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a b s t r a c t

The stable tetrahedral geometry and high CAH bond dissociation energy of methane complicate its direct
catalytic conversion; for example, the selective oxidation of methane to formaldehyde, which avoids the
production of carbon dioxide by full oxidation and is therefore important for the versatile utilization of
natural gas, is still viewed as challenging. Here, we utilize hydrothermal synthesis followed by atomic
layer deposition (ALD) to prepare an efficient and thermally stable catalyst based on novel
SiO2@V2O5@Al2O3 core@shell nanostructures, showing that the thickness of Al2O3 shells over
SiO2@V2O5 cores can be tuned by controlling the number of ALD cycles. Catalytic methane oxidation
experiments performed in a flow reactor at 600 �C demonstrate that SiO2@V2O5@Al2O3 nanostructures
obtained after 50 ALD cycles exhibit the best catalytic activity (methane conversion = 22.2%; formalde-
hyde selectivity = 57.8%) and outperform all previously reported vanadium-based catalysts at 600 �C.
The prepared catalysts are subjected to in-depth characterization, which reveals that their Al2O3 shell
provides new surfaces for the generation of highly disperse Td monomeric species with a VAOAAl bond
by promoting interactions between Al2O3 and V2O5 nanoparticles during ALD. Moreover, the surface
Al2O3 shell is found not only to protect V2O5 nanoparticles against sintering at 600 �C, but also to anchor
the produced Td monomeric vanadium species responsible for the high catalytic performance.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Methane, the main component of natural gas, is mainly used for
heating and electricity generation [1–3]. Recent progress in shale
gas collection technology based on hydraulic fracturing presents
a further stimulus for converting abundant methane to more valu-
able chemical feedstocks and thus reducing dependence on petro-
leum resources [1]. Nevertheless, the four strong CAH bonds of
methane (bond energy = 413 kJ mol�1) present a serious obstacle
to its chemical conversion. At elevated temperatures, methane
can be catalytically converted to syngas, which can be used as a
feedstock for the catalytic production of added-value hydrocarbons
or alcohols. Although a number of indirect processes for the oxida-
tive conversion of methane to formaldehyde (HCHO), methanol
(CH3OH), and ethylene (C2H4) have been developed and applied
industrially [4–8], direct conversion of methane by partial oxida-
tion is still challenging in view of the abovementioned high CAH
bond energy and the need to avoid the production of carbon diox-
ide as a greenhouse gas [9]. Previous studies on methane oxidation
to HCHO demonstrated that temperatures above 600 �C are
required to break the strong CAH bonds and identified supported
V2O5 and MoO3 as the best partial oxidation catalysts for producing
HCHO or CH3OH [10–12]. However, HCHO easily undergoes further
oxidation to CO and H2O, which requires the development of effi-
cient partial oxidation catalysts, for example, by modifying the
above catalysts while preserving their high-temperature active
sites. Notably, the use of noble metals such as Pt or Pd for CAH
bond activation results in the complete oxidation of methane to
CO, CO2, and H2O [13–16]. For these reasons, the partial oxidation
of methane to HCHO is still regarded as a challenging reaction, and
the best methane-to-HCHO conversion achieved so far at 600 �C is
less than 10%. Parmaliana et al. reported that conversions of 1–3%
obtained at 600 �C for V2O5/SiO2 catalysts prepared by impregna-
tion further increased to 25% at 700 �C, although the HCHO selec-
tivity was less than 30% [10]. Nguyen et al. used mesoporous
silicas to prepare several impregnated V2O5/SiO2 catalysts [11],
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since silica was identified as the best support for V2O5-based
catalysts for methane partial oxidation [10–13,17–20], achieving
methane-to-HCHO conversion and selectivity of 6.3 and 58%,
respectively, at 600 �C [11].

The thermal stability of catalytically active surface species can
be increased by protection/encapsulation with robust oxide(s). In
well-designed core@shell-type catalysts, highly disperse active
species in the core can be protected against deactivation caused
by sintering or coking during high-temperature reactions
[21–31]. Atomic layer deposition (ALD) is considered an attractive
thin film growth technique for homogeneous encapsulation of
active species, allowing the surfaces of core species to be uniformly
coated with layers of controlled thickness at an atomic scale
[32–35]. In view of the fact that overly thick ALD coatings reduce
the activity of core catalysts, the abovementioned control of coat-
ing layer thickness is critical for the maximization of catalyst activ-
ity/stability and for the preservation of active species under severe
reaction conditions.

