means of XPS; as an example, Fig. 3 shows the V 2p and O 1s regions
for fresh VPO1Au and the Au 4f region for fresh VPO3Au.

The binding energies of V 2p3/2 peak attributed to V4+ and V5+

phase are observed typically at 516.9 eV and 518.0 eV, respectively
[12,26,27]. Due to the presence of two oxidation states of vanadium,
the V 2p3/2 peak is relatively broad. Therefore, the percentage of
surface V4+ and V5+ has to be calculated using the deconvolution of

the V 2p3/2 peak.

In fresh VPO, two peaks with BE of 517.0 and 518.2 eV are
attributed to V4+ and V5+ oxidation states in agreement with results
previously published [24,26–28] (Table 3). The binding energy of P
2p (134 eV) is similar to that of the reported VPP [29–31]. Further-

les. Magnification: left Figure 200 nm; right Figure 100 nm.
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Fig. 3. XPS spectra of the V2p (top), O 1s (center) regions

ore, XPS analysis demonstrated that the P element was enriched
n the catalyst surface while the P/V ratio was 2.6 (2.5 for both fresh
PO1Au and VPO3Au): which is in agreement with previous obser-
ations [24,26,31,32]. The binding energy of the O 1s level was in the

ange of 531–533.5 eV. Deconvolution of the O 1s peak revealed the
resence of three peaks with binding energies of 531.1 eV, 532.1 eV
nd 533.0 eV, respectively. The first two peaks correspond to lattice
xygen ions in vanadium phosphates [33], whereas the third peak

able 3
PS binding energies of VPO, VPO1Au and VPO3Au catalysts (fresh and used).

Samples V (2p3/2): V4+, V5+

BE, eV (%)a

VPO (fresh) 517.0 (84), 518.2 (16)
VPO (used) 517.3 (58), 518.2 (42)
VPO1Au (fresh) 517.1 (72), 518.3 (28)
VPO1Au (used) 516.9 (55), 518.3 (45)
VPO3Au (fresh) 517.0 (77), 518.2 (23)
VPO3Au (used) 517.1 (67), 518.4 (33)

a Relative % amount of the different species.
sh VPO1Au, and Au 4f region (bottom) of fresh VPO3Au.

is related to the presence of surface hydroxide ions and carbonates
[34,35].

In the Au 4f region, the presence of Au species is indicated by
two peaks, corresponding to Au 4f and Au 4f transitions; here,
7/2 5/2
values of binding energies will be referred to the Au 4f7/2 peak. The
binding energy at 84.5 eV registered for fresh VPO1Au, suggested
the presence of a surface Au species in a positive oxidation state
(�+). Also for this sample, two V 2p3/2 peaks with binding energies

Au (4f7/2): Au0, Au�+

BE, eV (%)a
Au/V, atomic ratio

– –
– –
–, 84.5 (100)a 0.03
Not detectable –
83.8 (42)a, 84.5 (58)a 0.03
–, 84.8 (100)a 0.04
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Fig. 4. Temperature-programmed-reduction profiles of fresh catalysts.

f 517.1 eV and 518.3 eV are attributed to the V4+ and V5+ oxidation
tates.

In the case of fresh VPO3Au, the deconvolution of the Au peak
evealed the presence of two oxidation states (83.8 eV and 84.5 eV).
he former is attributed to the presence of Au in a metallic state
Au0) and the latter to Au in a positive oxidation state (Au�+) [36,37].

After catalytic testing, it was not possible to detect the Au peak
or VPO1Au. In the case of VPO3Au, the Au peak, still visible in the
sed sample, was shifted to a higher value (84.8 eV), thus suggesting
he prevailing presence of oxidized Au. The P/V ratio of used cata-
ysts was similar to that of corresponding fresh samples. Regarding
he V5+/V4+ ratio, it is worth noting that all used samples were more
xidized than the corresponding fresh ones; this is a typical feature
f catalysts prepared with the stoichiometric P/V ratio. In fact, dur-
ng equilibration, VPP catalysts which contain excess P (e.g. with
/V = 1.1) become progressively more reduced, until finally the frac-
ion of V5+ detected in used samples is remarkably less than that
riginally present in fresh catalysts. The opposite phenomenon is
bserved with samples that do not contain excess P [28]. How-
ver, Table 3 shows that the less marked increase of the relative
mount of V5+ was observed with used VPO3Au, which at the end
as the sample containing the lower relative amount of V5+. Thus,

t seems that in the presence of a greater amount of Au (i.e. in sam-
le VPO3Au), the latter facilitates the reduction of V5+ to V4+, being

n turn oxidized to Au�+.

