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Abstract: The effects of Ti modification on the structural properties and catalytic performance of
vanadia on hexagonal mesoporous silica (V-HMS) catalysts are studied for selective methanol-to-
dimethoxymethane oxidation. Characterizations including N2 adsorption–desorption (SBET), X-ray
diffraction (XRD), UV-Vis diffuse reflectance spectroscopy (DRS UV-Vis), Micro-Raman spectroscopy,
FTIR spectroscopy, and H2 temperature-programmed reduction (H2-TPR) were carried out to in-
vestigate the property and structure of the catalysts. The results show that Ti can be successfully
incorporated into the HMS framework in a wide range of Si/Ti ratios from 50 to 10. Ti modification
can effectively improve the distribution of vanadium species and thus enhance the overall redox
properties and catalytic performance of the catalysts. The catalytic activity of the V-Ti-HMS catalysts
with the Si/Ti ratio of 30 is approximately two times higher than that of V-HMS catalysts with
comparable selectivity. The enhanced activity exhibited by the V-Ti-HMS catalyst is attributed to the
improved dispersion and reducibility of vanadium oxides.

Keywords: mesoporous titanosilicate; hexagonal mesoporous silica (HMS); vanadium catalyst;
methanol-selective oxidation

1. Introduction

Methanol synthesized from syngas is an important building block for the synthesis of
many important chemicals, e.g., dimethoxymethane, which is in high demand in various
fields, including the pharmaceutical, cosmetics, and petroleum industries, due to its excel-
lent chemical stability, desirable solubility, and low toxicity. The industrial production of
dimethoxymethane from methanol involves a two-step, formaldehyde-mediated acidic route,
which requires high energy and additional maintenance expenses [1,2]. Therefore, the de-
sign of catalysts for one-pot methanol-to-dimethoxymethane processes is of great potential.
Continuous endeavors have been dedicated to improving the efficiency of this process [3–5].

Metal oxides comprising metals of high oxidation states generally show high activity
in selective oxidation reactions, which can be correlated to the redox pair of the oxides [6].
Among these metal oxides, vanadium oxide stands out for its wide applications in catalytic
reactions, including the selective oxidation of o-xylene to phthalic anhydride [7–9], the
oxidative dehydrogenation of alkanes [10–12], and the selective oxidation of methanol to
dimethoxymethane [13–16]. The performance of vanadium oxide is dramatically influenced
by its dispersion degree. Vanadium oxides must be well-dispersed on supports due to the
non-selective behavior exhibited by their bulk forms [17–20]. Among the studied supports
(e.g., TiO2, Al2O3, ZrO2, CeO2, and SiO2), the use of TiO2 results in the best catalytic activity
due to the synergistic metal-support interaction, which greatly improves the dispersion of
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vanadium oxide [15,21–24]. However, the low surface area and poor thermal stability of
TiO2 limit its practical application.

SiO2 possesses a high surface area and excellent thermal stability, but pure SiO2 is un-
suitable to support vanadium oxides. It is surmised that calcination subjects silica-supported
vanadium oxides to agglomeration [25]. Hence, the incorporation of Ti species is suggested to
improve the dispersion of vanadium oxides on silica supports and thus result in high catalytic
activity. Compared with pure titania or silica supports, titanosilicates have high surface
areas that greatly accommodate the dispersion of active components [20,26–28]. Additionally,
titanosilicates have high thermal stability up to 800 ◦C and can stabilize the highly dispersed
amorphous vanadium oxides (up to 20 wt%) under a calcination temperature of 500 ◦C [29].

Many efforts have been made towards the fabrication of titanosilicate-based catalysts.
The conventional methods involve the coating of Ti species on the silica surface via the
impregnation method, the grafting method, or the atomic layer deposition method [30–35].
The disadvantages of these methods are the complicated procedures and calcination steps that
easily contribute to the formation of bulk Ti species, which often block the paths toward the
active components [36]. Therefore, the direct integration of Ti species into the silica framework
is a desirable alternative to the traditional coating-based methods. Although Ti species have
been directly incorporated into mesoporous silicas such as SBA-15 [37–39], HMS [40–42],
MCM-41 [43–45], and MCM-48 [46–48], there are few reports on such heterogeneous supports
involving vanadium oxide catalysts [12,19], much less in terms of selective methanol-to-
dimethoxymethane oxidation applications.

