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Alternative ball-milling synthesis of vanadium-
substituted polyoxometalates as catalysts for the
aerobic cleavage of C–C and C–O bonds†
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Vanadium-substituted phosphomolybdic acids (H3+x[PMo12−xVxO40], denoted as Vx) are well-known oxi-

dation catalysts that are generally prepared by the hydrothermal treatment of MoO3 and V2O5 in the pres-

ence of H3PO4. This synthesis procedure is highly energy consuming and the Vx yields are not always

acceptable. In the present work, an alternative hybrid mechanochemical/hydrothermal synthesis of Vx is

proposed, comprising the ball-milling of MoO3 and V2O5, followed by a hydrothermal attack. The result-

ing materials, with 2 ≤ x ≤ 3, obtained from this new route were compared, in terms of yield, energy con-

sumption and catalytic activity, with a reference V3 sample prepared through a conventional hydrothermal

treatment. The ball-milling step proved to lead not only to a shorter and far more energy-saving synthesis

procedure, but also to high yields of Vx. Moreover, Vx from this alternative route proved to be generally

more active than the conventionally prepared V3 in the aerobic oxidative cleavage of C–O and C–C

bonds in 2-phenoxyacetophenone, used herein as a lignin model compound.

Introduction

Vanadium-substituted phosphomolybdic acids,
H3+x[PMo12−xVxO40] – denoted as Vx – have been widely used
as catalysts in different aerobic oxidation reactions.1 Among
them, the cleavage of C–C and C–O bonds2 has several interest-
ing applications, such as in the aerobic delignification of
wood pulp3 or lignin depolymerisation4 leading to the pro-
duction of aromatics from biomass.5 Usually, Vx catalysts are
synthesized either from their corresponding metal salts
through the “etherate” route,6 or from their metal oxides, fol-
lowing a hydrothermal7,8 or an “oxo-peroxo”9 route (Fig. 1).
Though widely used, the “etherate” pathway involves strong

acids, as well as diethyl ether, a flammable, harmful and envir-
onmentally hazardous solvent. The “oxo-peroxo” route, invol-
ving the attack of the starting oxides by hydrogen peroxide, is
less developed, since it generally leads to the formation of
rather unstable vanadium complexes. On the other hand, the
hydrothermal route has been often preferred, because it is a
relatively simple procedure that consists of the acidic attack of
the starting oxides in refluxing water.7,8 However, this route
still requires long reaction times and works under very diluted
conditions, especially when high vanadium contents are tar-
geted. The rate-limiting step seems to be the acidic attack of
the starting MoO3 and V2O5 oxides.

Ball-milling has attracted growing interest in recent years10

for applications such as solvent-free reactions,11–15 and the
activation of oxides,16,17 carbonates18 and dioxygen,19 as well

Fig. 1 Main conventional procedures for the synthesis of vanadium-
substituted phosphomolybdic acids (Vx).
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as for the synthesis of a variety of composites,20 organometal-
lics,21 MOFs22 and metallic compounds,17,23 i.e. amorphous
and nano-structured materials22,24,25 for catalytic22 and energy-
related applications.24–26 In the field of catalysis, Zazhigalov
et al. reported that a mixed oxide of vanadium and molyb-
denum (MoV2O8) synthesized by milling MoO3 and V2O5

single oxides was a much more active catalyst for benzene oxi-
dation into maleic anhydride than the parent oxides.27 To the
best of our knowledge, there is only one example of Vx syn-
thesis using a ball-milling step reported in the literature.28

Molchanov et al. showed that Vx may be prepared through the
hydrothermal attack of a ball milled mixture of V2O5 and
MoO3 with H3PO4 at 80 °C.28 The authors studied the influ-
ence of the duration of the milling step for x = 4, the pro-
portions of the starting oxides and the H3PO4 attack con-
ditions. It has also to be noted that the authors also tried to
carry out the whole synthesis of V3 in a miller using a two-step
procedure (first MoO3 and V2O5, followed by the addition of
H3PO4). The synthesized Vx compounds were characterized in
the solid state by FT-IR, 31P and 51V MAS NMR, but no infor-
mation was reported on their speciation in solution. Moreover,
the Vx materials synthesized through this route were never
tested as catalysts, not even characterized in view of their appli-
cation in catalysis. Other recent studies on polyoxometalates
and mechanochemistry have also been reported in the
literature29,30 by Xu et al.29 and Leng et al.,30 but the synthesis
of polyoxometalates was carried out using conventional pro-
cedures and not by ball-milling.

