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Abstract

Liquid-phase selective oxidation of alcohols to aldehydes using molecular oxygen as an oxidant is one of the most important
transformations in organic synthesis and green chemistry. In this work, nitrogen-containing ordered mesoporous materials
(NOMCs) were prepared and utilized as supports to load vanadia. The physical and chemical properties of the synthesized
VxO)/NOMC materials were characterized by N, adsorption—desorption, XRD, TEM, Raman, and XPS. The characteriza-
tion results exhibited that NOMC could well disperse vanadia species and there was a steady interaction between V and N of
NOMC. In selective oxidation of benzyl alcohol using oxygen as an oxidant, the synthesized V,0,/NOMC materials showed
good and stable catalytic performance, affording a maximum yield of benzaldehyde up to 80% at 95 °C.
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As the simplest aromatic aldehyde, benzaldehyde is
extensively used in the synthesis of pharmaceuticals, per-
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intermediates [1, 2]. Industrially, benzaldehyde is mainly
manufactured by liquid-phase hydrolysis of benzyl chloride
and by the stoichiometric oxidation of toluene [3—5]. How-
ever, the two conventional processes suffer from chlorine
contamination and substantial metal-containing pollutants
[6, 7], respectively. Alternatively, selective oxidation pro-
moted by heterogeneous catalysts offers a more sustainable
route for the synthesis of benzaldehyde owing to the easy
recovery and reusability of catalysts [8—10]. Among various
oxidants including H,0,, N,O, and O,, O, is inexpensive
and widely available, and therefore selective oxidation of
benzyl alcohol with O, has been regarded as a more environ-
mentally clean process in the viewpoint of green chemistry
[11-13]. However, because the target molecule (i.e. ben-
zaldehyde) is more chemically active than benzyl alcohol
under the oxidative circumstance, it is of interest to develop
an efficient heterogeneous catalyst that could afford high
selectivity under mild reaction conditions [14—16].

A variety of heterogeneous catalyst systems have been
developed for the selective oxidation of benzyl alcohol
[17, 18]. Wherein, supported precious metals including Au
[19-21], Pd [8, 16, 22, 23], Pt [24-27], have been widely
recognized as the most efficient catalysts. However, such
noble catalysts are expensive and rare. Moreover, in order
to achieve high selectivities, most of them need to be oper-
ated in a strongly basic medium [22, 28]. In this sense, there
remains a challenge to explore a new, low-cost, and high-
performance base-metal-based catalyst for the selective oxi-
dation process. Vanadium oxide is a classical catalyst widely
applied in numerous oxidation reactions, as it possesses
highly feasible reactivity and remarkable stability [29]. It
has been also reported that vanadia can efficiently promote
the selective oxidation of alcohols [30-34]. Nevertheless,
harsh conditions, such as high temperatures and long reac-
tion time, were always required to reach a high productivity.
On the other hand, it is well recognized that in many oxida-
tive reactions [35, 36], the catalytic activity and selectivity to
the desired aldehyde are mainly dependent on the dispersion
of vanadia [5]. Specifically, dispersed vanadia sites are the
key centers for both catalytic activity and selectivity.

Recently, nitrogen-containing ordered mesoporous car-
bon (NOMC) materials have attracted growing interest in
various research fields [37]. The incorporation of nitrogen
into the carbon frameworks has expanded the upgrading
application of NOMC materials in electrochemistry [38,
39], supercapacitor [40, 41], gas storage [42, 43], heteroge-
neous catalysis [44—46], etc. In the aspect of heterogeneous,
NOMC materials possess multiple types of nitrogen-con-
taining chemical functionalities such as pyridinic, pyrrolic,
and graphitic nitrogen species [47]. Wang et al. found that
NOMC materials featuring various nitrogen species and
mesostructures could promote selective oxidation/dehydro-
genation of ethylbenzene [44, 48]. Recently, Watanabe et al.

revealed that nitrogen-doped activated carbons were able to
catalyze the oxidation of benzyl alcohol [49]. The catalytic
reaction was performed under high temperature (120 °C)
and the final conversion of alcohol was less than 25%. That
is, if nitrogen-containing carbon material is used as a sole
catalyst, the catalytic activity in the oxidative reaction is
indeed dissatisfactory.