Herein, we prepared the hexagonal mesoporous silica (HMS) and Ti-modified HMS
(Ti-HMS), which were used as supports for vanadium oxide to selectively oxidize methanol
to dimethoxymethane. Characterizations including X-ray diffraction (XRD), UV-vis diffuse
reflectance spectroscopy (DRS), N2 adsorption–desorption, Raman spectroscopy, Fourier trans-
form infrared (FT-IR) spectroscopy, and H2–TPR were performed to reveal the effects of Ti
species in promoting the structural properties and catalytic performance of V2O5–HMS catalysts.

2. Results and Discussion
2.1. Physicochemical Properties of Supports and Catalysts

The small-angle XRD patterns of Ti-HMS and HMS supports are shown in Figure 1. It can
be seen that all the Ti-HMS samples exhibit a small-angle peak at approximately 1–2◦, which
is attributed to the d100 diffraction [41,49]. This observation indicates the preservation of the
HMS’s mesoporous structures after the incorporation of Ti species. With the increasing amount
of Ti species, the d100 peak shifts to lower angles with increased intensity, suggesting the
occurrences of lattice expansion, scattering-domain dimension reduction, and pore diameter
enlargement [50]. As the Si/Ti ratio reaches 10, the d100 peak becomes poorly resolved, which
may be due to the partial destruction of the HMS framework. For all the Ti-incorporated
samples, no characteristic peak of TiO2 is observed (Figure 1b), indicating the high dispersion
of Ti on the HMS surface and/or in the HMS framework.

Figure 2 shows the wide-angle XRD patterns of the supported catalysts in the range
of 10–90◦. All the supported catalysts present similar well-resolved peaks belonging to
crystalline V2O5, suggesting the formation of bulk V2O5 and/or V2O5 nanoparticles on
the surface of the supports. It is noteworthy that the V2O5 in the 28V-Ti-HMS(30) catalyst
presents less intensive XRD peaks. The relative crystallinity of V2O5 for 28V-HMS and
28V-HMS(50) is the highest (14%), followed by 28V-HMS(20) and 28V-HMS(10). 28V-
HMS(30) has the lowest relative crystallinity, which is only 8%. This could be due to the
better-dispersed V2O5 in the 28V-Ti-HMS(30) catalyst compared with the other catalysts.
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Figure 2. XRD patterns of catalysts with different supports.

Nitrogen physisorption is a practical technique used to study the textural properties
of mesoporous materials. The BET specific surface area (SBET) of supports and supported
catalysts are summarized in Table 1. The pure HMS demonstrates the highest surface
area. After the incorporation of Ti species, the SBET of the supports decreases, while the
cumulative pore volume (VP) and pore diameter increase. This is consistent with the results
of the XRD analysis, i.e., the peak position of Ti-HMS slightly shifts to lower angles due to
the increasing interplanar distance. The deposition of vanadium species on the supports
significantly decreased the SBET, which is commonly observed for impregnated catalysts.
Such surface-area loss is ascribed to the partial destruction of the support framework
and/or the blocking of catalyst pores by bulk oxide or oxide nanoparticles.

2.2. Confirmation of the Framework Ti

The IR spectra of HMS and Ti-HMS with various Si/Ti ratios in the region of 400–1400 cm-1

are shown in Figure 3. All the samples exhibit a symmetric stretching vibration band at 807 cm−1

and asymmetric vibration band at 1090 cm−1 for the tetrahedral SiO4
4− species. Meanwhile, the

pure HMS shows a weak peak at 960 cm−1, which indicates the Si-OH stretching vibration of free
silanol groups in the amorphous region [51,52]. For Ti-containing materials, the 960 cm−1 band
marginally shifts to a lower wavenumber, which has been reported in published studies [53,54].
Additionally, the bulk/crystalline TiO2 (anatase and/or rutile) with a representative broad band
at 600–650 cm−1 was not observed. These results suggest that Ti species have been successfully
embedded into the HMS framework.
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Table 1. Textural properties and Eg of the materials.