.3. TPR analysis

Fig. 4 shows the TPR profile of samples in an H2/Ar feed. For
npromoted VPO, the reduction process initiated at about 350 ◦C is
ollowed by a slow increase of the signal up to 500 ◦C. In Au-doped
amples, an intense reduction peak is demonstrated at around
75 ◦C. The peak onset position depends on the Au loading, and was

ocated respectively at 180 ◦C for VPO1Au and 120 ◦C for VPO3Au.
he broad peak can be assigned mainly to the reduction of V5+

pecies, however we cannot exclude the contribution of the reduc-
ion of Au�+ species to Au0, although this contribution will be rather

oderate due to the low amount of Au�+ species. These results
re in agreement with recent data, thus demonstrating the eas-
est reduction of vanadia and molybdena with hydrogen, in the
resence of Au particles [38].

.4. Raman spectroscopy
Fig. 5 compiles Raman spectra of fresh and used catalysts. All
amples show main Raman bands attributable to VPP, and addi-
ional bands that are attributed to �I-VOPO4 (1036 cm−1, 540 cm−1

nd 575 cm−1) [39,40]. The band at Raman shift 1027 cm−1 is
shift, cmRaman

Fig. 5. Raman spectra of fresh (top) and used (bottom) catalysts. VPP, vanadyl
pyrophosphate; VPH, VOPO4·nH2O; �I , �I-VOPO4.

attributable to a hydrated form of VOPO4 (VOPO4·nH2O). In previ-
ous works, we found that the relative amount of VPP and of VOPO4
compounds is affected by the conditions used for thermal treat-
ment and by the P/V ratio used for the preparation of samples;
catalysts having a P/V atomic ratio close to the stoichiometric one
usually appear to be more oxidized than samples containing excess
P [7,8].

Raman spectra of used samples show marked differences;
specifically, in the case of VPO1 and VPO1Au, the bands attributable
to �I-VOPO4 are still present, whereas VPO3Au did not show
evidence of the presence of this VOPO4 compound. Since XPS
demonstrated that even the used VPO3Au was oxidized, although
less than used VPO and VPO1Au, this result indicates the possible
presence of dispersed V5+ sites and not of bulk VOPO4 in VPO3Au,
a situation that is conducive to a more selective catalyst [41–43].

At this point, we would like to note the following, as reported
in papers previously published [7,8]:

1. The development of �I-VOPO4 during reaction at temperatures
between 340 and 400 ◦C is a typical feature of samples having
P/V ratio of 1.0 [7,8]. �I-VOPO4 is extremely active but poorly
selective to MA. Ex situ Raman spectra of used VPO and VPO1Au
still show the Raman bands attributable to this compound.

2. In contrast with the behaviour of stoichiometric catalysts, with

samples having P/V ratio higher than 1.0 the surface of the cata-
lyst becomes enriched with �-VOPO4 during reaction [7,8]. This
catalyst is moderately active but selective to MA, that explains
both why industrial catalysts usually contain an excess of P and
why often P-containing organic compounds (gas-phase promot-
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ig. 6. Conversion of n-butane (top) and selectivity to MA (bottom) in function of the
eaction temperature. “Equilibrated” catalysts: VPO (�), VPO1Au (�) and VPO3Au
�).

ers) are fed to the reactor in the aim of keeping high selectivity
to MA during operation. Ex situ Raman spectra of these samples
may still clearly show band attributable to �-VOPO4, or even be
almost completely reduced (with only trace amount of V5+), in
function of the procedure adopted for catalyst downloading from
the reactor [8].

In the case of our used samples, the main point concerns the
resence of �I-VOPO4 in VPO and VPO1Au, but not in VPO3Au;
his observation was somewhat unexpected, since all samples were
repared with stoichiometric P/V ratio, that according to previous
esults should cause the formation of the unselective �I-VOPO4.
his means that in VPO3Au, the amount of Au dopant not only
llows the formation of V5+ that develops on VPO surface during
eaction (as inferred from XPS characterisation of used catalysts)
o be limited, but also hinders the formation of bulk, unselective
OPO4 compounds.

Based on the characterisation of used catalysts, we would expect
imilar catalytic behaviour for VPO and VPO1Au samples – as typi-
ally observed with VPP prepared with a stoichiometric P/V ratio –
nd different behaviour for VPO3Au. In this latter case, the charac-
eristics of the used sample are those typically observed with VPP
amples containing excess P. Reactivity experiments will confirm
his expectation.