On the other hand, the nitrogen-containing species of
NOMC offer its potential anchoring sites to load metal and/
or metal oxide [37, 50]. Inspired by the characteristic of
NOMC, in this work, we utilized NOMC as support to load
vanadia. NOMC could well disperse vanadia on its surface
through a stable interaction between V and nitrogen of
NOMC. In the ambient selective oxidation of benzyl alco-
hol, the synthesized VXO),/NOMC materials showed high
catalytic performance.

2 Experimental Section
2.1 Catalyst Preparation
2.1.1 Preparation of NOMC

NOMC was synthesized using F127 (triblock copolymer)
as a soft template by means of a one-pot templating method
under an aqueous phase [44]. F127 (4 g) and of 1,3,5-tri-
methylbenzene (0.96 g) were added into 100 mL of H,O, and
then stirred vigorously until complete dissolution. m-ami-
nophenol (MAP, 2.2 g), hexamethylenetetramine (1.4 g),
and aqueous ammonia (2.6 mL) were added into the above
solution. After 1 h of stirring, the mixture was heated at
80 °C for 24 h, and then filtrated. The obtained solid was
rinsed with water and dried. Subsequently, the dried solid
was calcinated to 600 °C with a heating rate of 1 °C min~!
under N, atmosphere and then heated for another 2 h. The
final solid was designated as NOMC.

2.1.2 Preparation of V,0,/NOMC

NOMC was initially dried at 100 °C for 1 h, and then
immersed into ethanol solution (40 mL) containing vana-
dyl (IV) acetylacetonate ([VO(acac),]). The suspension was
stirred for 30 min and then heated at 60 °C under stirring
until the removal of ethanol. After that, the solid was trans-
ferred into a quartz boat and placed in a tubular furnace, and
then heated to the desired temperature with a heating ramp
of 5 °C min~! and temperated for another 2 h under the flow
of nitrogen gas (10 mL min™'). The obtained black powder
was designated as wV,0,/NOMC-T, where w and T repre-
sented the loading amount (5—15%) of V, and the calcination
temperature (350—500 °C). Unless specified, the calcination
temperature was 400 °C.
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2.2 Material Characterization

Nitrogen physical adsorption experiments were performed
on an ASAP 2020 analyzer (Micromeritics). The specific
surface area and pore size distributions of the analyzed
samples were determined by the BET and BJH methods,
respectively.

X-ray diffraction (XRD) patterns of the materials were
tested on a D/max 2500 PC X-ray diffractometer (Rigaku)
equipped with Cu-K|, radiation.

Raman spectra were collected on a Lab Ram HR evolu-
tion spectrometer (Jobin Yvon) using a 532 nm line as the
excitation source.

Transmission electron microscopy (TEM) experiments
were carried out on a 2010 electron microscope (JEOL).

X-ray photoelectron spectra (XPS) were analyzed on an
ESCALAB 250XI spectrometer (Thermo) adopting an Mg/
Al anode as an X-ray source.

The adsorption tests of benzyl alcohol and benzaldehyde
were based on a method reported previously [51]. Benzyl
alcohol or benzaldehyde (0.1, 0.3, and 0.5 mL) was dis-
solved in 5 mL of toluene. Next, 50 mg of dried materials
were added into the solution, and the mixture was stirred at
35°Cfor 0.5 h.

2.3 Catalytic Evaluation
Selective oxidation reactions of benzyl alcohol (BZA)

were performed in a three-necked flask equipped with a
condenser. BZA (1 mmol) and toluene (5 mL) were mixed

firstly in a flask, followed by the addition of the catalyst
(100 mg). The mixture was heated up to 95 °C, then flushed
with oxygen (20 mL min~') under stirring. A small amount
of the reaction mixture was collected periodically, centri-
fuged and the resultant liquid was analyzed by gas chroma-
tography equipped with a capillary column (SE-54) and FID
detector. The liquid phase of the reaction contained BZA,
benzaldehyde, and a trace of acid. The carbon balance was
nearly 100%, and the BZA conversion and selectivity to ben-
zaldehyde were calculated based on an area-normalization
method of GC, and the corresponding calculation equations
are as follows:

Conv. = Az Xfpz1

2
Agz1.%fa71.HABA X BA

Apz1 Xfpz1 +ApaXfBA
ST
Agza+Agz1 Xfrz1. HABA X BA

Yield = Conv. X Sel.