The literature survey reveals that the hybrid synthesis pro-
cedure (ball-milling and subsequent hydrothermal treatment)
has scarcely been explored for the preparation of
V-polyoxometalates. Such a hybrid pathway can however rep-
resent a more sustainable approach for Vx synthesis than the
100% hydrothermal route, requiring less energy and no
additional reactant/solvent. In view of this, the present work
aims at studying various hybrid synthesis procedures of Vx

involving a mechanochemical step (BM–HT) and comparing
them with the 100% hydrothermal route (HT), with a focus on
the molecular structure and yield of the vanadium-substituted

polyoxometalates produced. We further assessed their catalytic
activity and selectivity in the aerobic cleavage of a 2-phenoxyace-
tophenone (K), used as a lignin model compound. Special
emphasis was also put on the determination of the energy con-
sumption of both processes. Vx with x = 2 or 3 were targeted,
since with a higher vanadium content the PMoVx compounds
are known to be more unstable especially at high temperatures.1

In the next step, the physicochemical features of the oxide mix-
tures obtained upon ball-milling of the starting V2O5 and MoO3

oxides were also investigated, with the aim of evaluating the
relevance of the mechanochemical step in the synthesis
process. Gaining further knowledge on this hybrid mechano-
chemical method can provide valuable information about the
feasibility of this route for the synthesis of Vx materials.

Experimental
Material synthesis

A reference V3 material, denoted as V3-HT, was synthesized4

through the attack of MoO3 (Acros Organics) and V2O5 (Sigma-
Aldrich) by H3PO4 (purity 85%, Carlo Erba) in refluxed water,
following a procedure adapted from that described by Kern
et al.7 In this synthesis, 0.39 g (3.3 mmol) of 85% H3PO4 was
dissolved in 200 mL of deionized water, followed by the
addition of 3.93 g of MoO3 (27.3 mmol) and 0.92 g (5.1 mmol)
of V2O5 (Tables 1 and S1†). Compared to the procedure
reported earlier by Kern and co-workers and dedicated to the
synthesis of V1-HT only,7 a longer hydrothermal attack (6.5 h
instead of 3 h) and more diluted conditions have been used in
our work due to the higher value of x. After cooling, the
residual oxides were removed by filtration and water was then
evaporated from the filtrate, yielding an orange powder.

In the hybrid BM–HT route, the ball milling step was
carried out in a Fritsch Pulverisette 7 planetary miller ( jar dia-
meter: 140 mm) using zirconium oxide balls (∅ = 10 mm,
weight: 68 g) placed inside a zirconium oxide coated autoclave.
The rotation speed was set to 700 rpm and the ZrO2 ball/oxide
weight ratio, denoted as r, was either 20 or 50. For r = 50, the

Table 1 Summary of the synthesized Vx materials, conditions with the values of xexp and the yieldsa

Synthesis procedure Vx rb tBM
c (h) tHT

d (h) T (°C) xexp
e Yield f (%)

HT V3-HTd — 0 6.5 100 2.7 79

BM50 V3-BM50-1BM-1.5HT 50 1 1.5 80 2.8 97
V2-BM50-1BM-1.5HT 1.9 95

BM20 V2-BM20′-1BM-1.5HT 20 1 1.5 100 2.1 96
V2-BM20-1BM-3HT 1 3 80 2.3 97
V2-BM20-2BM-1.5HT 2 1.5 80 2.0 96
V2-BM20-2BM-3HT 2 3 2.3 95
V2-BM20-4BM-1.5HT 4 1.5 2.3 96
V2-BM20-4BM-3HT 4 3 2.2 98

a The weights of V2O5, MoO3 and H3PO4 85 wt% employed for each synthesis are detailed in Table S1† and the elemental analyses of the resulting
materials. b Ball/oxide weight ratio (r) with zirconium oxide balls (∅ = 10 mm, weight: 68 g). The rotation speed was set to 700 rpm. c tBM = ball
milling duration. d tHT = hydrothermal treatment duration. eDetermined from ICP, relative error = 10%. f Calculated from 31P NMR (±10%).
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milling duration (tBM) was fixed to 1 h and the ball milled
mixture with nominal theoretical x values (xth) equal to 2 or 3
was subsequently attacked by phosphoric acid in water at
80 °C during tHT = 1.5 h, affording the series of Vx-BM50-1BM-
1.5HT materials (see Tables 1 and S1†). Another series of
materials (V2-BM20-tBM-tHT) were prepared for a nominal value
of xth equal to 2 and with r = 20 (weight of balls kept constant)
but tBM was varied from 1 to 4 h and the ball-milled mixture
was attacked during either tHT = 1.5 h or 3 h at 80 °C (unless
otherwise specified) (see Tables 1 and S1†).

A preliminary one-pot 100% ball-milling procedure where
MoO3, V2O5 and H3PO4 were introduced together was
attempted (1 h, 700 rpm) for both ball/oxide weight ratios (see
Table S1†). The synthesis was successful for r = 50. However,
the zirconia balls were severely damaged, thereby resulting in
a high contamination of the final product with ZrO2 as shown
by XRD. Such eroded ZrO2 had to be eliminated by centrifu-
gation in water (7500 rpm, 10 min).

Generally, the mixture of the starting oxides, initially clear
brown, turned dark brown after milling. Upon the addition of
the solid to the aqueous solution containing a stoichiometric
amount of H3PO4, the mixture turned red on the first few
seconds of the acid attack. At the end, the suspension was fil-
tered to eliminate the residual traces of zirconium oxide orig-
inating from the abrasion of the balls, and then water was
evaporated to get the Vx solids.

