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Abstract

Catalyst—support interactions are known to be of great importance for the performance of
supported oxide catalysts such as supported vanadia. With the aim of enhancing the oxide-
support interactions we propose a strategy for the controlled synthesis of embedded oxide
catalysts using atomic layer deposition (ALD). As demonstrated for vanadia (VO), the
synthesis is based on the sequential deposition of VO, and the ‘support’ material (Al,O3, SiO»,
TiO2) onto graphene oxide, which serves as a sacrificial carrier matrix facilitating the
embedding of VO,, followed by template removal by calcination or ozone treatment. Detailed
characterization of the synthesis process and the final catalysts is carried out using multiple
spectroscopic (Raman, UV-vis, XPS), thermogravimetric, and electron-microscopic (TEM,
EELS) analysis. The successful formation of a VO,—support interphase is confirmed by UV
Raman spectroscopy. Despite the high loadings (Lv > monolayer coverage) of accessible sites,
the embedded VO. is present in a dispersed state in the case of the ozonolyzed samples.
Structural models are proposed to account for the observed behavior. The activity of the
embedded VOy catalysts is verified in the oxidative dehydrogenation (ODH) of ethanol and
compares favorably with reported data on conventional supported catalysts. Compared to the
literature, the ozonolyzed VO./ALbO3 catalysts show a significantly improved performance,
whereas the VO,/S10; catalysts define a benchmark. Our results demonstrate the feasibility of

rational catalyst engineering of supported oxide catalysts.
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sacrificial template, graphene oxide



1. Introduction

Vanadia supported on various metal oxides such as Al2O3, TiOz and SiO2 has been studied
extensively as catalyst for selective oxidation reactions of organic compounds such as alkanes,
alkenes, alcohols, aldehydes, and ketones, amongst many others.!2° A well-known problem of
supported metal oxide and metal catalysts is their decreasing activity and selectivity over time,
which is related to a loss of active species due to sintering or volatility during the reaction.'>2!"
24 Thus, it is desirable to increase the lifetime of a catalyst by improving its stability in order to
maintain its activity and selectivity over many catalytic cycles. To this end, different strategies
have been outlined for the fabrication of stabilized and well-defined nanostructured metal
catalysts.’’>>?7 In this context, atomic layer deposition (ALD) offers outstanding process
control owing to its self-limiting nature.?® In combination with different surface passivation
techniques, such as templating using proteins or single molecules, as well as lithography, area-

selective ALD allows the nanoscale structuring of planar and even highly porous substrates,?®

39 which may serve as catalyst supports.

There are basically two major strategies for the ALD-based synthesis of nanostructured metal
catalysts. On the one hand, bottom-up approaches are based on the deposition of metal
nanoparticles on a support followed by the deposition of another material serving as a protective
overcoating.’®?” On the other hand, templating techniques allow the fabrication of confined
metal nanoparticles, by depositing metal nanoparticles on a sacrificial substrate, subsequently
applying an overcoating and finally removing the template.?!>>*’ There are various
modifications of the two techniques, including the combination of different metals and oxides
as well as the application of a cocatalyst, with the aim of generating synergetic effects.?>"’
Catalytic experiments with these catalysts have yielded an improved sintering-resistance

compared to conventional supported metal nanoparticles.?!!3? To our knowledge, the

template-based ALD approach has been applied exclusively to supported metal catalysts.



Supported oxide catalysts e.g. VO, catalysts are commonly prepared by using impregnation
methods. Alternatively, gas-phase deposition techniques such as chemical vapor deposition
(CVD) or ALD can be used to graft VO, onto a supporting surface. The feasibility of producing
highly dispersed VO, on different substrates by using ALD has been reported previously.?*-3
Furthermore, catalysts prepared by one of the two methods, impregnation and gas-phase
deposition, have already been studied in oxidative dehydrogenation (ODH) reactions of