Sel. =

where A, and f are the peak areas of GC, and response factors
for each product, respectively.

3 Results and Discussions
3.1 Material Structures

The porous properties of NOMC and its supporting mate-
rials were analyzed by N, adsorption—desorption. NOMC
has a type-IV isothermal curve with a remarkable hyster-
esis loop in the range of p/p,=0.4-0.6 (Fig. 1A), indicat-
ing the material possesses mesoporous structures with a
narrow pore size distribution (Fig. 1B). The 5V,0,/NOMC
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Table 1 Surface areas and porous properties of the materials

Sample SBET (m? g‘l) Pore size (nm) Pore volume
(em’ g™
NOMC 474 4.3 0.32
SVXOy/NOMC 385 5.1 0.37
IOVxOy/NOMC 260 5.2 0.28
ISVXO}/NOMC 213 5.6 0.22
VL
L NOMC
3 5V O /NOMC
s e’
AN 7.5V,0 /NOMC
R
K 10V,0 /NOMC
— 15V,0 /NOMC
T T T T T T T T T T T T T T T T

1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0

Fig.2 Small-angle XRD patterns of NOMC and V,0,/NOMC mate-
rials

material also has typical mesopores like NOMC. Whereas
as the loading amount of vanadia of V,0,/NOMC is further
increased, the desorption branches of the isothermal curves
in the low range of relative pressures are not reversible. The
phenomenon is possibly due to the partial decomposition
of the materials under very low pressure of analytic con-
ditions, as found in previous work [46]. The surface area
and pore volume (Table 1) of NOMC are 474 m*> g~! and

30 1
| em— | 5

0.32 cm?® g7!, respectively. With the increase of the loading
amount of vanadia, the surface areas and pore volumes of
V,0,/NOMC decrease gradually while the pore size shows
a slight increase. The variation in surface area and porous
properties suggests that vanadia has been supported on
NOMC, while some porous structures of NOMC suffer par-
tial collapse after the incorporation of vanadia.

The mesoporous structures of NOMC and its supported
V,0,/NOMC materials were further investigated by small-
angle XRD (Fig. 2). The XRD patterns of NOMC show two
diffraction peaks at 260 of 0.8 and 1.32°, corresponding to the
(100) and (110) reflections of two-dimensional hexagonal
symmetry [44, 52]. The two pronounced diffraction peaks
further confirm the existence of ordered mesoporous struc-
tures in NOMC. Similar diffraction peaks have also been
observed in the cases of VxOy/NOMC materials. However,
compared with that obtained in the XRD pattern of the pris-
tine NOMC, the positions of the diffraction peaks of V, O,/
NOMC are shifted towards lower 26 values, suggesting that
V,0,/NOMC materials have much larger lattice parameters
than NOMC. Furthermore, in the case of ISVXOy/NOMC,
the intensity of the diffraction peak becomes much weaker
and the (110) reflection disappears. This means that vanadia
with excessive loading amount would destroy the ordered
mesoporous structures of NOMC, which is responsible for
the decline of surface area and pore volume from NOMC to
15V, 0,/NOMC (Table 1).

TEM was used to observe the micromorphology of
the materials and the TEM images of NOMC and V,0,/
NOMC materials are displayed in Fig. 3. The image of
NOMC shows ordered shutter-like strips, further verify-
ing the ordered mesoporous structures of the material. The
images of V,0,/NOMC materials also demonstrate regular
mesoporous channels like NOMC. Between these channels,
there exist abundant small particles, which are attributed to
vanadia species. Directly judging from the TEM images of
V,0,/NOMC, the particle sizes are ca. 3 nm, suggesting that

Fig.3 TEM images of NOMC (A), 5V,0,/NOMC (B), and 10V, 0,/NOMC (C)
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vanadia nanoparticles are well dispersed in the mesoporous
channels of NOMC support.