Sample SBET
a (m2/g) VP

b (cm3/g) Dads
c (nm) Eg

d (eV)

HMS 764 0.67 3.71 -
Ti-HMS(50) 730 0.97 4.46 -
Ti-HMS(30) 662 0.93 5.22 -
Ti-HMS(20) 662 0.90 4.78 -
Ti-HMS(10) 661 0.59 3.80 -
28V-HMS 382 0.45 4.68 2.47

28V-Ti-HMS(50) 364 0.43 5.66 2.59
28V-Ti-HMS(30) 329 0.38 5.22 2.73
28V-Ti-HMS(20) 345 0.44 5.24 2.57
28V-Ti-HMS(10) 343 0.39 4.84 2.55

a Specific surface area calculated by the BET method. b Total pore volume determined at P/P0 = 0.99. c BJH
adsorption average pore diameter. d Energy of adsorption edge.
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The incorporation of Ti species into the HMS framework was further verified by
UV-vis DRS. This technique has been extensively employed for the characterization of the
nature and coordination of Ti4+ ions in titanosilicates [55]. The corresponding spectra of
the Ti-substituted supports are displayed in Figure 4, along with pure HMS and anatase
(bulk). The band at ~210 nm is assigned to the titanium-to-silica charge transfer, which is
used to confirm the Ti4+ framework sites. The broad absorption band at ~325 nm denotes
the presence of bulk TiO2 (anatase) [56]. It is apparent from Figure 4 that the HMS shows
no adsorption band. The incorporation of Ti species introduces a peak centered at 210 nm
with gradually strengthening intensity with increased Ti content. Despite the high loading
of Ti for Ti-HMS(10), no visible peak at 325 nm is observed. Such a phenomenon strongly
demonstrates that most Ti species successfully occupy the isolated site positions in the
HMS framework in a wide range of Si/Ti ratios from 50 to 10. However, it is noticeable that
the position of the 210 nm band shifts to a higher wavelength when the Si/Ti ratio is 10.

2.3. Effect of Ti on the Vanadia Dispersion

Figure 5 presents the UV-vis DRS spectra of the supported catalysts. The abrupt variation
of all the spectra at 350 nm is due to the change of light source during detection. All the spectra
consist of several ligand-to-metal charge transfer absorption bands characterizing the V2O5
constituted siliceous surface. The d-d absorption bands in the region of 495–660 nm represent-
ing the vanadium (+IV) are not detected, which confirms the fact that all the vanadium species
were successfully oxidized to vanadium (+V). The region of 170–290 nm is attributed to the
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presence of coordinated tetrahedral vanadium species, whereas the 290–410 nm range features
the Oh point group vanadium species (square-pyramidal or octahedral) [57]. These results
indicate that the well-dispersed and bulk-like vanadium species coexisted in all the catalysts.
Therefore, to further understand the vanadium’s state, the absorption-edge energies (Eg) of
the spectra are obtained to retrieve information regarding the type and number of ligands
neighboring the core metal ion of the first coordination sphere, as there is a linear relationship
between Eg and the number of bridging V-O-V bonds in bulk vanadium species [19,58].
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Figure 5. UV-vis spectra of catalysts with different supports.

The Eg of the supported catalysts are tabulated in Table 1, and the spectra of V-HMS
and V-Ti-HMS in the form of [F(R∞)hν]2-against-Eg plot are depicted in Figure 6. Tian
et al. [59] have demonstrated the use of Eg values to qualitatively monitor vanadium species
polymerization. It has been verified that a high Eg value reflects the high dispersion of
vanadium species. As shown in Table 1, Ti-HMS-supported V2O5 catalysts have higher Eg
values than pure-HMS-supported catalysts, wherein Ti-HMS(30) exhibits the highest Eg
value. Our results thus suggest the better dispersion of vanadium species supported on
Ti-HMS catalysts than those on pure HMS catalysts.
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The Raman spectra of the samples in the region of 200 to 1200 cm−1 are presented in
Figure 7. The distinctive Raman characteristics of crystalline V2O5 are the bands centered
at 282, 301, 405, 478, 525, 700, and 995 cm−1, which appear for all samples [31] and thus
agree well with the XRD results as shown in Figure 2 where well-resolved V2O5 patterns
are observed. It is notable that a new band at 1035 cm−1, which is identified as the terminal
mono-oxo V=O bond of isolated surface vanadium species bonded to the surface silica
species (O=V(OSi)3) [60], is only observed for the Ti-modified catalysts. This finding further
confirms that the dispersion of V2O5 over the Ti-modified catalysts, especially for V-Ti-
HMS(30), is better than that over the Ti-free catalysts. This result is consistent with the
outcomes of UV-vis DRS studies.
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2.4. Redox Property and Catalytic Performance of Catalysts