methanol and ethanol regarding structural and catalytic properties.>*3

In this work, we present an approach enabling the controlled synthesis of embedded metal oxide
catalysts, with the aim of increasing catalyst—support interactions compared to conventional
supported metal oxide catalysts prepared by impregnation or gas-phase deposition. The
feasibility of the presented strategy for rational catalyst engineering is demonstrated for a series
of vanadia (VOy) catalysts. A scheme outlining the catalyst preparation is given in Figure 1. In
a first step, VOx is dispersed on graphene oxide (GO) using atomic layer deposition (ALD). GO
serves as a sacrificial support providing functional groups for metal oxide ALD and is easily
decomposable by thermal treatment. The dispersed VO species are then ALD—coated with
different metal oxides (SiO2, Al,Os3, TiO2), conserving the dispersion and thus the active VO
sites within. Embedded VO catalysts supported within a metal oxide matrix are then obtained
upon removal of graphene oxide by 1) calcination in static air or ii) treatment with ozone. Using
wet chemical methods, it is not possible to obtain embedded VOx catalysts in such a controlled
fashion as by ALD. For example, adding a vanadium—containing precursor during the synthesis
of the support may yield some embedded VOy, but mainly VO fully encapsulated within the
supporting matrix. Thus, the feasibility of a targeted preparation of embedded and accessible
VO, species is directly linked to the unique nature of the ALD process, which allows a high
initial dispersion of VOx on the one hand and conformal overcoating on the other. Besides the

details of the synthesis process, we address the influence of the template-removal method on



the structural and catalytic properties of the embedded VO, catalysts during the ODH of

ethanol.

1x VO (ALD)

AlLOs /Si0; / TIiO,

VO, metal oxide matrix
(10 nm, ALD)

graphene oxide

Figure 1. Schematic representation of the synthesis of embedded VOy catalysts including the
dispersion of VO, on GO oxide ALD, the ALD of Al>O3, SiO2, or TiO2 serving as supporting
metal oxide matrix, and the thermal decomposition of the sacrificial GO template by calcination

or reaction with ozone.



2. Experimental Section

2.1. Synthesis of Multilayered Graphene Oxide. Graphene oxide (GO) was synthesized
according to the literature.?” Briefly, 4 g of graphite powder (Alfa Aesar, synthetic, grain size
7-11 pm, 99%) was added to 92 mL of concentrated sulfuric acid (H2SO4) in an ice bath.
Subsequently, 12 g KMnO4 was added slowly under continuous stirring, taking care that the
temperature did not exceed 20°C. The mixture was then stirred for 30 min at 40°C in an oil
bath, whereupon 200 mL of deionized water was added and the mixture was heated to 95°C for
15 min. Finally, another 600 mL deionized water and 20 mL H>O> (30%) was added dropwise,
causing the color to change from brown to yellow.

For purification the mixture was stirred with 2 L of 10% hydrochloric acid (HCl) for 30 min
and subsequently allowed to rest for several hours, allowing the graphite oxide to settle to the
bottom. The supernatant was then decanted and the precipitate resuspended in 2 L of 10% HCI.
This procedure was repeated several times, first with 10% HCI and then later with deionized
water.

Multilayered GO was then obtained upon exfoliation of the graphite oxide by using sonication
in deionized water. The aqueous GO suspension was then dried at 40°C, ground to obtain a
black powder, and dried in vacuum at room temperature.

2.2. Thermal Metal-Oxide ALD. Thermal ALD of VO,, SiO,, Al,0Os, and TiO; was carried
out using a custom—made stainless steel ALD reactor using the precursors VOCI; (Sigma-
Aldrich, 99.9%), SiCls (Sigma-Aldrich, 99.9%), AI(CHs); (Sigma-Aldrich, 97%), TiCls
(Sigma-Aldrich, 99.9%), and H2O. During Si0> depositions pyridine was used as a catalyst to
assist the reaction of the two precursors SiCls and H2O. For all depositions the reactor walls
were heated to 60°C. The base pressure of the ALD reactor was 1.3 Torr. All depositions
consisted of the cyclic exposure to the corresponding metal containing precursor and H>O for
60 s each, separated by purging intervals with N2 (99.999%, 200 mL/min) for 60 s. Details of

the ALD setup have been described previously.*®



For the synthesis of embedded VOy catalysts 1 g of multilayered GO was placed in the ALD
reactor. In a first step, one ALD cycle of VO (exposure = 24 x 10° L) was deposited and
subsequently ALD coated with 10 nm of SiO2 (56 cycles), Al2O3 (67 cycles), or TiO2 (295

cycles). A summary of the prepared samples is given in Table 1.