Here, we designed highly disperse V2O5 nanocatalysts supported
on SiO2 spheres for the direct oxidation of methane to HCHO, utiliz-
ing a hydrothermal reaction to attach V2O5 nanoparticles uniformly
to the surfaces of SiO2 spheres. The original structure of V2O5

nanoparticles collapsed at temperatures above 300 �C, which was
mitigated by further coating SiO2@V2O5 core@shell structures via
the alumina ALD with trimethylaluminum (TMA) as an alumina
source [36]. Multicycle ALD coating afforded controlled-layer-
thickness SiO2@V2O5@Al2O3 core@shell nanostructures, which
were used for the catalytic oxidation of methane to HCHO in a
plug-flow fixed-bed reactor at 600 �C. Whereas negligible conver-
sion was observed for SiO2@V2O5 catalysts without alumina shells
because of V2O5 nanoparticle sintering, SiO2@V2O5@Al2O3

core@shell nanostructures exhibited increased thermal stability at
600 �C which depended on the thickness of their alumina coatings.
Transmission electron microscopy (TEM), scanning electron micro-
scopy (SEM), energy-dispersive X-ray spectroscopy (EDS), in situ
X-ray diffraction (XRD), Raman spectroscopy, H2 temperature-
programmed reduction (H2 TPR), and diffuse reflectance UV–vis
spectroscopy analyses were used to determine the mechanism of
core vanadium species preservation at high temperature and the
type of core@shell structures achieving maximal methane-to-
HCHO conversion without undergoing deactivation. Compared
with conventional mesoporous silica (m-SiO2)-supported V2O5 cat-
alysts prepared by impregnation, SiO2@V2O5@Al2O3 core@shell
nanostructures achieved exceptionally high methane conversion
and featured increased stability, which was ascribed to the pres-
ence of alumina shells over V2O5 nanoparticles.
2. Experimental

2.1. Preparation of SiO2@V2O5 nanostructures

Silica spheres were synthesized by the Stöber method [37].
Briefly, NH4OH (7.5 mL) and H2O (24 mL) were dispersed in etha-
nol (294 mL) under vigorous stirring at room temperature. Tetra-
ethyl orthosilicate (TEOS; Aldrich, 98%, 15 mL) was added
dropwise to the obtained solution, and the reaction mixture was
stirred for 24 h further. The resulting opaque solution was filtered,
and the filter cake was washed with ethanol and dried at 70 �C to
obtain silica spheres. To synthesize SiO2@V2O5 core@shell nanos-
tructures, as-prepared silica spheres (0.3 g) were mixed with vana-
dyl acetylacetonate (VO(acac)2; Sigma-Aldrich, 97%, 0.83 g) in
dimethylformamide (40 mL) under 3 h sonication [38]. The
obtained dispersion was placed in a 50 mL Teflon-lined autoclave
reactor and heated at 220 �C for 24 h. The dark precipitate was sep-
arated by centrifugation, washed with ethanol, dried at 70 �C, and
calcined at 400 �C for 3 h to obtain SiO2@V2O5 core@shell
nanostructures.

2.2. Preparation of SiO2@V2O5@Al2O3-(x) (x = 10, 30, 40, 50, 70, and
100) core@shell nanostructures

Al2O3 shells were grown on SiO2@V2O5 core@shell structures in
a rotary ALD reactor using a TMA (Sigma-Aldrich, 97%; alumina
precursor)–Ar–H2O–Ar sequence [36]. An overview of the ALD
equipment is provided in Scheme S1 in the Supplementary Mate-
rial. First, SiO2@V2O5 powders were loaded into a porous stainless
steel cylinder that was rotated at 140 rpm inside the reaction
chamber. For a single cycle of the ALD sequence, TMA introduced
at a pressure of 2 Torr was deposited onto V2O5 surfaces at
180 �C, and the chamber was subsequently evacuated to remove
CH4 generated as a byproduct and unreacted TMA. The chamber
was filled with Ar to a pressure of 20 Torr and evacuated after sev-
eral minutes. Then H2O (2 Torr) was introduced to replace the
methyl groups of the attached TMA with OH groups, and the cham-
ber was evacuated to remove the produced CH4 and excess H2O
and purged with Ar (20 Torr). For the second cycle, the above steps
were repeated. The number of cycles was denoted as (x) and was
found to be proportional to the thickness of Al2O3 shells.
SiO2@V2O5@Al2O3-(x) core@shell nanostructures with controlled
Al2O3 shell thickness were prepared using different numbers of
ALD cycles (x = 10, 30, 40, 50, 70, and 100).

2.3. Preparation of mesoporous silica-supported V2O5 (V2O5/m-SiO2)
catalysts

Conventional V2O5/m-SiO2 catalysts were prepared by incipient
wetness impregnation. Mesoporous silica with a mesocellular
structure (MCF-17) prepared by a previously described method
was used as a support [39]. Briefly, 1,3,5-trimethylbenzene
(Sigma-Aldrich, 98%; 4 g) was dissolved in 75 mL of an aqueous
solution containing 4 g of Pluronic P123 triblock copolymer
(Aldrich, average Mw � 5800 Da) and 10 mL of concentrated HCl.
The reaction mixture was stirred for 2 h at 40 �C and then treated
with TEOS (9.2 mL) and maintained for 5 min. The resulting solu-
tion was kept at 40 �C for 20 h without stirring, treated with
NH4F (Sigma-Aldrich, 98%; 46 mg), and further aged in a closed
bottle at 100 �C for another 24 h. The obtained white precipitate
was filtered, washed with water and ethanol, and calcined in air
at 600 �C for 6 h to obtain MCF-17. V2O5/m-SiO2 catalysts were pre-
pared by exposing MCF-17 (1 g) overnight to a solution of ammo-
nium vanadium oxide (NH4VO3, Alfa Aesar, 99%) in the presence of
oxalic acid dihydrate (C2H2O4�2H2O, Acros Organics, 99%). Centrifu-
gation followed by drying afforded solid V2O5/m-SiO2 catalysts
with vanadium precursor loadings of 1, 3, and 5 wt% after calcina-
tion at 350 �C for 4 h. Conventional V2O5/Al2O3 catalysts were also
prepared by the same impregnation method in the presence of
commercial Al2O3 (Puralox SBa 200, Sasol) for comparison. In
detail, 1 g of Al2O3 was mixed with oxalic acid dihydrate in an
ethanol solution of NH4VO3. After drying at 60 �C and calcination
at 350 �C 4 h, 3 and 5 wt% of V2O5/Al2O3 catalysts were obtained.