Figure 4 depicts the wide-angle XRD patterns of the
materials. All the patterns reveal intensive diffraction peaks
at 26 degrees of ca. 22.3° as well as broad shoulders at ca.
43°. The appearance of two peaks is contributed to the (002)
and (100) reflections of disordered graphite [42, 53], respec-
tively. In the comparison that of the pure NOMC, the peak
intensity of V,0,/NOMC becomes much lower, especially as
the loading amount of the vanadia is increased. This means
that the crystallinity of the graphitic framework of NOMC
is partially damaged upon the loading of vanadia, possibly
due to the interaction between vanadia and nitrogen species
in the graphitic matrix of NOMC (discussed below).

The graphitic structures of NOMC and V,0,/NOMC
have also been confirmed by Raman spectroscopy (Fig. 5).
The Raman spectra of the materials display two distinct
peaks centered at 1344 and 1591 cm™!, which are indexed
as D (sp3-hybridized carbon atoms in defects) and G (sp2-
hybridized carbon atoms in graphitic lattice) bands, respec-
tively. The intensity of the G band is apparently higher than
the D band in the spectrum of NOMC, namely the material
possesses a high I5/I}, ratio. However, the relative ratios
are weakened in the cases of VO /NOMC materials. The
change points out that the perceniage of the original sp2-
hybridized carbon suffers a decline in NOMC after the
incorporation of vanadia, in good agreement with the above
XRD characterization results.

3.2 Chemical Compositions

The chemical compositions of NOMC and V,0,/NOMC
were analyzed by XP spectroscopy (Fig. 6). Three peaks

NOMC

5V, 0 /NOMC

Intensity (a.u.)

7.5V O /NOMC

10V,0 /NOMC

15V,0 /NOMC

10 20 30 40 50 60 70 80
26(°)

Fig. 4 Wide-angle XRD patterns of NOMC and V,0,/NOMC materi-
als
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Fig.5 Raman spectra of NOMC and V,0,/NOMC materials

with the binding energies of 286, 398, and 532 eV, are
observed in the survey spectrum of NOMC, correspond-
ing to carbon, nitrogen, and oxygen elements, respectively.
Besides these peaks, signals located at 518 eV, associated
with vanadium element, have been also detected in the spec-
tra of VXO)/NOMC and vanadia materials, confirming that
vanadia has been successfully loaded on the surface of the
support.

In order to elucidate the chemical environment of vana-
dia species on the surface of the NOMC support, the high-
resolution V 2p spectra of two V,O, /NOMC materials are
further recorded (Fig. 7). Both the sypectra exhibit two sig-
nals at 517.2 and 524.6 eV, attributed to 2p5,, and 2p, , orbits
of vanadium species [4, 54]. Compared with the spectra of
vanadia, the positions of these signals are shifted to lower
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S
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Fig.6 XPS survey of NOMC, V,05, 7.5V,0/NOMC, and 10V,0/
NOMC '
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Fig.8 Deconvoluted V 2p spectra of 7.5V,0,/NOMC and 10V,0,/
NOMC

binding energies in the cases of V,0,/NOMC. The compari-
son implies that vanadia species are chemically bonded on
the surface of NOMC, probably because of the interaction
between V and N atoms of NOMC. Such a phenomenon
has been also found in carbon-nitride-supporting vanadia
materials [55-57]. The deconvoluted V 2p5,, spectra are
depicted in Fig. 8. The vanadia species of V,O,/NOMC can
be divided into V>* (517.8 eV) and V** (515.9 eV) spe-
cies. In general, for most oxidative reactions catalyzed by
metal oxides, the existence of two variable valences is neces-
sary for the catalytic cycle based on the Mars-van Krevelen
mechanism. According to the deconvolution, the percent-
ages of V**in 7.5V, 0,/NOMC and 10 V,0,/NOMC are ca.
19.1% and 16.8%, higher than the value obtained in the pure
vanadia (14.2%).