2.3. Template Removal by Calcination. For the thermal decomposition of ALD-coated GO
oxide by calcination in static air about 1 g GO was heated from room temperature to 550°C at

a rate of 1.5°C/min, and then held at 550°C for 6.5 h.

2.4. Template Removal by Ozone Treatment. The decomposition of ALD-coated GO by
reaction with ozone was realized by purging with ozoniferous air (200 mL/min) at 150°C for
10 days. To this end, about 1 g GO was placed in a glass vessel that was coupled to an ozone

generator (Heyl Neomeris, LAB 2B) producing 3.5 mg ozone/L air (1.5 g ozone/h).

Table 1. Classification and synthesis procedure for different types of embedded VO; catalysts;

MO = ALO3, SiO», TiOs.

Catalyst name VO. ALD MO ALD Template
removal

1XVO,-in-AL20s- 67% AlO; calcination
calc.
1xVOr-in-ALOs- 67x AlLO3 ozone
ozone
1xVO,-1n-Si0>-calc. 56x Si0; calcination
1XVOy-in-SiO X VO;

rIf=S12 56% SiO; ozone
ozone
1xVO,-in-TiO;-calc. 295x TiO; calcination
PVO-in-Ti0- 295x TiO» ozone
ozone




2.5. X-Ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy (XPS) was carried
out on an SSX 100 ESCA spectrometer (Surface Science Laboratories Inc.) employing a
monochromatic Al Ky X-ray source (1486.6 eV) operated at 9 kV and 10 mA; the spot size was
approximately 1 mm x 0.25 mm. Spectra were recorded in the constant analyzer energy (CAE)
mode at a 36° detection angle. The base pressure of the analysis chamber was <107 Torr. Survey
spectra (8 measurements) were recorded between 0 and 1100 eV with 0.5 eV resolution,
whereas detailed spectra (30 measurements) were recorded with 0.1 eV resolution. To account
for sample charging, the C 1s peak of ubiquitous carbon at 284.9 eV was used to correct the
binding—energy shifts in the spectra. Data analysis included a Shirley background subtraction
and a peak-fit analysis using Gaussian—Lorentzian product functions with 45% Lorentzian
share. Atomic concentrations were calculated using the relative sensitivity factors (RSFs) given

in Table 2.

Table 2. Relative sensitivity factors used for the XPS analysis.

C1s Al 2p O 1s Si 2p Ti2p V2p

RSF 0.537 1.000  2.930 0.817 7.810  9.660

2.6. Fourier-Transform Infrared Spectroscopy. Fourier transform infrared (FTIR)
transmission spectra of GO/KBr-pellets with a resolution of 0.5 cm™ were obtained from a
Bruker Vertex 70 spectrometer equipped with a SiC globar MIR light source and a DLaTGS
(deuterated L-alanine doped triglycene sulfate) detector (100 scans). The mirror velocity was

10 kHz. Prior to the measurements, the pellets were dried at 60°C overnight.



2.7. UV-vis Diffuse Reflectance Spectroscopy. UV-vis spectra were measured on a Jasco V-
770 UV-visible/NIR spectrophotometer equipped with a Praying Mantis mirror cell and a high
temperature reaction chamber (Harrick Scientific Products Inc.). For excitation halogen and
deuterium light sources were used. For detection a Peltier cooled PbS detector was employed.
Spectra were recorded between 200 and 800 nm with a spectral resolution of 0.5 nm. MgO was
used as a white standard. Before the spectra were recorded at room temperature, all samples
were dehydrated at 550°C (calcined samples) or 120°C (ozonolyzed samples) for 1 h while

being purged with 200 mL/min synthetic air.