2.4. Characterization

Powder and in situ XRD patterns were acquired in a 2h range of
20–80� (Cu Ka radiation, k = 1.5418 Å) using PANalytical X’Pert Pro
and Rigaku SmartLab X-ray diffractometers, respectively. Prior to
measurements, samples were loaded onto a holder and preheated
at 150 �C for 30 min under Ar. In situ spectra were recorded for cat-
alysts exposed to a heated gas mixture of 4% CH4, 4% O2, and bal-
ance Ar in steps of 50 �C from 100 to 800 �C using a specially
constructed cell. Brunauer–Emmett–Teller (BET) surface areas
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were determined from N2 adsorption/desorption isotherms
recorded on a microtrac BELsorp-Max analyzer (Table S1 in the
Supplementary Material). Pore size distributions were determined
by the Barrett–Joyner–Halenda method. SEM imaging was per-
formed using a Hitachi S-4800 microscope, and TEM imaging was
performed using a JEOL JEM-2100F instrument operated at
200 kV. An EDS analyzer was used for elemental analysis (Oxford
Instruments, X-Max 80 T). TPR was carried out on the abovemen-
tioned Micromeritics AutoChem II 2920 instrument. Typically, a
catalyst sample (100 mg) was loaded into a U-shaped quartz tube
and outgassed under He flow at 150 �C for 30 min. Subsequently,
the temperature was increased to 800 �C at a rate of 10 �C min�1

in a flow of 10% H2 in He (50 mL min�1). The amount of H2 con-
sumed was determined by gas chromatography using a Delsi Ner-
mag thermal conductivity detector. Diffuse reflectance UV–vis
spectra were recorded with a scan step of 1 nm on an Agilent Cary
5000 UV–vis–NIR spectrophotometer operated in the region 200–
2200 nm. A halon white (PTFE) reflectance standard was used as
a reference background. Raman spectra were collected utilizing a
WITec alpha300 R spectrometer equipped with a 532 nm diode
laser. The laser power was set to 0.1 mW. To obtain sufficient
signal-to-noise ratios, spectra were obtained using CCD with 10-s
exposure and 10-fold accumulation.
2.5. Methane oxidation

Catalytic methane oxidation was conducted in a laboratory-
scale flow reactor at atmospheric pressure and a constant temper-
ature of 600 �C. As-synthesized vanadium-based catalysts were
pelletized and sieved to a particle size of 150–250 lm. A 100 mg
catalyst sample was loaded into a quartz tube (inner diameter
1 cm) together with 1 g of purified sand. CH4 (99.95%) and O2

(99.995%) in a 1:1 v/v ratio were fed from the top to the bottom
of the catalyst bed at a rate of 40 sccm using mass flow controllers,
and the gas hourly space velocity (GHSV) was maintained at
24,000 mL gcat�1 h�1. The reactor was heated to 600 �C in a furnace
and equipped with an inserted thermocouple to monitor tempera-
ture. Products were monitored using an online gas chromatograph
(YL6500) equipped with Porapak-N and molecular sieve columns
connected to both thermal conductivity and flame ionization
(b)

(a)

200 nm

(c)

200 nm

Fig. 1. (a) Schematic preparation of SiO2@V2O5@Al2O3 core@shell nanostructures. TEM im
nanostructures.
detectors with a methanizer (Ar was flowed in as a reference).
No methane conversion was detected when empty quartz or bare
SiO2 spheres without V2O5 were tested. HCHO, CO, CO2, and H2

were identified as the main reaction products. Before the converted
gases entered the gas chromatograph, HCHO was trapped in 10.5 g
of Na2SO3 and 1.63 g of H2SO4 cooled in an ice bath, and the
amount of trapped HCHO was determined by titrating the pro-
duced NaOH with H2SO4 [11,40,41]. Methane conversion was cal-
culated as the ratio of consumed and original methane amounts
using gas chromatography data for points in stabilized areas with
maximum activity values. Selectivity was calculated as the ratio
of product amount and total converted methane amount. The con-
version of SiO2@V2O5@Al2O3-(x) core@shell nanostructures (x = 40,
50, and 70) was determined by the average value of methane con-
versions, in which each reaction was conducted more than three
times for reproducibility. We calculated turnover frequency
(TOFHCHO) by the number of CH4 molecules reacted to HCHO on
each available vanadium site per time. By assuming that an iso-
lated vanadium species on the outermost surface of the V2O5

nanoparticles was contacted with the alumina shell, the total sur-
face area of the core@shell catalyst was determined by the size and
mass of the structure. SiO2 spheres with an average diameter of
150 nm were wrapped in V2O5 with a thickness of ca. 35 nm. The
mass of a single nanostructure was obtained by multiplying the
volume and density that were calculated from the BET measure-
ment. The number of core@shell nanostructures was estimated
by the mass of a single nanoparticle; thus the total surface area
and the isolated surface vanadium sites (7.3 � 1018) were finally
determined for the TOFs.
3. Results and discussion