Physicochemical characterization

X-ray powder diffraction analyses (XRD) were performed on a
Bruker Advance D8 diffractometer, using a Cu Kα radiation source
(λ = 1.5406 Å) without a monochromator. The diffraction patterns
were collected from 5° to 50°, at a scanning rate of 0.34° min−1.
The crystalline phases were identified by Rietveld analysis of the
diffraction patterns (factors RP and Chi2), using the Fullprof soft-
ware. Liquid 31P nuclear magnetic resonance (NMR) analyses were
performed on a 400 MHz Bruker apparatus. 30 mg of the solid was
dissolved in 250 µL of D2O (Euriso-top) and 250 µL of H2O. Then
7.5 µL of dioxane (SDS, Carlo-Erba) was added to the solution. For
each analysis, 16 scans were recorded with a relaxation delay of 32
s. The P, Mo and V contents for all samples were determined by
inductive coupled plasma analyses (ICP) from Crealins (Lyon,
Villeurbanne France) on an ICP Thermo-Fischer iCAM.
Thermogravimetric analyses (TGA) were performed on a Cp
SDTQ600 system, in order to determine the hydration index of Vx,
denoted as n. The temperature was increased up to 600 °C at a
heating rate of 10 °C min−1 under an air flow of 100 mL min−1.
Scanning electron microscopy analyses (SEM) were carried out
using a Hitachi SU-70 microscope. The sample was introduced at
3.2 mm from the electron beam source, the accelerating voltage
was set to 1 kV and the intensity of the emission current was set to
47 µA. Particle size (granulometry) measurements were performed
on a Fristch Analysette 22 Nano Tec. Raman spectroscopy analyses
were performed using a RamanRXN spectrometer equipped with a
laser working at λ = 785 nm, with a power of 10–12 mW and a
resolution of 4 cm−1. The duration of each scan was 10 s and the
number of scans was set to 30.

Catalytic experiments and monitoring

In the aerobic cleavage catalytic experiments, 2-phenoxyaceto-
phenone (0.32 g, 1.5 mmol) and Vx (Mo + V, 18 mol%) were
dissolved in 15 mL of MeCN/AcOH 90–10 in a Schlenk tube
connected to a gas burette system to monitor the dioxygen
consumption. The Schlenk tube was purged and then heated
during 24 h at 82 °C. After cooling the reaction mixture, an
aliquot of 0.5 mL was withdrawn and dropped in a 20 mL volu-
metric flask and diluted with H2O–MeOH–AcOH 49 : 49 : 2 for
HPLC analysis (Shimadzu LC-20AD) using a Shim-pack
XR-ODS column (4.6 × 100 mm, 2.2 µm) heated to 40 °C in a
CT0-10AS oven. The mobile phase was composed of aqueous
AcOH (0.5 vol%) and methanol (HPLC grade, VWR Chemicals)
used at a flow rate of 0.4 mL min−1 (0–13 min: 60–40 (MeOH),
13–17 min: gradient from 40 to 60% of methanol, 17–33 min:
40–60 (MeOH), 33–37 min: gradient from 60 to 40% of metha-
nol and 37–50 min: 60–40 (MeOH)). The compounds were
detected by using an SPD-M20A UV detector (210 and 220 nm).
Benzaldehyde, benzoic acid and phenol were quantified
according to the calibration curves (ESI†).

Results and discussion
Influence of the synthesis conditions on the Vx materials

The first series of Vx compounds were synthesized using the
hybrid ball milling-hydrothermal procedure (BM–HT) with a
ZrO2 ball/oxide weight ratio r = 50, a milling duration of 1 h
and an acid attack duration of the ball-milled mixture of 1.5 h.

Fig. 2a shows the powder XRD patterns of V2-BM50-1BM-
1.5HT and V3-BM50-1BM-1.5HT, together with the pattern
acquired for conventionally synthesized V3-HT. These patterns
were compared to the JCPDS 00-043-0317 reference for

Fig. 2 (a) Powder-XRD patterns and (b) liquid 31P NMR spectra
(D2O/H2O/dioxane, pH = 1) of Vx-BM50-1BM-1.5HT and V3-HT materials.
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H3PMo12O40·13H2O (Fig. S1 in the ESI†). Both Vx-BM50-1BM-
1.5HT materials showed a typical Keggin structure, as evi-
denced by the presence of diffraction peaks at ca. 2Θ = 8°, at
15–18° and at ca. 28° in all XRD patterns. A closer look at the
diffractograms indicated that the crystalline structure was
more impacted by the hydration index n than by the vanadium
content.31–33 In V3-BM50-1BM-1.5HT, one single crystalline
phase could be identified, similarly to V3-HT, but yielding
slightly different Rietveld refinement parameters (RP = 10 and
Chi2 = 2.4 for V3-BM50-1BM-1.5HT, RP = 15 and Chi2 = 13 for V3-
HT, see Table S2 in the ESI†). On the other hand, V2-BM50-1BM-
1.5HT appeared to be constituted of at least two Vx crystalline
phases differing in their hydration index, n. The main phase
corresponds to n = 13, also present in V3-HT, whereas the sec-
ondary phase corresponds to n = 30 (Fig. 2a, JCPDS 00-043-
0316).