The TPR profiles of different catalysts are presented in Figure 8. Since no reduction
peak was observed for Ti-HMS and HMS, the corresponding TPR files are not shown
here. As surmised, the addition of Ti species can improve the redox properties of catalysts.
The main H2 consumption peak of V-HMS catalysts emerges at ~890 K, with a shoulder
occurring at ~860 K. After the incorporation of Ti species into the HMS framework, the main
reduction peaks shift to lower temperatures (~865 K). Further increasing the amount of Ti,
a slight increase in the reduction temperature is observed for V-Ti-HMS(10), which may be
attributed to the destruction of HMS. Besselmann et al. [61] associated the change in redox
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properties with the different types of vanadium species. The crystalline and polymeric
vanadium species are more challenging to reduce than their monomeric counterparts. The
resultant spectra of both UV-vis DRS and Raman spectroscopy revealed the improved
dispersion of V2O5 over the Ti-HMS supports compared with that over the pure HMS
supports. Therefore, it is reasonable to believe that modification using Ti species improves
the dispersion of V2O5 and thus enhances the reducibility of catalysts.
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Table 2 presents the catalytic performance of various catalysts at a low temperature
(413 K). The V-HMS (without Ti) shows much lower catalytic activity with merely 6% of
methanol conversion. It is evident that Ti modification can enhance catalysts’ methanol
conversion to a value higher than 10% without a significant loss in selectivity. Among
the Ti-modified catalysts, V-Ti-HMS(30) exhibits the best catalytic performance with the
methanol-to-dimethoxymethane conversion and selectivity of 15% and 87%, respectively.
The improvement in catalytic performance is not related to the specific surface area since
all the samples have similar specific surface area. Well-dispersed VO4 oxides (isolated and
polymeric surface species) are considered to be the catalytically active sites for the selective
oxidation of methanol [62]. Additionally, the selectivity for DMM is mainly determined
by the acidity of the catalysts [15]. According to the characterization results above, the
incorporation of Ti significantly improved the dispersion of vanadia, which had minor
effect on the acidity. The V-Ti-HMS(30) with the best V2O5 dispersion exhibits the best
catalytic behaviors. Hence, the high dispersion of V2O5 is likely the key reason for the high
activity observed for the Ti-modified catalysts. With the improvement in the dispersion of
V2O5, the catalysts become more reducible, which has been confirmed by the TPR results.
Based on the Mars-van Krevelen mechanism [63], the lattice oxygen of vanadia participates
in oxidation. With the improved reducibility, both the oxidation of methanol and the
re-oxidation of catalysts becomes easier. Therefore, the excellent dispersibility and high
reducibility are most likely the major contributions to the improved catalytic performance
of the V-Ti-HMS catalysts. Additionally, the reusability of V-Ti-HMS(30) was also tested for
50 h. The results in Figure 9 indicate the high stability of the catalysts.

Table 2. Performance of catalysts in the methanol oxidation reaction.

Sample Conversion (%)
Selectivity (%)

DMM MF FA DME COx

28V-HMS 6 89 2 6 3 0
28V-Ti-HMS(50) 12 85 7 6 2 0
28V-Ti-HMS(30) 15 87 4 7 2 0
28V-Ti-HMS(20) 11 84 5 8 3 0
28V-Ti-HMS(10) 8 81 5 12 2 0



Catalysts 2022, 12, 869 8 of 12

Catalysts 2022, 12, x FOR PEER REVIEW 8 of 13 
 

 

Table 2 presents the catalytic performance of various catalysts at a low temperature 

(413 K). The V-HMS (without Ti) shows much lower catalytic activity with merely 6% of 

methanol conversion. It is evident that Ti modification can enhance catalysts’ methanol 

conversion to a value higher than 10% without a significant loss in selectivity. Among the 

Ti-modified catalysts, V-Ti-HMS(30) exhibits the best catalytic performance with the 

methanol-to-dimethoxymethane conversion and selectivity of 15% and 87%, respectively. 