.5. Reactivity tests
Fig. 6 reports the effect of temperature on n-butane conversion
nd on selectivity to MA for equilibrated samples. It is shown that
PO3Au demonstrated both the expected increase in n-butane con-
ersion when the reaction temperature was raised, and a slight
ecline of selectivity to MA. Conversely, both VPO and, to a minor
ay 169 (2011) 200–206 205

extent, VPO1Au, demonstrated anomalous behaviour; in fact, with
VPO the conversion rapidly increased in the 310–350 ◦C temper-
ature range, then remained more or less constant up to 400 ◦C,
when it finally increased again. Correspondingly, the selectivity to
MA demonstrated a dramatic fall at above 300 ◦C, reaching a mini-
mum value at 340 ◦C, and then increased again; the maximum value
being obtained at 420 ◦C. The following observations are especially
noteworthy:

1. This behaviour was fully reproduced when the reaction temper-
ature was increased and then decreased several times; in other
words, the observed phenomena were not due to some effects
attributable to irreversible changes in catalyst characteristics.

2. The three samples performed similarly in the temperature range
of 400–440 ◦C, but they performed quite differently in the inter-
mediate temperature range of 340–400 ◦C.

3. The fall of selectivity to MA shown by VPO and VPO1Au at above
300–320 ◦C was not simply due to the anomalous rise of conver-
sion. In fact, it must be noted that the selectivity to MA became
too low to be attributed solely to the enhanced contribution of
consecutive combustions.

The behaviour shown by VPO was that typically observed
with VPP-based catalysts having a stoichiometric P/V ratio; it was
attributed to the development of the unselective �I-VOPO4 com-
pound in the intermediate temperature range [7,8], as is also
confirmed by Raman spectra of our used VPO sample (Fig. 5). Stoi-
chiometric VPP, however, developed the selective and moderately
active �-VOPO4 phase at above 400 ◦C, which explains why the
VPO sample demonstrated good catalytic behaviour at high tem-
peratures. The same behaviour should have also been expected for
VPO1Au and VPO3Au, since both doped samples were prepared
with stoichiometric P/V = 1.0 ratio. Conversely, VPO3Au demon-
strated the typical behaviour of VPP catalysts containing excess
P, that contrasts with the P/V ratio used for its preparation, but
fully agrees with the characterisation of the used sample. Finally,
VPO1Au demonstrated a catalytic behaviour that is intermediate
between those of VPO and VPO3Au.

In TiO2–Au catalysts for propene oxidation with H2/O2, a par-
ticular feature is the presence of a chemical interaction between
titanium and gold, which confers to the system the ability to gen-
erate the active species for olefin epoxidation [44]. For this reason,
one major parameter affecting activity is gold dispersion, and hence
the contact area between the two components. It was proposed
that the active Ti-hydroperoxo species is formed by adsorption of
O2 onto Au, with the development of an Au+–O2

− species, which
then reacts with H2 to generate hydrogen peroxide [45]. In our case,
even though a possible role of a Au+–O2

− species in MA formation
cannot be ruled out, the relatively large crystallite size of Au, which
is similar to that of the VPP (Table 1), suggests that Au is not highly
dispersed over the VPP surface.

With our samples, all the results obtained are conducive to the
conclusion that Au plays the same role as that of having excess
P in VPP catalysts. Au�+ species are likely present on the surface
of Au metal particles in calcined fresh VPO1Au and VPO3Au, but
we cannot exclude that indeed oxidized Au species are highly dis-
persed on the surface of VPP, in chemical interaction with V sites.
During the catalytic reaction, the relative amount of the oxidized
Au increases, becoming the only detectable Au species by means
of XPS in VPO3Au. Therefore, Au helps in keeping a lower average
oxidation state for surface V, and in developing an optimal amount

of V on the VPP surface and limiting the formation of the very
active but unselective bulk �I-VOPO4. This effect is proportional to
the Au amount loaded; a relatively small amount of Au provides a
limited improvement of performance as compared to the undoped
catalyst, whereas a loading as high as the 3 wt% Au finally allows
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he optimal catalytic performance to be obtained. This may also
ffer the advantage that the co-feeding of P-containing compounds
uring industrial operation may no longer be required to main-
ain a P-enriched catalytic surface. A similar effect was reported
y Andreeva et al. [46], for the Au–V2O5/TiO2 system, in which
he temperature for V5+ reduction was considerably lowered with
espect to the corresponding unpromoted system; this effect was
ttributed to a weakening of both V O and V–O–Ti bonds, in chem-
cal interaction with Au.

. Conclusions

The doping of vanadyl pyrophosphate with Au in catalysts
repared with a stoichiometric P/V ratio (P/V = 1.0) allowed con-
iderably improving the catalytic performance as compared to the
ndoped samples. In fact, the behaviour of the VPP doped with
wt% Au was as good as that one typically shown by VPP catalysts
repared with an excess P. The higher the amount of Au loading,
he greater the improvement of catalytic behaviour as compared
o that of the undoped sample. It was found that Au limits the
ver-oxidation of catalyst surface that is typically observed with
toichiometric VPP, and also hinders the development of bulk uns-
lective VOPO4 compounds.
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