NOMC

T T T T T T T T T T
408 406 404 402 400 398 396
7.5V, 0 NOMC

T T
408 406

10v,0 NOMC
T T T T T
408 406 404 402 400 398 396

Binding energy (eV)

Fig.9 N 1s spectra of NOMC, 7.5VXO)/NOMC, and IOVXO)/NOMC

Table 2 Distributions of various nitrogen species in NOMC and
V,0,/NOMC

Material Molar percentage (%)

Pyridinic Pyrrolic Graphitic Pyridinic oxide
NOMC 48.8 19.4 24.0 7.8
7.5V,0,/NOMC 424 27.1 19.2 11.3
10V,0,/NOMC-M 44.9 29.5 18.7 6.9

As well as V 2p, N 1s spectra (Fig. 9) of NOMC and
V,0,/NOMC have been also collected. According to the
previous papers involving the synthesis and characteriza-
tion of NOMC materials [44, 48], the spectra could be
deconvoluted into four independent peaks. The major
peaks with the lowest binding energy of 398.4 eV cor-
respond to the pyridinic nitrogen. The peaks located at
400.1 and 400.8 eV are assigned to pyrrolic and graphitic
(also called as tertiary amine) nitrogen. The broad signals
with the highest binding energy (403.2 eV) are associated
with pyridinic oxides. The detailed distributions of various
nitrogen species based on the deconvoluted spectra have
been calculated and summarized in Table 2. The percent-
age of graphitic nitrogen shows a remarkable decrease in
NOMC after the loading of vanadium oxide, suggesting
that the graphitic nitrogen species might act as anchoring
sites for vanadium oxide on the surface of NOMC. Com-
bining the above results from V 2p and N 1 s spectra, we
surmise that there might be d-p interaction between vana-
dia and nitrogen of NOMC, which has been also founded
in the metal-doped carbon nitride materials [58, 59].
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3.3 Catalyst Evaluation

The catalytic performances of the synthesized materials
were evaluated in the selective oxidative of BZA using oxy-
gen as an oxidant (Table 3). Initially, in the case of the blank
experiment without any catalysts, BZA is rarely converted.
Using NOMC or pure vanadia as a catalyst, the conversion
of BZA is less than 15%. The use of V,0 /NOMC catalysts
offers a remarkable improvement in the catalytic reaction
and the selectivities obtained are all above 99%. Meanwhile,
the target molecule, i.e. benzaldehyde, contributes more than
99% of the products, and the by-product is benzoic acid that
comes from deep oxidation of benzaldehyde. Moreover, as
the loading amount of vanadia is increased from 5 to 10%,
the conversion of BZA is increased progressively. How-
ever, higher loading amounts of vanadia of V,0,/NOMC
result in a decline of catalytic activity, probably due to the
lower surface areas of these catalysts than 10V,0,/NOMC
(Table 1). It is worth noting that, in the presence of some
transition-metal compounds [60], toluene could be catalyti-
cally oxidized into benzaldehyde. Regarding this, a control
experiment without BZA was performed using 10V,0,/
NOMC as a catalyst. The corresponding catalytic conver-
sion of toluene and selectivity to benzaldehyde were < 1%
and 99%, respectively, indicating that the oxidation of tolu-
ene could rarely occur in the presence of 10V,0,/NOMC
catalyst. On the other hand, the control experiment suggests
that in this study, the formed benzaldehyde was generated
by the oxidation of BZA.

Table 3 Catalytic performances of various catalysts in the selective
oxidation of BZA?

Catalyst Con. (%) Sel. (%)
- <1 99
NOMC 13 99
V,05 8 94
5V,0/NOMC 35 99
7.5V,0,/NOMC 43 99
10V,0,/NOMC 57 99
12.5V,0/NOMC 51 99
15V,0,/NOMC 46 99
10V,0,/NOMC-350 52 99
10V,0,/NOMC-450 50 99
10V,0,/NOMC-500 45 929
10V,0,/SBA-15 21 99
10V,0,/mpg-C;N, 43 99
10V,0,/NOMC" <1 99
¥Reaction conditions: ngzy=1 mmol, V,.=5 mL, W=0.1 g,
T=95°C,t=8h