The synthesis of vanadium-substituted phosphomolybic
acids generally leads to mixtures of different Vx stoichi-
ometries, with x representing the average number of vanadium
equivalents. A non-total incorporation of vanadium into the
H3+x[PMo12−xVxO40] structure results in lower values of x, vis-à-
vis the nominal V-loading (xth), together with the presence of
water-insoluble V2O5 residues at the end of the synthesis. ICP
analyses allowed us to determine the experimental values of x
in this series of materials. The theoretical (xth) and experi-
mental (xexp) Vx stoichiometries, as well as the elemental com-
position in wt% of the polyoxometalates synthesized, are given
in Table 1 and Table S1 in ESI†. For the Vx-BM50-1BM-1.5HT

materials, the x values obtained are very close to the theore-
tical values (less than 10% difference which can be related to
the experimental error). In contrast, for the conventionally syn-
thesized V3-HT material, the difference between xexp and xth is
more pronounced (>10%). Indeed, during the conventional
hydrothermal synthesis of V3-HT, a solid residue enriched in
V2O5 had to be filtered before water evaporation, resulting una-
voidably in a lower value of xexp. These observations point to
an improvement of the hydrothermal attack of the oxides
favored by the ball-milling step.

Whatever the synthesis route, the TGA weight-losses for
hydration (T1 = 215–222 °C) and constitutive water (T2 =
416–421 °C) took place at relatively similar temperatures for
V3-BM50-1BM-1.5HT and V3-HT (Fig. S2 and Table S3 in ESI†),
showing that their vanadium contents are quite comparable.
The hydration indexes (n) calculated from the TGA plots range
between 12 and 15, and are in agreement with the results
derived from the XRD analysis (Fig. 2a). Further insights into
the purity and composition of the synthesized Vx were gained
through liquid analyses. The 31P NMR spectra acquired for V2-
BM50-1BM-1.5HT, V3-BM50-1BM-1.5HT and V3-HT are presented in
Fig. 2b. These spectra are rather complex due to the presence
of various isomers of V3 in solution, the partial protonation of
V3 at pH ∼ 1 and the co-existence in solution of different Vx

compounds (such as V2) as previously shown in the literature
by 31P NMR.34,35 First, based on the very similar values of xexp
and xth obtained for V2-BM50-1BM-1.5HT and V3-BM50-1BM-
1.5HT, respectively, and considering that H3PO4 is the only

possible impurity, a synthesis yield was calculated, i.e. defined
as the extent of H3PO4 incorporation into the Vx structures (cal-
culated from the areas of the H3PO4 peaks in the 31P NMR
spectra, see details in the ESI†). The values of this synthesis
yield were much higher for V3-BM50-1BM-1.5HT (97%) than
those for V3-HT (79%), pointing to a more effective incorpor-
ation of vanadium into H3+x[PMo12−xVxO40] for the hybrid ball-
milled/hydrothermal material in comparison with the conven-
tionally synthesized one (Table 1).

For the lowest V-content (xth = 2), the 31P NMR spectrum
obtained was relatively more simple, allowing us to get valu-
able information about the different isomers and Vx species
present in V2-BM50 (Table S4, see the ESI† for further details
about these calculations). According to Pettersson,34 six types
of isomers could be identified in the 31P NMR spectrum of V2

polyoxometalates. The individual contributions of α-1,4
(−4.21 ppm, V atoms on the same triad), α-1,2 and α-1,5
(−4.03 ppm, vicinal V atoms on different triads), α-1,6 and
α-1,11 (−3.94 ppm, no vicinity of V atoms) as well as β isomers
(−3.77 ppm, most probably not vicinal β-4,10 and β-4,11
isomers,34 Fig. S3 in the ESI†) with respect to the total amount
of V2 obtained are presented in Table S4.† In V2-BM50-1BM-
1.5HT, the α-1,4 isomer was found to be present to a much
greater extent than the other five possible isomers, i.e. α-1,4
amounts to 58.5% vs. 12.6% for α-1,2 and α-1,5, 16.3% for
α-1,6 and α-1,11, and 12.7% for the β isomers. In fact, 71% of
all the V2 isomers in V2-BM50-1BM-1.5HT were shown to bear
vicinal V atoms (α-1,4, α-1,2 and α-1,5, Table S4†). This infor-
mation can be highly relevant for the application of these
materials in catalysis, since previous studies evidenced that
their activity in oxidation reactions can be directly linked to
the presence of isomers bearing vicinal V atoms.36