2.8. UV Raman Spectroscopy (256.7 nm Excitation). To record UV Raman spectra a tunable
Ti:sapphire solid state laser (Indigo-S, Coherent) was used. For the experiments reported here,
an excitation wavelength of 256.7 nm was employed. The Raman scattered light was dispersed
in a three—stage spectrometer (Princeton Instruments, TriVista 555) used in subtractive mode.
The scattered light was detected by a charged coupled device (CCD) camera (Spec10:2kBUV,
Princeton Instruments), cooled to —120°C with liquid nitrogen. The spectral resolution was 1
cm’!. Spectra were recorded from dehydrated samples. To this end, the catalysts were placed in
a CCR 1000 reaction cell (Linkam Scientific Instruments) equipped with either a CaF; or a
sapphire window and heated for at least 2 h to 550°C or 120°C for calcined and ozonolyzed
samples, respectively. During dehydration the samples were purged with synthetic air (50
mL/min, 8% O3, 92% N). All spectra were recorded at 120°C by irradiating the samples for
600 s with a laser power of 5 mW at a repetition rate of 5 kHz. In addition a cosmic ray filter
was employed. All spectra were processed with a background subtraction. The intense band at
315 cm™! (marked with an asterisk) observed in the spectra of the calcined catalysts is a feature
arising from the CaF, window of the reaction cell. UV Raman spectra of the ozonolyzed
catalysts were acquired using a sapphire window. Details of the tunable Raman spectroscopic

setup have been described previously.!>!6
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2.9. Visible Raman Spectroscopy (532 nm Excitation). Visible Raman spectra were recorded
on a Raman microscope using 532 nm excitation obtained by frequency doubling from a
Nd:YAG laser (Cobolt). The Holo Spec {/1.81 spectrometer (Holographic Imaging
Spectrograph, Kaiser Optical Systems) was equipped with a transmission grating providing a
resolution of 2 cm™. For detection of the Raman scattered light a Peltier-cooled CCD camera
(-40°C) was employed. The light was focused onto the sample with a 50x/long working
distance (LWD) objective (Leica, NPlan EP, 456LF/03, 50x/0.5) using a power of 2.5 mW at
the sample and an irradiation time of 20 s. Prior to each measurement a new background
spectrum was recorded. In addition, a cosmic ray filter was employed. All spectra were

processed with a background subtraction.

2.10. Thermogravimetric Analysis. For thermogravimetric analysis (TGA) a TGA/SDTAS851-
e device (Mettler Toledo) was employed. In order to record TGA curves during the
decomposition of ALD-coated GO, samples had synthetic air (200 mL/min) blown over them
while being heated from room temperature to 550°C at a rate of 1.5°C/min. The samples were

then calcined at 550°C for 6.5 h.

2.11. Physical Characterization. Specific surface areas of GO and the embedded VOx
catalysts were determined on the basis of nitrogen adsorption/desorption isotherms measured
on a Thermo Fisher Scientific Surfer BET Analyzer at 77 K and the use of standard multipoint
BET (Brunauer-Emmett-Teller) analysis methods. Prior to the measurements all samples were

dried in vacuum at room temperature overnight.

2.12. Inductively Coupled Plasma Optical Emission Spectroscopy. Quantification of the
vanadium content of the different catalysts was done by the Analytisches Zentrum Berlin-

Adlershof GmbH by inductively coupled plasma optical emission spectroscopy (ICP-OES).

2.13. High-Resolution Scanning Transmission Electron Microscopy. Samples were

prepared for high-resolution scanning transmission electron microscopy (HRSTEM) by
11



dispersing a small amount of the powder in ethanol using an ultrasound bath (Bandelin). The
dispersion was allowed to settle for a short time to reduce the number of large particles in the
dispersion. A droplet of the dispersion was applied to a holey carbon grid (Plano) and allowed
to dry. The grid was coated with carbon (Baltec MEDO10) to avoid charging under the incident
electron beam. High resolution TEM images were recorded using a JEOL JEM ARM 200F
(JEOL) equipped with an electron energy loss spectroscopy (EELS) detector (Gatan Enfina).

The field emission gun was operated at 200 kV.