The improvement in catalytic performance is not related to the specific surface area since 

all the samples have similar specific surface area. Well-dispersed VO4 oxides (isolated and 

polymeric surface species) are considered to be the catalytically active sites for the selec-

tive oxidation of methanol [62]. Additionally, the selectivity for DMM is mainly deter-

mined by the acidity of the catalysts [15]. According to the characterization results above, 

the incorporation of Ti significantly improved the dispersion of vanadia, which had minor 

effect on the acidity. The V-Ti-HMS(30) with the best V2O5 dispersion exhibits the best 

catalytic behaviors. Hence, the high dispersion of V2O5 is likely the key reason for the high 

activity observed for the Ti-modified catalysts. With the improvement in the dispersion 

of V2O5, the catalysts become more reducible, which has been confirmed by the TPR re-

sults. Based on the Mars-van Krevelen mechanism [63], the lattice oxygen of vanadia par-

ticipates in oxidation. With the improved reducibility, both the oxidation of methanol and 

the re-oxidation of catalysts becomes easier. Therefore, the excellent dispersibility and 

high reducibility are most likely the major contributions to the improved catalytic perfor-

mance of the V-Ti-HMS catalysts. Additionally, the reusability of V-Ti-HMS(30) was also 

tested for 50 h. The results in Figure 9 indicate the high stability of the catalysts.  

 

Figure 9. Conversion of methanol and selectivity of DMM using V-Ti-HMS(30) in the methanol ox-

idation. 

Table 2. Performance of catalysts in the methanol oxidation reaction. 

Sample Conversion (%) 
Selectivity (%) 

DMM MF FA DME COx 

28V-HMS 6 89 2 6 3 0 

28V-Ti-HMS(50) 12 85 7 6 2 0 

28V-Ti-HMS(30) 15 87 4 7 2 0 

28V-Ti-HMS(20) 11 84 5 8 3 0 

28V-Ti-HMS(10) 8 81 5 12 2 0 

  

Figure 9. Conversion of methanol and selectivity of DMM using V-Ti-HMS(30) in the methanol oxidation.

3. Materials and Methods
3.1. Synthesis of the Supports

The hexagonal mesoporous silica (HMS) and hexagonal mesoporous titanosilicate
(Ti-HMS) were synthesized under ambient conditions using dodecylamine (C12H25NH2,
Aldrich 98%) as a surfactant [56]. Generally, different ratios of tetraethyl orthosilicate
(TEOS) to titanium tetrabutoxide (TBOT) were added to the solution of dodecylamine
(DDA) in water and ethanol under vigorous stirring. The molar composition of the reaction
mixture is xTi: 1.0 Si: 0.2 DDA: 9.0 EtOH: 160 H2O. The reaction mixture was aged under
ambient temperature under vigorous stirring for 24 h to obtain crystalline products. The
Si/Ti molar ratios (denoted as y) used for the preparation of Ti-HMS(y) were 50, 30, 20, and
10. Pure HMS samples without Ti content were also prepared accordingly. All samples were
filtered, washed thoroughly with water, dried under ambient temperature, and calcined at
923 K for 4 h.

3.2. Preparation of the Catalysts

The vanadium oxide species were introduced onto the support using the conventional
wet impregnation method. NH4VO3 was dissolved in the oxalic acid solution and then
impregnated onto the HMS or Ti-HMS supports. After drying at 383 K for 12 h and calcined
at 673 K for 3 h, zV-HMS or zV-Ti-HMS(y) catalysts were obtained, where a and b are the Si/Ti
molar ratio and loading of V2O5 (z wt%), respectively. The powdered vanadium catalysts
were dissolved in a solution with 5% aqua regia and 30% hydrogen peroxide for 10 min.
Then the percentage of V2O5 in the obtained catalysts was confirmed by inductively coupled
plasma optical emission spectroscopy (ICP-OES) in the range of 27.5 wt% to 28.6 wt%. This is
consistent with the estimated loading (28 wt%).