The results presented so far prove that V3 can be success-
fully obtained a with higher yield and with a much shorter syn-
thesis time than conventionally prepared V3-HT, when using r
= 50 during the ball-milling step. Lowering the ball to oxide
weight ratio will produce higher amounts of materials per syn-
thesis batch. Therefore, we further considered the synthesis of
Vx using r = 20 instead of 50, for xth = 2, keeping the ball-
milling and the hydrothermal attack (80 °C) duration constant.
The xth value of 2 was chosen due to the superior stability of
V2 in solution, vis-à-vis V3, and for their easier characterization,
especially by 31P NMR. However, the resulting material,
denoted as V2-BM20-1BM-1.5HT, did not exhibit the desired
Keggin structure and an important H3PO4 signal was observed
in its 31P NMR spectrum (see Fig. S4 in the ESI†). Evidently,
the 1 h milling time (tBM) and the subsequent 1.5 h acid attack
at 80 °C did not lead to a successful synthesis of V2. Previous
studies showed that an increased amount of powder in the
ball-milling jar resulted in a thicker powder layer between the
colliding entities,37,38 thereby leading to a dramatic decrease
of the local temperature during milling,39,40 as a consequence
of hindered heat transfer and more elastic shocks.39–44 These
experimental observations were even predicted mathemat-
ically, using the energy equation defined by Magini et al.42 The
duration of the ball-milling step (tBM) was therefore increased
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and the influence of both the duration (tHT) and the tempera-
ture (THT) of the H3PO4 hydrothermal attack was further inves-
tigated. These experiments led to the formation of the second
series of materials denoted as V2-BM20-tBM-tHT. First, the temp-
erature of the acid attack was set to 100 °C (V2-BM20′-1BM-
1.5HT), keeping the milling and attack durations unchanged.
Then, while performing the H3PO4 attack at 80 °C, its duration
was extended up to 3 h without modifying the duration of the
milling step (1 h), affording the V2-BM20-1BM-3HT compound. In
both cases, the recovered Vx materials showed the desired Keggin
structure, as evidenced by their corresponding XRD profiles
(Fig. S5 in the ESI†). Moreover, the absence of the signal of H3PO4

in the 31P NMR spectra of V2-BM20′-1BM-1.5HT and V2-BM20-1BM-
3HT proved that both syntheses were quantitative (Fig. S6 in the
ESI†). Longer milling steps (tBM = 2 or 4 h) were also assessed,
affording the V2-BM20-2BM-1.5HT, V2-BM20-2BM-3HT, V2-BM20-4BM-
1.5HT and V2-BM20-4BM-3HT materials. Very similar results in terms
of structure and V2 yields were obtained. For this V2-BM20 series,
the xexp values determined from the ICP analyses and xth values
were at the best different from 1% (V2-BM20-2BM-1.5HT) and at
worst 13% (V2-BM20-2BM-3HT, V2-BM20-4BM-1.5HT, and V2-BM20-1BM-
3HT, see Table 1). TGA-DSC analyses of the V2-BM20 materials
(Fig. S7 in the ESI†) evidenced that the loss of constitutive water
occurred almost at the same temperature (ca. T2 = 428 °C, see
Table S3†), corresponding to the hydration indexes, n, between 12
and 15. For the V2-BM20 series, the yields ranged from 92 to 97%
with the predominance of the α-1,4 isomer (37–48%), while the
contribution of the isomers containing vicinal vanadium atoms
remained quite high, between 61 and 65% (see Table S4†).

Energy consumption was further determined for both the
hybrid synthesis route (BM–HT) and the 100% hydrothermal
procedure (HT), using the methodology proposed by Hao and
co-workers.45 Briefly, considering that the main energy inputs
are the ball-milling step itself and the heating process during
the acid attack, the global energy consumption Et (in kW h)
can be calculated through the simple relation Et = PBMtBM +
PHTtHT, where PBM and PHT stand, respectively, for the power
consumed during the milling step and during the acid attack
(see Tables S5, 6 and the ESI† for further details). Based on the
results obtained, the energy saving (in %) was calculated for
each material, in comparison with the conventional hydro-
thermal route, i.e. V3-HT (Table 2).

These values prove that the energy consumption during the
hybrid synthesis is substantially reduced when compared to
that involved in the conventional hydrothermal pathway for V3-
HT (see Table S5 in the ESI†). Energy savings up to almost
70% can be reached with the hybrid pathway (i.e. for V2-BM20′-
1BM-1.5HT synthesis). This fact and the overall short synthesis
time indicate that the hybrid milling-hydrothermal route can
be a very prospective pathway for the preparation of Vx, with a
high yield and purity.

Importance of the mechanochemical step: characterization of
the ball-milled oxides

In order to gain deeper insight into the positive influence of
the mechanochemical step in the overall procedure, the ball-

milled mixtures, V2-BM50-1mix (tBM = 1 h, first series) and V2-
BM20-tBMmix (tBM = 1, 2 or 4 h, second series) were recovered
after the milling step (prior to the hydrothermal acid attack).
They were subsequently characterized by XRD (Fig. 3a and
Fig. S8, ESI†), Raman spectroscopy (Fig. 3b), SEM (Fig. 4a and
b) and laser granulometry (Fig. 5).

The XRD patterns acquired for the ball-milled mixtures V2-
BM50-1mix and V2-BM20-tBMmix are shown in Fig. 3a and

Table 2 Energy saving (in %) for different Vx synthesized including the
ball-milling step vs. the one prepared through conventional hydro-
thermal synthesis

Vx Energy saving (%)

V3-HT —a

V3-BM50-1BM-1.5HT 30
V2-BM50-1BM-1.5HT 31

V2-BM20′-1BM-1.5HT 68
V2-BM20-1BM-3HT 62
V2-BM20-2BM-1.5HT 54
V2-BM20-2BM-3HT 43
V2-BM20-4BM-1.5HT 19
V2-BM20-4BM-3HT 10

a Energy consumption: 627 kW h mol−1. Details in Tables S5 and S6
(ESI†).