2.14. Oxidative Dehydrogenation of Ethanol. The reactivity behavior of the as-synthesized
embedded VO, catalysts was tested for ODH of ethanol. To this end, the catalysts were placed
in a CCR 1000 reaction cell (Linkam Scientific Instruments) and dehydrated for at least 2 h in
synthetic air (8% O2, 92% N>; total flow rate: 50 mL/min) at temperatures of 515°C and 190°C
for calcined and ozonolyzed samples, respectively. During the catalytic reaction at 190°C the
samples were exposed to a feed of 1% ethanol, 8% O, and 91% N2 at a total flow rate of 50
mL/min. Quantitative gas-phase analysis was carried out using FTIR spectroscopy. Spectra
were acquired on a Bruker Vertex 70 spectrometer equipped with a LFT 205-20 gas cell (Axiom
Analytical Incorporated). Spectra were recorded between 1000 and 4000 cm™ (50
measurements) at a resolution of 4 cm™! using the chromatographic mode of the software OPUS
7.0 (Bruker). To prevent condensation, the cell was heated to 125°C. Based on the recorded
spectra, the conversion, selectivity, and turnover frequency (TOF) were calculated according to

Equations 1, 2, and 3, respectively.

Ngton,i — NEtoH,f
NEgtow,i

flaca
Saca = = - (2)
Ngton,i — NEtoH,f
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n *Cx N
TOF = EtOH A 3)
Meqr * Ly * Sppr

2.15. Anaerobic Titration. The anaerobic titration of VOy using ethanol as a reductant was
carried out using the reactor setup described above. To maintain an oxygen-free atmosphere,
the reaction cell containing the catalyst sample was purged with N> overnight (46 mL/min) at a
temperature of 190°C. Subsequently, ethanol was added to the feed (1.1%). Based on the results
of the quantitative gas-phase analysis, the amount of redox active VO species can be
determined by assuming that active V°" species were irreversibly reduced to V** during
anaerobic titration, each yielding one molecule of acetaldehyde. Please note that a reduction

from V>* to V** species during ODH of ethanol was postulated by Beck et al. and Kilos et al.

1,9
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3. Results and Discussion

3.1. Catalyst Preparation. As the synthesis of embedded VO, catalysts is based on the ALD
of metal oxides, the functional groups on the surface of GO are crucial for this approach. When
the method for synthesizing GO described in the experimental section is applied, various
carbon-oxygen species like hydroxyls, carbonyls, carboxyls, ethers, and epoxides are obtained.
For the spectroscopic identification of these groups FTIR and XPS were employed (see Figure

S1).

‘ inverse FET. +
.. filtered image

HRSTEM
HAADF image

OK edge

VL, edge

intensity [a.u.]

500 520 540 560
energy loss [eV]

Figure 2. Left: HRSTEM HAADF image of GO ALD-coated with one cycle of VO,. The inset
shows an EEL spectrum of the region evidencing the presence of VOx on the surface of GO.

Right: Inverse FFT filtered representation of the image shown on the left.

The specific surface area of the as-synthesized GO was 80 m?*/g, as determined by Na
physisorption experiments employing the standard BET analysis method. For the synthesis of
embedded VO, catalysts, VO, was dispersed on GO using ALD (one cycle, exposure =~ 24 x
10° L) in a first step. The dispersion of VO, was monitored using HRSTEM. Figure 2 provides
a high-angle annular dark field (HAADF) image of dispersed VO, on GO (left) as well as the

inverse fast Fourier transform (FFT) filtered representation (right). On the dark background of
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the HAADF image distinct bright spots can be observed. Based on the characteristic V Ls; edge
at 515 eV in the EEL spectrum (see inset), the assignment of the bright spots to small VOx
clusters appears plausible.*>** The inverse FFT filtered representation indicates, that in addition
two-dimensional VO, networks may be present on the GO surface, as can be seen in particular
in the upper left corner. However, the size of the isolated VO, clusters is far below 1 nm, and
evidence for large V205 clusters could not be found. In contrast, on bare GO there was no
indication of the presence of VO, from HAADF or EEL spectra (not shown). Accordingly, we
assign the observed features in Figure 2 to small, well-dispersed VO clusters on the surface of
GO.