°Without BZA

@ Springer

Besides the loading amount, the preparation temperature
of V,0,/NOMC has an impact on the final catalytic activity.
As listed in Table 3, 10V,0,/NOMC-400 affords the highest
catalytic conversion (57%) under the same reaction condi-
tions. It is reasonable to surmise that the steady interaction
between V and N demands a suitable preparation temper-
ature. As well as NOMC, vanadia catalysts supported on
ordered mesoporous silica SBA-15 and mesoporous carbon
graphite (mpg-C;N,) materials were also synthesized. As
listed in Table 3, the two supported vanadia catalysts show
inferior activities to 10V, O,/NOMC. Although SBA-15
owns a much larger surface area (> 560 m? g_l) than NOMC,
the mesoporous silica has no nitrogen-containing species
as effective anchoring sites for vanadia species. The lower
activity of 10V, O;/mpg-C;N, might be due to the difference
in terms of nitrogen distributions between mpg-C;N, (hep-
tazine) and NOMC (pyridinic/pyrrolic/graphitic nitrogen).

The influences of reaction conditions on the catalytic
performances are subsequently investigated using 10V, 0,/
NOMC as a catalyst (Fig. 10). The conversion of BZA
acquired at the first 2 h of reaction time is only 12%; pro-
longing the reaction, the conversion is elevated progres-
sively. As the reaction proceeds for 12 h, the conversion can
be up to 80%. Likewise, the catalytic conversion is also sen-
sitive to the reaction temperature. Adopting higher tempera-
tures leads to a continuous improvement in the conversion
of BZA, while the selectivities gained from 75 to 115 °C are
still above 99%. The relation between conversion of BZA
and the catalyst weight is plotted as Fig. 10C. As the catalyst
weight is added, the conversion is increased continuously.
Notwithstanding, upon adopting a higher amount of catalyst,
the conversion seems to increase slightly.

To test the adsorptive capability of the 10V,0,/NOMC
catalyst of BZA and benzaldehyde in the catalytic reaction,
a series of liquid-phase adsorption experiments were con-
ducted and the resultant adsorption-equilibrium data were
given in Fig. 11. Either in the BZA—toluene or benzalde-
hyde—toluene solution, the equilibrium concentrations of
BZA or benzaldehyde are all below the corresponding initial
concentrations. Moreover, under the same initial concentra-
tion of BZA and benzaldehyde, the equilibrium concentra-
tion of BZA is lower than that of benzaldehyde, verifying
that the adsorptive capability of BZA over the catalyst is
higher than that of benzaldehyde. The difference in adsorp-
tive capability about the two compounds is beneficial to
adsorption and then activation of BZA and simultaneous
desorption of benzaldehyde on the surface of the catalyst.

Recyclability is also an important parameter to exam-
ine a heterogeneous catalyst. Fig. 12 shows the catalytic
performances of 10V,0,/NOMC catalyst within the five
consecutive experiments. After each catalytic run, the
catalyst was filtrated, rinsed by ethanol, and dried. Within
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Fig. 10 Effects of reaction time (A), temperature (B), and catalyst weight (C) on the catalytic performance 10V,0,/NOMC. Reaction conditions:
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the five runs, the selectivities are all above 99%. As for the
catalytic conversion, the value is decreased from 57% to
32%. 1t should be noted that the decline is attributed to the
loss of catalyst during the recycling experiment. In fact,
if taking into account the weight of the recycled catalyst,
the specific activity of 10V,0,/NOMC is relatively stable.

4 Conclusion

In summary, V,O0,/NOMC catalysts were prepared by
utilizing nitrogen-containing ordered mesoporous car-
bon materials (NOMCs) as catalytic supports. Vanadium
oxide nanoparticles were well dispersed in the mesoporous
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Fig. 12 Catalytic performances of 10V,0,/NOMC during five con-
secutive runs

channels of NOMC supports. The characterization results
indicated that the loading of vanadia has not altered the
overall ordered mesostructures of NOMC, and there was
a stable interaction between V and N of NOMC. In the
selective oxidation of benzyl alcohol using oxygen as an
oxidant, the synthesized VxOy/NOMC materials showed
good and stable catalytic performance. Moreover, the
activity of V,O,/NOMC was superior to the vanadia cata-
lysts supported on SBA-15 and mesoporous carbon nitride
materials under the same reaction conditions.
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