Fig. 3 (a) Powder-XRD patterns and (b) Raman spectra of the starting
oxides (V2O5 and MoO3), the hand-milled mixture V2 hand mix and the
ball-milled material V2-BM20-2mix.
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Fig. S8.† These diffractogramms are presented together with
the patterns of the starting V2O5 and MoO3 oxides, as well as
for a hand-milled mixture prepared with the same Mo/V ratio
(V2 hand mix). Both V2O5 (JCPDS 9-387, space group Pmmn) and
MoO3 (JCPDS 05-0508, space group Pnma) show an ortho-
rhombic crystalline structure. Well-defined diffraction lines
are observed for the hand-milled mixture V2 hand mix. As
expected, its XRD pattern is the result of the combination of
the diffractograms of the parent MoO3 and V2O5 oxides at a 1/
8 V2O5/MoO3 weight ratio (the reflections corresponding to
V2O5 are scarcely perceptible). In contrast, the patterns
acquired for the ball-milled oxides are characterized by the
presence of wide diffraction signals and a less-well defined
baseline. Crystallite sizes of 2.8 Å for V2-BM50-1mix and around
1.4–1.7 Å for V2-BM20-tBMmix were calculated from the widths at
half peak height of the (110) diffraction (the Scherrer equation,
shape factor K = 0.888, see details in the ESI†). These crystallite
sizes are considerably smaller than those calculated for the
hand-milled mixture of MoO3 and V2O5 (Table S7, ESI†). This
decrease in the crystallite size becomes more pronounced for
the solids ball-milled at r = 20, whereas the duration of the
milling step did not seem to affect the crystalline structure of

the resulting mixtures. Moreover, the XRD reflections observed
for the V2-BM50-1mix and V2-BM20-tBMmix ball-milled materials
appear to be shifted to lower 2θ values, in comparison with
those of pure MoO3, pointing to the formation of a mixed-
oxide phase. Molchanov et al.28 suggested the formation of a
mixed oxide upon ball-milling of the single starting V2O5 and
MoO3 oxides, although any experimental evidence supported
their hypothesis.

Fig. 3b displays the Raman spectrum acquired for V2-BM20-
2mix, in comparison with the spectra registered for the starting
oxides and for their hand-milled mixture. The Raman bands
for pure MoO3

46,47 and pure V2O5
48,49 can be seen in the spec-

trum of V2-BM20-2mix. However, these bands appear broader,
probably as a consequence of some structural disorder caused
upon ball-milling.50 In addition, the Raman spectrum of V2-
BM20-2mix shows several bands appearing between 200 and
600 cm−1, which cannot be observed either for the hand-
milled mixture or in the spectra of MoO3 and V2O5. The pres-
ence of these bands further suggests the formation of a mixed
oxide phase.27 However, no significant shift in the position of
the Raman bands corresponding to MoO3 was observed,
meaning that, in spite of the partial substitution of Mo by V
within the crystalline network, the original structure of this
oxide is well preserved upon ball-milling.

The representative SEM micrographs acquired for the hand-
milled mixture V2 hand mix and for the ball-milled mixture V2-
BM20-2mix are respectively presented in Fig. 4. The SEM image
for the hand-mixed solid, Fig. 4a, evidences the presence of
smooth particles having sizes ca. 2 × 0.6 µm, with quite
regular elongated shapes that stuck together forming a rela-
tively compact surface morphology.

Granular but more irregular structures are present in the
SEM micrograph acquired for the ball-milled mixture V2-BM20-
2mix, Fig. 4b, pointing to some sintering occurring during the
ball-milling step. The particles appear to be more agglomer-
ated than those in the hand-milled mixture, and bigger par-
ticles (sizes up to 5 µm) can be easily observed. Sintering
seemed to take place to a higher extent upon ball-milling at r =
50 (not shown). As previously commented, lower r ratios may
result in lower local temperatures attained during milling,42,43

disfavoring sintering and particle agglomeration.
In a further step, the grain size distribution in the different

materials was assessed by laser granulometry (histograms
shown in Fig. 5). The grain size distribution observed for the
hand-milled material looks very similar to that of MoO3, point-
ing to very similar grain sizes. In the case of the ball-milled
oxides, V2-BM20-1mix and V2-BM20-4mix, the grain size distri-
bution considerably changes with respect to the starting
oxides. A bimodal grain size distribution is observed, com-
posed of a main peak centered around 20 µm and a second
population of smaller particle sizes around 2–5 µm. The grain
distribution does not seem to change for longer ball-milling
times, i.e. similar curves were obtained for V2-BM20-1mix and
for V2-BM20-4mix. The ball-milling step alters not only the crys-
tallinity of the solid but also its grain size, in complete agree-
ment with the SEM observation of these materials. Sintering

Fig. 5 Laser granulometry histograms for the starting oxides (V2O5 and
MoO3), the hand-milled mixture V2 hand mix, and the ball-milled mixtures
V2-BM20-1mix and V2-BM20-4mix.