As the next step towards embedded VO, catalysts, the VO, species supported on GO were
further ALD-coated and thus conserved within different metal oxide matrices (see Figure 1).
The successful deposition of the AlOs, SiO2 and TiO; films was confirmed by XPS
measurements. In Figure 3 the XP survey spectra of pure GO and GO coated with 10 nm of
AL O3, SiO2, and TiO, are shown (on the left), besides detailed spectra of the corresponding O
Is regions (on the right). As expected, the spectrum of GO exhibits photoemissions from C 1s
and O 1s core levels only.’” Based on the results of the peak-fit analysis the surface elemental
concentrations of C and O were calculated as 64.4 and 35.6 at.-%, respectively. Upon deposition
of 10 nm Si02 (56 cycles) additional Si 2p and 2s emissions were observed at binding energies
of 103.3 and 154.5 eV, respectively. The as-determined atomic ratio O:Si was 2 (Si = 28.2 at.-
%, O = 56.3 at.-%), in agreement with the stoichiometry of SiO,. The analysis of XP spectra
obtained from Al,O3 and TiO> coated GO yields similar results. The ratio O:Al was determined
as 1.6 and matches very well with the stoichiometry of Al,Os;. Upon deposition of TiO»
additional water was found on the surface of TiO2-coated GO, presumably due to an increased
surface hydrophilicity. When considering O 1s emissions from adsorbed water, the ratio O:Ti
reduces from 2.8 to 2.1, in agreement to the stoichiometry of TiO,. Detailed spectra of the O 1s

regions in the left panel of Figure 3 show that the emissions of pure GO at 527.7, 528.8 and
15



529.8 eV completely vanish upon deposition of Al,O3, SiO> and TiO>. New signals arising at
532.7, 531.3 and 530.7 eV can be attributed to O 1s emissions from SiO2, Al>O3, and TiOx,
respectively,?” thus strongly indicating that the oxide layer thickness exceeds the information
depth of XPS, and that the deposited metal oxides form conformal layers. It should be
mentioned that an additional contribution of C 1s emissions was detected in the spectra of the
coated materials. However, based on detailed C s spectra (not shown) we can attribute the

observed C 1s emissions to the presence of ubiquitous carbon.

binding energy [eV]
532 528

536 524
graphene oxide
graphene oxide + 295x TiO, survey 01s
Ti: 18.7 at—% Orts 5265
C: 28.6 at.-% Tizp )
O: 52.7 at-% C1s

529,8 527,7
e

O:Ti=28

graphene oxide + 67x ALO, 532,7 graphene oxide

e
S,
2
@
=
) g
£
5
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—_ Al: 29.1 at.-% = ’
S C: 24.0 at.-% =
© O: 46.9 at.-% i A2s ag §
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> A ok c —
’ﬁ graphene oxide + 56x SiO, st graphene oxide
5 Si: 28.2 at-% = +67x Al,O,
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binding energy [eV]
binding energy [eV]

Figure 3. XP spectra of GO before and after the deposition of 10 nm SiO2 (56 cycles), Al,O3
(67 cycles), and TiO> (295 cycles) using ALD. Left: The surface elemental concentrations in
at.-% and the atomic ratios O:M (M = Al, Si, T1) were calculated on the basis of the results from
the peak-fit analysis. The signal marked with an asterisk in the spectrum of GO arises from
photoelectron emissions from an indium foil used as a sample holder during the XPS
measurements. Right: Corresponding high-resolution O 1s spectra, including the results from