3.1. Preparation of SiO2@V2O5@Al2O3 core@shell catalysts

As mentioned above, SiO2@V2O5@Al2O3 core@shell nanostruc-
tures were prepared by hydrothermal synthesis followed by ALD
(Fig. 1a), and SiO2 spheres with an average size of 150 nm were
synthesized using the well-known Stöber method [37] (Fig. 1b).
Discrete V2O5 nanoparticles with an average size of 35 nm were
deposited on the surfaces of SiO2 spheres by a hydrothermal reac-
200 nm

(d)

ages of (b) SiO2 spheres, (c) SiO2@V2O5, and (d) SiO2@V2O5@Al2O3-(50) core@shell
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tion in the presence of VO(acac)2 (Fig. 1c). During the reaction,
small vanadium clusters were first formed by nucleation, and then
the vanadium species were mostly attached to SiO2 spheres,
because of the hydrophilic nature of the SiO2 surface. By subse-
quent ALD with various numbers of repeating cycles, thin Al2O3

layers were deposited over SiO2@V2O5 core@shells with a con-
trolled thickness. Fig. 1d shows a TEM image of representative
SiO2@V2O5@Al2O3-(50) core@shell nanostructures, unambiguously
demonstrating the presence of Al2O3 layers coating the core
structures.

The surface morphology of SiO2@V2O5@Al2O3-(50) core@shell
nanostructures was investigated by SEM, scanning TEM (STEM),
and EDS. Fig. 2a clearly demonstrates that outer Al2O3 layers were
homogeneously deposited on the entire surface of SiO2@V2O5

nanostructures. STEM imaging and the corresponding elemental
Fig. 2. Structural characterization of SiO2@V2O5@Al2O3-(50) core@shell nanost
mappings with EDS line scanning (Fig. 2b) showed that O and V
(derived from V2O5) were uniformly dispersed in the shell, while
Si (derived from silica spheres) was mainly located in the core.
Moreover, the distribution of alumina over the whole core@shell
nanostructures demonstrated that they were coated by thin
Al2O3 shell layers. SiO2@V2O5@Al2O3-(10, 30, 50, and 100)
core@shell nanostructures were also characterized by
high-resolution TEM (Fig. S1), which revealed that 100 ALD cycles
were sufficient to obtain full coverage by 20-nm-thick Al2O3 layers,
while 10 cycles did not suffice for an effective coating.

The shell thickness of SiO2@V2O5@Al2O3 core@shell nanostruc-
tures increased with the number of ALD cycles (Fig. 3a). The intro-
duced TMA precursor was adsorbed onto V2O5 surfaces to create
AlAO bonds, and Al(OH)4 units (together with methane) were
finally produced upon the addition of water vapor. Subsequent
ructures: (a) SEM image, (b) STEM images with a line-scan EDS spectrum.



Fig. 3. (a) Schematic illustration of the ALD process used for multicycle coating of Al2O3 shells on SiO2@V2O5 nanostructures. (b) XRD patterns of SiO2@V2O5@Al2O3-(10, 30,
50, and 100) nanostructures.
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ALD cycles resulted in the deposition of additional alumina layers
over SiO2@V2O5. The XRD patterns of SiO2@V2O5 core@shell cata-
lysts (Fig. 3b) revealed the presence of characteristic peaks of
V2O5 (Pmmn, a = 1.1516, b = 0.3566, c = 0.4372 nm). Application of
the Scherrer equation to the (1 1 0) peak allowed the crystallite size
of SiO2@V2O5 core@shell structures to be estimated as 40.1 nm,
which agreed with values obtained by TEM and SEM. However,
much weaker XRD peaks were observed for SiO2@V2O5@Al2O3

core@shell nanostructures (Fig. 3b), since the Al2O3 shell was not
crystalline. XRD analysis of SiO2@V2O5@Al2O3-(10, 30, 50, and
100) nanostructures revealed that as the number of ALD cycles
increased from 10 to 100, the crystallite size (calculated as men-
tioned above) increased from 31.3 to 34.6 nm. Two explanations
were proposed for this result, namely (a) as-prepared V2O5

nanoparticles diffused to Al2O3 surfaces with decreased sizes of
V2O5 and (b) diffraction from the V2O5 core was hindered by thick
Al2O3 shells obtained after an increased number of ALD cycles.