Fig. 4 SEM images (magnification ×5k) for (a) the hand-milled mixture,
V2 hand mix; (b) the ball-milled mixture, V2-BM20-2mix.
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occurs as a consequence of an increase of temperature in the
ball-mill jar, yielding a solid consisting of particle aggregates
with bigger sizes than those of the starting materials (mainly
MoO3).

Therefore, the XRD and Raman spectra are consistent with
the formation of a Mo–V mixed oxide phase, probably due to
the insertion of V cations into the original MoO3 lattice. This
does not lead to any dramatic change in the crystalline struc-
ture. However, higher crystallinity and smaller crystallite sizes
were observed in the ball-milled solids, which may be a conse-
quence of some sintering occurring during the ball-milling
step. In spite of that, the surface of the ball-milled materials is
rougher than that of MoO3 or the hand-milled oxides (SEM
analyses), which looks to be highly beneficial for the further
acid attack with H3PO4, affording an easier synthesis of the
V-substituted phosphomolybdic acids.

Activity and selectivity towards the C–C and C–O cleavage of
the synthesized Vx materials

Simple lignin models have been often used in the screening of
the catalysts and reaction conditions for lignin oxidative depo-
lymerisation.51 Among the very few reported contributions
involving Vx, Evtuguin et al. studied the activity of V5 as the
catalyst for the aerobic cleavage of 1-(3-methoxy-4-hydroxyphe-
nyl)-2-(2-methoxyphenoxy)ethanol (1) and 1-(3,4-dimethoxy-
phenyl)-2-(2-methoxyphenoxy)ethanol (2),52,53 see Fig. 6.
Ketone-type substrates such as benzoin (3), and, more interest-
ingly, dimeric compounds such as 2-phenoxyacetophenone
(K), have been considered as well,4 since benzylic hydroxyl oxi-
dation may occur in situ under aerobic oxidative conditions.54

We have recently proved that V3-HT can be a very efficient
catalyst for the aerobic cleavage of 2-phenoxyacetophenone K4.
Here, we have evaluated the ability of the whole Vx series (1.9 <
xexp < 2.8) prepared through the hybrid ball-milling/hydro-
thermal route to catalyze the aerobic cleavage of C–C and C–O
bonds in K. The activity and selectivity of the PMoVx-BM–HT
materials were compared to those of conventionally syn-
thesized V3-HT, with emphasis on possible correlations with
their respective physicochemical properties.

The cleavage experiments were carried out in MeCN/AcOH,
at 82 °C under an atmospheric pressure of O2 during 24 h
(optimal reaction conditions, identified in our previous
work4). The catalyst loading was fixed at 18 mol% with respect
to Mo and V, according to the available literature on aerobic
delignification involving H3PMo12O40 as a catalyst.55 Under
such reaction conditions the oxidation of K affords mainly
phenol (PhOH) from C–O cleavage, benzaldehyde (PhCHO)
and benzoic acid (PhCOOH) from the C–C cleavage (see Fig. 7,
as well as the HPLC analyses presented in Fig. S9, ESI†).

Table 3 shows the conversion, product yield and carbon
balance (CB) values determined during the aerobic cleavage of
K in the presence of the different synthesized Vx materials.

For V contents corresponding to x = 3, the material V3-
BM50-1BM-1.5HT (entry 2) evidenced catalytic performance
similar to that of conventionally synthesized V3-HT (entry 1).
However, a slightly higher K conversion was observed in the
presence of the catalyst obtained through the hybrid ball-
milling/hydrothermal procedure (78% vs. 72% for V3-HT),
together with lower carbon balance values, probably due to
phenol degradation.

Within the first series of hybrid BM–HT materials, V2-BM50-
1BM-1.5HT (entry 3) led to the highest K conversion (84% vs.
78% for V3-BM50-1BM-1.5HT), along with high yields of phenol
(54%), benzaldehyde (19%) and benzoic acid (49%), while
maintaining a correct carbon balance. Even with a lower V
content (x = 2 instead of 3), V2-BM50-1BM-1.5HT evidenced
improved catalytic performance compared to its counterpart
and V3-HT, the conventionally synthesized material which is
rather unusual, since the oxidation potential is expected to
increase with x but it is also known that V3 materials are less
stable in solution than their V2 analogs and are found to be de-
activated earlier.56

For the series of V2-BM20-tBM-tHT materials (entries 4–9),
conversions between 70 and 81% were obtained. As previously
reported,4 the carbon balance values decrease with increasing
conversion, due to a higher extent of oxidation that may some-
times be not very selective. At x = 2, this lack of selectivity
seems to affect mostly the yield of benzaldehyde, as observed
for V2-BM20-4BM-3HT, entry 9 (7% PhCHO yield and a carbon
balance of 67% which is the lowest CB value of this series).
However, no direct relationship can be established between
the synthesis parameters (duration of the milling step and
hydrothermal attack) and the catalytic performance of these
materials. The average values were calculated, indicating that
the six samples of the V2-BM20-tBM-tHT series afforded similar
conversions and yields. For these V2-BM20-tBM-tHT, no evident
correlation can be drawn between the relative presence of the
α-1,4 isomer and their catalytic activity and selectivity.