3.3. Characterization Methods

Powder XRD analysis was conducted using a Philips PANalytical X’pert Pro diffrac-
tometer equipped with the Cu Kα radiation at λ = 0.1542 nm, 40 kV, and 30 mA. The
nitrogen adsorption–desorption isotherms were obtained using the Tristar 3000 equipment.
Prior to the experiments, the samples were degassed at 543 K under vacuum for 5 h. The
volume of the adsorbed N2 was normalized to the standard temperature and pressure. The
specific surface area (SBET) was calculated by applying the BET equation in the relative
pressure range of 0.05 < P/P0 < 0.30. The average pore diameter was calculated by applying
the Barret-Joyner-Halenda (BJH) method to the adsorption branches of the N2 isotherms.
The cumulative pore volume was obtained from the isotherms at P/P0 = 0.99.
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DR UV-vis spectra were collected using a Varian Cary 5000 UV-vis-NIR spectrometer
equipped with diffuse-reflectance accessories in the range of 200–1000 nm, and dehydrated
BaSO4 was used as the reference. All the samples were dehydrated at 473 K overnight and
then stored in a sealed serum bottle to prevent the hydration of vanadium species. The Fourier
transform infrared (FTIR) spectra were recorded in the range 400–1400 cm−1 using 32 scans
and a resolution of 4 cm−1 on the VERTEX 70 of spectroscopic grade potassium bromide
(KBr). Raman spectra were obtained using the Renishaw inVia Raman System equipped with
a CCD detector and a Leica DMLM microscope. The excitation was provided by a 532 nm Ar+

ion laser. The range and resolution were 100–1200 and 0.5 cm−1, respectively.
H2-TPR measurements were carried out in a continuous mode using a quartz micro-

reactor (3.5 mm in diameter). A sample of ~50 mg was contacted with an H2:Ar mixture
(5% volume of H2 in Ar) at a total flow rate of 20 ml min−1. The sample was heated at
a rate of 10 K min−1 from room temperature to 1073 K. The hydrogen consumption was
monitored using a thermal conductivity detector (TCD). The reducing gas was first passed
through the reference arm of the TCD before entering the reactor. The exit flow of the
reactor was directed through a trap filled with Mg(ClO4)2 for dehydration, and then the
flow proceeded to the second arm of the TCD.

3.4. Catalytic Activity Measurements

The selective oxidation of methanol was carried out at the atmospheric pressure in a
fixed-bed microreactor (glass) with an inner diameter of 8 mm. Methanol was introduced
into the reaction zone by bubbling O2/N2 (1/4) through a glass saturator filled with
methanol (99.9%) maintained at 288 K. In each test, 0.2 g of catalyst was loaded, and the
gas hourly space velocity (GHSV) was 11,400 ml g−1 h−1. The feed composition was
maintained as 1 methanol:1 O2:4 N2 (v/v). Methanol, dimethoxymethane, formaldehyde,
and other organic compounds were analyzed using a GC equipped with an FID detector
connected to Porapak N columns. CO and CO2 were detected using a TDX-01 column. The
gas lines were kept at 393 K to prevent the condensation of reactants and products.

4. Conclusions

In this study, Ti was successfully incorporated into the HMS framework with a wide
range of Si/Ti ratios from 10 to 50. Compared with pure HMS, the Ti-HMS-supported
vanadium oxide catalysts exhibited higher activities with a similar selectivity in the selective
oxidation of methanol to dimethoxymethane. It was revealed that the incorporation of
Ti rendered the well-dispersed oxides on the catalyst surface and hence increased the
catalysts’ reducibility. Excellent dispersibility and high reducibility are most likely the
major contributions to the improved performance of the V-Ti-HMS catalysts.
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57. Bulánek, R.; Čapek, L.; Setnička, M.; Čičmanec, P. DR UV–vis Study of the Supported Vanadium Oxide Catalysts. J. Phys. Chem. C
2011, 115, 12430–12438. [CrossRef]