3.2. Thermal stability of V2O5 species in core@shell nanostructures

The thermal stability of SiO2@V2O5 core@shell catalysts before
and after Al2O3 deposition was probed by in situ XRD analysis at
100–800 �C under 4% CH4, 4% O2, and balance Ar. Fig. 4a shows that
the characteristic XRD peaks of V2O5 were preserved in SiO2@V2O5

core@shells, while the peak intensity increased with increasing
temperature up to 750 �C. The crystallite size calculated by the
Scherrer equation for V2O5 nanoparticles increased from 50.8 nm
at 100 �C to 77.9 nm at 750 �C. At a high temperature, the outer
V2O5 nanoparticles gradually collapsed. Above 800 �C, structural
dissociation decreased XRD peak resolution, and only the main
peaks were observed. Conversely, SiO2@V2O5@Al2O3-(50)
core@shell nanostructures maintained their XRD peak intensities
up to 800 �C, which demonstrated that the presence of Al2O3 shells
prevented the aggregation of core V2O5 nanoparticles at a high
temperature (Fig. 4b). Detailed information on the particle size of
core V2O5 in SiO2@V2O5@Al2O3 core@shell nanostructures deter-
mined by in situ XRD analysis is provided in Table S2.

Interestingly, new peaks are recognized in SiO2@V2O5@Al2O3

core@shell nanostructures beyond 700 �C (Fig. 4b). When we
examined the possibility of any other crystalline structure of either
alumina or vanadium oxide, these were matched neither to crys-
talline aluminas such as alpha, gamma, and theta, nor to vanadium
oxides including V2O3, V4O7, and VO2. The high-resolution TEM
images in Fig. S1 show that the thin Al2O3 shell did not show any
crystallinity. Previous studies reported that the AlVO4 phase
formed from a solid-state reaction between V2O5 and Al2O3 beyond
570 �C [42–44] and the additional XRD peaks in the range 26–30�
(Fig. 4b) corresponded to the characteristic peaks of AlVO4. Based
on these results, as the temperature increased, thin alumina shells
were not crystallized but generated new AlVO4 species resulting
from a solid-state reaction between V2O5 and Al2O3 above 700 �C.

3.3. Catalytic oxidation of methane to formaldehyde

Methane oxidation over SiO2@V2O5@Al2O3 core@shell nanos-
tructures with controlled Al2O3 shell thickness was carried out in



Fig. 4. In situ XRD patterns of (a) SiO2@V2O5 and (b) SiO2@V2O5@Al2O3-(50)
nanostructures.
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a laboratory-scale flow reactor operated at 600 �C at a CH4/O2 ratio
of 1:1 (v/v). Fig. 5a shows methane conversion as a function of time
on stream over SiO2@V2O5@Al2O3-(50) nanostructures at 600 �C.

The initially observed gradual increase of conversion with time
on stream was followed by an abrupt change at 6 h (at which point
the product selectivity changed as well) and subsequent saturation
to the maximum. Abrupt changes were also found in other
SiO2@V2O5@Al2O3 nanostructures with a different thickness of
the Al2O3 shell (Fig. S2). This behavior was ascribed to a structural
rearrangement of the catalyst, but more detailed information is
required for a sound conclusion. Methane conversion of the
SiO2@V2O5@Al2O3-(50) nanostructures reached �22.2%, and the
corresponding HCHO, CO, and CO2 selectivities equaled 57.8,
27.4, and 14.8%, respectively (Table 1). Beyond 35 h, the overall
conversion and selectivity stayed constant, demonstrating that
the SiO2@V2O5@Al2O3-(50) nanostructures were thermally stable
by having long-term stability in the high temperature methane
oxidation. Additionally, we conducted methane oxidation over
SiO2@V2O5@Al2O3-(x) nanostructures having different shell thick-
nesses (Fig. 5b). Notably, whereas the maximum conversion of
methane observed for SiO2@V2O5@Al2O3-(50) equaled 22.2%, negli-
gible conversion was observed for x = 0–30. Thus, the original
SiO2@V2O5 core@shell structures did not show substantial
methane oxidation activity because of the instability of V2O5

nanoparticles at 600 �C.
TEM imaging of spent catalysts confirmed the agglomeration of

vanadium species after the reaction (Fig. S3). When the number of
ALD cycles was increased to x = 40, stabilization of core vanadium
species resulted in a maximum methane conversion of 12.9%.
The protective effect of the Al2O3 shell was maximized in
SiO2@V2O5@Al2O3-(50), which featured strongly enlaced Al2O3

shells that still provided enough space for constant exchange of
reactants and products, with further shell thickness increases
resulting in deteriorated performance; for example, a conversion
of only 3.7% was observed for SiO2@V2O5@Al2O3-(100) (Table 1
and Fig. S1d). Fig. 5b compares the methane conversions and
selectivity yields obtained from various SiO2@V2O5@Al2O3-(x)
core@shell nanostructures (x = 0, 10, 30, 40, 50, 70, and 100).
Nguyen et al. showed that HCHO could be produced with 57.5%
selectivity by oxidation of methane (total methane conver-
sion = 6.3%) over V2O5/SiO2 catalysts at a GHSV of 185,000 L kgcat�1