Fig. 6 Dimeric aromatic molecules studied as substrates in the phos-
phomolybdic acid catalyzed aerobic cleavage reaction. Fig. 7 Aerobic cleavage of K.
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However, V2-BM50-1BM-1.5HT for which the highest conversion
was observed among all the materials, shows the highest rela-
tive amount of the α-1,4 isomer (58.5%), which seems to lead
to a somehow enhanced selectivity towards C–C cleavage (Σ =
ηPhCHO + ηPhCOOH amounts to 68%, whereas the C–C global
yield determined for V2-BM20-4BM-3HT was only 46% for a α-1,4
isomer content of 37.4%). In this sense, a shorter ball-milling
step at r = 50 seems to be more beneficial in terms of catalytic
activity and C–C– cleavage selectivity than that at r = 20 at
longer milling and attack durations, since the presence of the
α-1,4 isomer seems to be moreover favoured.

Let us note here that the spent V3-HT catalyst was pre-
viously characterized by 31P NMR.4 In brief, the Keggin struc-
ture was shown to be unstable upon reduction by the sub-
strate. As a consequence, the Vx compound dissociates into
pervanadyl cations VO2

+ and into other unstable lacunary
species, which are most probably the catalytically active
species in oxidative cleavage reactions. In the case of V2, the
release of pervanadyl cations is favored by the presence of
vicinal vanadium atoms as in the α-1,4 isomer,57 which may
therefore explain their improved catalytic activity, particularly
towards C–C cleavage.

Conclusions

A series of vanadium-substituted phosphomolybdic acids, Vx,
were successfully synthesized through a hybrid mechanochem-
ical/hydrothermal route, involving a ball-milling step, followed
by subsequent H3PO4 attack. The resulting solids showed the
typical Keggin structure of Vx materials. Their hydration
indexes were very similar to those observed in the reference
material prepared through a conventional hydrothermal route.
High Vx yields were obtained, as a consequence of the for-

mation of a highly crystalline Mo–V mixed-oxide in the milling
step, exhibiting surface rugosity that facilitated the acid attack.

The different Vx materials synthesized were used as catalysts
for the aerobic cleavage of C–O and C–C bonds in a dimeric
lignin model (K). Generally, the materials prepared through the
hybrid mechanochemical/hydrothermal route, with 2 < xexp < 3,
exhibited slightly improved catalytic performance compared to
the conventionally synthesized V3-HT. Among them, V2-BM50-
1BM-1.5HT, obtained through the hybrid route comprising a ball-
milling step performed with a ball/oxide weight ratio r = 50 for
1 h and a 1.5 h-acid attack of the ball-milled mixture, afforded
higher K conversion than V3-HT, i.e. 84% vs. 72%. Moreover,
this material showed improved selectivity towards C–C cleavage,
which was related to an increased amount of the α-1,4 isomer,
as determined from the analysis of the liquid 31P NMR spectra.

Therefore, the hybrid mechanochemical/hydrothermal
route explored in the present work allowed us to obtain Vx with
high yields and a short synthesis time, with respect to a conven-
tional hydrothermal procedure. This route can provide up to
68% energy saving, yielding materials with very promising appli-
cations in lignin oxidative depolymerization reactions.
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Table 3 Aerobic cleavage of K in the presence of different synthesized Vx: conversion, product yield and carbon balance. The amounts (in percen-
tage) of the α-1,4 isomer, calculated from the liquid 31P NMR spectra, are also shown for each catalyst

Entry Catalyst α-1,4 Isomer (%) Conversion (%)

HPLC yield, η (%)

CBb (%)PhOH

C–C cleavage

PhCHO PhCOOHa (Σ)

1 V3-HT n.d. 72 52 12 42 (54) 77

2 V3-BM50-1BM-1.5HT n.d. 78 38 16 32 (48) 62
3 V2-BM50-1BM-1.5HT 58.5 84 54 19 49 (68) 78

4 V2-BM20′-1BM-1.5HT 47.9 77 48 14 38 (52) 70
5 V2-BM20-1BM-3HT 42.2 81 42 17 47 (64) 69
6 V2-BM20-2BM-1.5HT 49.1 70 57 23 31 (54) 81
7 V2-BM20-2BM-3HT 46.0 75 37 15 38 (53) 67
8 V2-BM20-4BM-1.5HT 45.2 79 52 12 41 (53) 70
9 V2-BM20-4BM-3HT 37.4 81 59 7 39 (46) 67

Average V2-BM20
c 45 ± 3 77 ± 3 49 ± 5 15 ± 3 39 ± 3 71 ± 3

K 100 mM, atm. O2, Mo + V 18 mol%, MeCN + 10 vol% AcOH, 82 °C, 24 h. a Σ = ηPhCHO + ηPhCOOH.
b Calculated as CB = (6ηPhOH + 7(ηPhCHO +

ηPhCOOH) + 14(100 − conv.))/14 < 100%, since C1 products from the oxidation of the CH2 group in K were not quantified. c Average values for the
six V2-BM20 materials. Confidence limit = 80%; n.d.: not determined.
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