http://doi.org/10.1016/j.mcat.2018.01.020
http://doi.org/10.1039/c2cy00541g
http://doi.org/10.1016/j.apcata.2005.10.059
http://doi.org/10.1016/j.cattod.2004.03.011
http://doi.org/10.1016/S0926-860X(01)00975-9
http://doi.org/10.1007/s10853-009-3566-9
http://doi.org/10.1016/j.apcata.2004.06.030
http://doi.org/10.1016/j.cej.2018.04.030
http://doi.org/10.1021/cm9030667
http://doi.org/10.1016/j.apcatb.2006.09.011
http://doi.org/10.1016/j.micromeso.2017.08.030
http://doi.org/10.1016/j.molcata.2014.09.002
http://doi.org/10.1021/am200380a
http://www.ncbi.nlm.nih.gov/pubmed/21608997
http://doi.org/10.1021/jp210448v
http://doi.org/10.1016/j.jcat.2013.11.021
http://doi.org/10.1016/j.ijhydene.2010.03.087
http://doi.org/10.1039/c3cc41362d
http://doi.org/10.1016/j.cej.2021.134285
http://doi.org/10.1126/science.267.5199.865
http://doi.org/10.1021/cm0500051
http://doi.org/10.1021/cm970314u
http://doi.org/10.1016/S0022-3093(05)80557-5
http://doi.org/10.1016/j.apcatb.2010.09.030
http://doi.org/10.1016/j.apcata.2011.02.021
http://doi.org/10.1021/ja960594z
http://doi.org/10.1021/jp112206c


Catalysts 2022, 12, 869 12 of 12

58. Gao, X.; Wachs, I.E. Investigation of Surface Structures of Supported Vanadium Oxide Catalysts by UV−vis−NIR Diffuse
Reflectance Spectroscopy. J. Phys. Chem. B 2000, 104, 1261–1268. [CrossRef]

59. Tian, H.; Ross, E.I.; Wachs, I.E. Quantitative Determination of the Speciation of Surface Vanadium Oxides and Their Catalytic
Activity. J. Phys. Chem. B 2006, 110, 9593–9600. [CrossRef]

60. Magg, N.; Immaraporn, B.; Giorgi, J.B.; Schroeder, T.; Bäumer, M.; Döbler, J.; Wu, Z.; Kondratenko, E.; Cherian, M.; Baerns, M.; et al.
Vibrational spectra of alumina- and silica-supported vanadia revisited: An experimental and theoretical model catalyst study. J. Catal.
2004, 226, 88–100. [CrossRef]

61. Besselmann, S.; Freitag, C.; Hinrichsen, O.; Muhler, M. Temperature-programmed reduction and oxidation experiments with
V2O5/TiO2 catalysts. Phys. Chem. Chem. Phys. 2001, 3, 4633–4638. [CrossRef]

62. Kim, T.; Wachs, I.E. CH3OH oxidation over well-defined supported V2O5/Al2O3 catalysts: Influence of vanadium oxide loading
and surface vanadium–oxygen functionalities. J. Catal. 2008, 255, 197–205. [CrossRef]

63. Kaichev, V.V.; Popova, G.Y.; Chesalov, Y.A.; Saraev, A.A.; Zemlyanov, D.Y.; Beloshapkin, S.A.; Knop-Gericke, A.; Schlögl, R.;
Andrushkevich, T.V.; Bukhtiyarov, V.I. Selective oxidation of methanol to form dimethoxymethane and methyl formate over a
monolayer V2O5/TiO2 catalyst. J. Cata. 2014, 311, 59–70. [CrossRef]

http://doi.org/10.1021/jp992867t
http://doi.org/10.1021/jp055767y
http://doi.org/10.1016/j.jcat.2004.04.021
http://doi.org/10.1039/b105466j
http://doi.org/10.1016/j.jcat.2008.02.007
http://doi.org/10.1016/j.jcat.2013.10.026

	Introduction 
	Results and Discussion 
	Physicochemical Properties of Supports and Catalysts 
	Confirmation of the Framework Ti 
	Effect of Ti on the Vanadia Dispersion 
	Redox Property and Catalytic Performance of Catalysts 

	Materials and Methods 
	Synthesis of the Supports 
	Preparation of the Catalysts 
	Characterization Methods 
	Catalytic Activity Measurements 

	Conclusions 
	References