h�1 and 600 �C.11 For comparison, we also prepared MCF-17-
supported V2O5 catalysts with different vanadium
loadings. Fig. 5c shows the methane oxidation performance of
V2O5/m-SiO2 catalysts with vanadium loadings of 1, 3, and 5 wt
%, revealing that methane conversion (5.5–5.6%) and HCHO selec-
tivity (65.7–71.2%) obtained at 600 �C were in good agreement
with those reported by Nguyen et al. [11]. Table 1 summarizes
the methane oxidation performance of core@shell nanostructures
with controlled Al2O3 shell thicknesses and that of supported
V2O5/m-SiO2 catalysts, demonstrating that the best methane con-
version achieved for SiO2@V2O5@Al2O3-(50) has never been
achieved before for any vanadium-based catalyst at 600 �C [45–
50]. Recent research on methane oxidation to formaldehyde shows
advanced methane conversion and selectivity toward HCHO over
modified vanadium-supported catalysts [45–49]. Loricera et al.
reported vanadium oxide-supported silica catalysts prepared by
the sol–gel method [45]. They reported 2.3% CH4 conversion and
33% HCHO selectivity (reaction conditions: 600 �C, GHSV =
2830 mL/min�gcat, CH4:O2 = 9). Wallis et al. studied the role of
the support pore structure and morphology of VOx/SBA-15 cata-
lysts [46]. They exhibited 1% CH4 conversion and 40% HCHO selec-
tivity (reaction conditions: 540–650 �C, GHSV = 360,000 L/kgcat�h,
CH4:O2 = 9). The same group also discovered that vanadium
(2.5 wt%) supported on 0.2 wt% Ti-doped SBA-15 showed higher
selectivity to HCHO (46%) with 1.2% CH4 conversion, compared
with VOx/SBA-15 at 600 �C [47]. Very recently, Dang et al. reported
on VOx/MCM-41 catalysts to study the influence of vanadium
sources [48]. They found that vanadyl acetyl acetonate facilitated
the highest VOx density, exhibiting 5% CH4 conversion and 32%
HCHO selectivity (reaction conditions: 600 �C, GHSV = 360,830 L/
kgcat�h, CH4:O2 = 9). A comparison of the performance of vanadium
supported catalysts is summarized in Table S3. Based on the exist-
ing results, 2.2% VOx/SiO2, developed by Nguyen et al., showed the
best CH4 conversion of 6.3% with 58% HCHO selectivity (reaction
conditions: 600 �C, GHSV = 185,000 L/kgcat�h, CH4:O2 = 38:13)
[11]. When GHSV was 8000 L/kgcat�h, the conversion increased fur-
ther to 7.7%, while the selectivity toward HCHO decreased to 49%.
However, these effects were caused by additional water to the
stream. Later, they reported that the water created hydroxylated
monomeric species, which influenced the positive effect by
enhancing methane oxidation to formaldehyde [49]. Although
the reaction conditions, including gas composition, the feed rate
(GHSV), and temperature, varied from study to study,
SiO2@V2O5@Al2O3-(50) nanostructures in our study still exhibit
the best catalytic activity, with 22.2% of CH4 conversion and
57.8% HCHO selectivity at 600 �C under 24,000 mL gcat�1 h�1, sur-
passing all previously known vanadium-based catalysts at 600 �C.

3.4. Characterization of V2O5 in SiO2@V2O5@Al2O3 core@shell catalysts

The catalytic activity of supported vanadium catalysts is known
to depend on the dispersion of vanadium, the nature of vanadium
active sites, and the metal–support interaction determined by the
selection of suitable oxide supports [51–56]. For many forms of
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Fig. 5. Methane oxidation performance of various SiO2@V2O5@Al2O3 core@shell nanostructures and supported V2O5/m-SiO2 catalysts at 600 �C. (a) Methane conversion and
selectivity obtained for SiO2@V2O5@Al2O3-(50) nanostructures as a function of time on stream. (b) Comparison of SiO2@V2O5@Al2O3-(x) core@shell nanostructures in terms of
achieved methane conversion and product yield. (c) Methane oxidation performance of V2O5/m-SiO2 catalysts with vanadium loadings of 1, 3, and 5 wt%. Reaction conditions:
40 sccm of 1:1 (v/v) CH4/O2, 600 �C, atmospheric pressure, 0.1 g catalyst.

Table 1
Methane oxidation performance of selected vanadium-based catalysts obtained at a CH4/O2 ratio of 1:1 (v/v) and a reaction temperature of 600 �C (n.d. = not detected).a

Catalyst ALD cycle no. Conversion (%) TOF (s�1) Selectivity (%)

HCHO CO CO2

SiO2@V2O5 0 1.7 0.02 n.d. 0 0
SiO2@V2O5@Al2O3-(10) 10 2.0 0.02 n.d. 0 0
SiO2@V2O5@Al2O3-(30) 30 1.0 0.01 n.d. 0 0
SiO2@V2O5@Al2O3-(40) 40 12.9 0.10 68 19 13
SiO2@V2O5@Al2O3-(50) 50 22.2 0.14 58 27 15
SiO2@V2O5@Al2O3-(70) 70 18.7 0.13 62 25 13
SiO2@V2O5@Al2O3-(1 0 0) 100 3.7 0.04 100 0 0
V2O5/m-SiO2 1 wt% 5.5 0.03 71 6 23
V2O5/m-SiO2 3 wt% 5.6 0.01 66 7 27
V2O5/m-SiO2 5 wt% 5.5 >0.01 67 8 25

a Each reaction was conducted more than three times for reproducibility. The conversion and TOF are mean values and the deviation is within 15%.
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catalytic oxidation, including the partial oxidation of hydrocar-
bons, oxidative dehydrogenation of alkanes to alkenes, selective
catalytic reduction of NOx, and the oxidation of SO2 [52,57–59], iso-
lated tetrahedral (Td) vanadium oxide species containing terminal
V@O groups have been proposed as active sites [56,60–62]. To
characterize vanadium species in SiO2@V2O5@Al2O3 core@shell
nanostructures and compare them with those in V2O5/m-SiO2 cat-
alysts, the above materials were analyzed by Raman spectroscopy,
H2 TPR, and diffuse reflectance UV–vis spectroscopy.
Raman spectroscopy is a powerful tool for characterizing the
dispersion of vanadium oxide species over high-surface-area sup-
ports [60,63–65]. Fig. 6a shows Raman spectra of SiO2@V2O5 and
SiO2@V2O5@Al2O3-(50) core@shell nanostructures at 600 �C,
revealing the presence of bands at 995 (V@O), 703, 406, 305, and
285 cm�1 in all cases and thus indicating that all catalysts con-
tained crystalline V2O5 [53,66,67]. Although the Raman spectra of
3 wt% V2O5/m-SiO2 were similar to those of core@shell catalysts
prepared from crystalline V2O5, a shoulder peak at 1040 cm�1
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ascribed to the symmetric V@O stretch of isolated VO4 species was
observed in the former case (Fig. 6a) [51]. Interestingly, as the
vanadium content of V2O5/m-SiO2 decreased to 1 wt%, the above
shoulder peak became dominant (Fig. S4), which indicated that
the relative content of crystalline V2O5 in V2O5/m-SiO2 catalysts
decreased at low vanadium loadings. For all V2O5/m-SiO2 catalysts,
TEM imaging could not discriminate between well-dispersed small
vanadium species and m-SiO2 (Fig. S5). After methane oxidation at
600 �C, the major Raman spectra of SiO2@V2O5@Al2O3-(50)
core@shell nanostructures were still observed, demonstrating high
thermal stabililty (Fig. S6a).

The dispersion and type of active vanadium species were eval-
uated by H2 TPR. In previous reports, the low-temperature H2 TPR
reduction peak observed at 460–500 �C was ascribed to the
reduction of V5+ in highly dispersed monomeric species to V3+

[51,68–70]. As the vanadium loading increased, the reduction
peaks shifted to higher temperatures as a consequence of reduc-
tion kinetics (i.e., because of the effect of the partial pressure of
water formed during reduction and the effect of the actual reactant
concentration described by the Kissinger equation) [68–72]. The
high-temperature reduction peak at �600 �C was assigned to the
reduction of vanadium in polymeric and bulklike V2O5 species
[50,73]. The TPR profiles in Fig. 6b show that 3 wt% V2O5/m-SiO2

contained highly disperse monomeric species as well as a small
amount of V2O5 species, in good agreement with the results of
Raman spectroscopy analysis. Pristine SiO2@V2O5 contained only
bulk V2O5 species, which was ascribed to the size of V2O5 nanopar-
ticles (35 nm). Conversely, the SiO2@V2O5@Al2O3-(50) core@shell
catalyst contained both V2O5 and highly disperse monomeric spe-
cies, exhibiting two broad TPR bands at 550 and 620 �C. In the case
of spent SiO2@V2O5@Al2O3-(50) after methane oxidation, a domi-
nant high-temperature band at 600 �C was observed, together with
a low-temperature band of negligible intensity (Fig. S6b).

Finally, diffuse reflectance UV–vis spectroscopy was applied to
investigate the dispersion and local structure of supported vana-
dium catalysts [74–76]. For dispersed V2O5 domains, Barton et al.
plotted the square root of the Kubelka–Munk function multiplied
by the photon energy [67] versus the photon energy to estimate
the position of the absorption edge by extrapolating the linear part
of the rising curve to zero, showing that the obtained values could
be used to determine the average domain size of oxide nanoparti-
cles [75,77]. The diffuse reflectance UV–vis spectra of investigated
catalysts are shown in Fig. 6c. The absorption band just above 3 eV
was ascribed to VOx species with Td coordination [66], while that
around 5.5 eV evidenced the presence of monomeric Td species
[68,78,79]. The absorption edge positions of 3 wt% V2O5/m-SiO2

(2.6 eV) and SiO2@V2O5/SiO2@V2O5@Al2O3-(50) (<2.4 eV) indicated
that the former catalyst contained homogeneous Td VOx species
with a smaller domain size than that of the other two catalysts.
The low-energy shoulder observed for core@shell catalysts com-
prising 35 -nm V2O5 nanoparticles was ascribed to the bimodal size
distribution of crystalline V2O5 species, which was not observed for
V2O5/m-SiO2. Notably, no shoulder was observed for other V2O5/m-
SiO2 catalysts (1 and 5 wt% loading; Fig. S7). Furthermore, the size
distributions deduced from shoulder peaks were different for
SiO2@V2O5 and SiO2@V2O5@Al2O3-(50) core@shell catalysts,
demonstrating that the properties of crystalline V2O5 species are
changed by the deposition of Al2O3 shells.
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Since the interaction between V2O5 and Al2O3 influenced the
catalytic performance, we carried out methane oxidation over con-
ventional V2O5/Al2O3 catalysts. When V2O5/Al2O3 catalysts were
prepared by impregnation with different vanadium loadings of 3
and 5 wt% and the reaction was tested, negligible conversion was
obtained (less than 2% methane conversion) for both catalysts.
These results were agreement with the previous study conducted
by Koranne et al. [50]. They compared the activity and selectivity
of silica- and- alumina-supported vanadium oxide catalysts and
found that V2O5/Al2O3 catalysts showed very low methane conver-
sion, producing no formaldehyde, in contrast to V2O5/SiO2. It was
revealed that V2O5/Al2O3 catalysts were not suitable for methane
oxidation to formaldehyde. When we characterized 3 and 5 wt%
V2O5/Al2O3 catalysts prepared by impregnation, we could not find
any distinct features in H2 TPR and UV–vis diffuse reflectance spec-
tra of the two catalysts (Fig. S8). Martinez-Huerta et al. reported
that neither terminal V@O nor bridging VAOAV bonds influenced
the chemical properties of the supported VOx/Al2O3 catalysts;
instead the bridging VAOAAl bond was the catalytic active site
for oxidative dehydrogenation of ethane to ethylene [42].

The combined results indicate that V2O5 nanoparticles formed
on SiO2 spheres were identified as crystalline V2O5 species, and
the additional Al2O3 shells of SiO2@V2O5@Al2O3-(50) were proven
to provide new surfaces for creating highly dispersed Td mono-
meric species by promoting interactions between Al2O3 and V2O5

nanoparticles during the ALD process (Fig. 6d). Based on fact that
the AlVO4 phase was present in the SiO2@V2O5@Al2O3 core@shell
nanostructures at the elevated temperature, the interaction
between Al2O3 and V2O5 nanoparticles generated bridging
VAOAAl bonds in the AlVO4. The highly disperse Td vanadium spe-
cies with a VAOAAl bond of the SiO2@V2O5@Al2O3 core@shell
nanostructures were not seen in the conventional V2O5/Al2O3 cat-
alysts. As a result, the newly formed Td monomeric vanadium spe-
cies connected to the VAOAAl bond facilitated methane oxidation
at 600 �C and achieve high methane conversion. Additionally, the
Al2O3 shell protected V2O5 nanoparticles against sintering.
4. Conclusions

Here, we successfully prepared SiO2@V2O5@Al2O3 core@shell
nanostructures by hydrothermal synthesis and subsequent ALD.
Methane conversion was carried out over SiO2@V2O5@Al2O3

core@shell nanostructures and V2O5/m-SiO2 catalysts in a flow
reactor at a CH4/O2 ratio of 1:1 (v/v) and 600 �C, and the major
reaction products were identified as HCHO, CO, CO2, and H2.
SiO2@V2O5@Al2O3-(50) exhibited methane conversion of 22.2%
and formaldehyde selectivity of 57.8%, whereas 1, 3, and 5 wt%
V2O5/m-SiO2 catalysts prepared by impregnation exhibited
methane conversions of 5.5–5.6% and HCHO selectivities of
65.7–71.2% under the same conditions. As the catalytic activity of
supported vanadium catalysts largely depends on the
dispersion of vanadium and the nature of vanadium active sites,
SiO2@V2O5@Al2O3 core@shell catalysts were characterized by
Raman spectroscopy, H2 TPR, and diffuse reflectance UV–vis spec-
troscopy, which revealed that the highly disperse Td monomeric
species with VAOAAl bonds found in SiO2@V2O5@Al2O3-(50) were
not present in SiO2@V2O5. Thus, these new Td monomeric vana-
dium species and VAOAAl bonds were produced by the interac-
tions between Al2O3 and V2O5 nanoparticles during the ALD
process in the presence of crystalline V2O5 species, accounting
for the high conversion of methane during oxidation at 600 �C.
The developed strategy for the preparation of highly active and
stable core@shell nanocatalysts is expected not only to
provide robust oxide shells protecting against sintering during
high-temperature reactions, but also to anchor the new active spe-
cies inside shells and thus realize outstanding catalytic
performance.
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Appendix A. Nomenclature
ALD
 atomic layer deposition

BET
 Brunauer–Emmett–Teller

EDS
 energy-dispersive X-ray spectroscopy

GHSV
 gas hourly space velocity

SEM
 scanning electron microscopy

TEM
 transmission electron microscopy

TEOS
 tetraethyl orthosilicate

TMA
 trimethylaluminum

TPR
 temperature-programmed reduction

XRD
 X-ray diffraction
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