the peak-fit analysis.
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As last step, the sacrificial GO support needs to be removed. To gain insight into the mechanism
of template removal, the thermal decomposition of GO was investigated by TGA. Exemplarily,
we will discuss the Al,Os-related data in the following (see Figure 4). To this end, three
different types of samples consisting of GO, Al>bO3, and VO, were prepared: 1) GO coated with
67 ALD cycles of Al,O3 (“GO + 67xA1,03”), 2a) GO coated with 67 ALD cycles of Al,O3 and
then coated with 3 ALD cycles of VO, (“GO + 3xVO;-on-Al203”), 2b) GO coated with 67
ALD cycles of Al,O3 and then 10 ALD cycles of VO, (“GO + 10xVOx-on-Al>037), 3a) GO
coated with 3 ALD cycles of VO, and then 67 ALD cycles of AlO3 (“GO + 3XVOy-in-Al,03”),
and 3b) GO coated with 10 ALD cycles of VO, and then 67 ALD cycles of Al,O3 (“GO +
10xVOx-in-Al203”). Figure 4 compares the thermal decomposition of these ALD-coated GO
samples to that of pure GO. The observed thermal decomposition of GO can be subdivided into
four main sections: i) evaporation of water intercalated between the GO sheets, ii) degradation
of less stable oxygen species (carboxyls, anhydrides, or lactones), iii) degradation of more
stable oxygen species (hydroxyls and carbonyls), and iv) decomposition of the carbonaceous

framework above 400°C.374142

For pure GO (black curve) evaporation of water is observed up to 150°C and causes a weight
loss of approximately 10%. The residual upon calcination of GO is <1%, confirming its high
purity. The curves of the ALD-coated GO samples do not exhibit a weight loss in the first
temperature range. Most likely the evaporation of water is hindered by the ALD metal oxide
films. Above 180°C a mass loss related to the decomposition of less stable species is observed
in all TGA curves. The presence of the ALD layers does not seem to affect this process,
furthermore implying that the less stable species do not serve as functional groups during the
ALD process. Subsequently, the curves of GO and GO + 67x Al;Os3 run almost parallel with a
slight shift towards higher temperatures for GO + 67x Al,O3. The deposition of VO, preceding

the A1>O;3 coating reduces the temperature necessary for the decomposition of the carbonaceous
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framework from 400 to approximately 300°C. This effect is attributed to the catalytic properties
of VOx enabling the decomposition of the carbon matrix at lower temperatures. We propose
that the decomposition take places at the GO/VO,-interphase, consistent with Figure 1, which
shows that VO, is not encapsulated but rather embedded in the Al,O3 layer. Comparison of the
dotted and dashed blue curves implies, that the amount of VO influence neither the rate of
decomposition nor the temperature necessary for the decomposition. Owing to the missing
GO/VO,-interphase, we do not expect this behavior to be observed for GO + 3XVOy-on-Al>O3
and GO + 10xVOy-on-Al>O3. This is confirmed by the dotted and dashed black TGA curves,
resembling the decomposition curve of GO + 67% Al;0s3. The residual of all ALD coated

samples is approximately 5%.

600

- 500

I 400

I 300

- 200

relative mass [%]
temperature [°C]

100

i T ' T i T i T ; T
0 100 200 300 400 500

time [min]

Figure 4. TGA curves showing the thermal decomposition of different GO samples. Black
curve: GO. Green curve: GO + 67x Al,Os. Dotted black curve: GO + 3xVOy-on-Al,Os. Dashed
black curve: GO + 10xVOy-0n-Al,0s3. Dotted blue curve: GO + 3xVO,-in-Al,0Os. Dashed blue

curve: GO + 10xVOx-in-AlOs. The red graph displays the temperature.
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Using a combination of physical characterization (N> physisorption) and ICP-OES, the VOx
loadings Lv of the embedded VO catalysts were calculated. Since all samples were treated
equally before the thermal treatment, one would expect that all catalysts should have similar
specific surface areas and VO, loadings. The results are summarized in Table 3. According to
the results of the BET analysis, the calcined samples exhibit considerably larger specific surface
areas than the ozonolyzed samples. While the specific surface area of the ozonolyzed samples
is almost equal (32-34 m?/g), the specific surface area of 1xVO,-in-SiOz-calc. (124 m?/g) is
considerably larger than those of the other calcined samples 1xVO,-in-Al>Os-calc. and 1xVO,-
in-TiO,-calc. (74 m?/g). Despite the lower specific surface area of the calcined samples, the
VO, loadings of these catalysts are noticeable higher than those of the ozonolyzed samples
(factor 1.3—-1.8). In each case, the loading (14.3-22.5 V/nm?) is far above the theoretical
monolayer coverage of 8 V/nm? for dispersed VO, supported on AlO3 and TiO; and 2.6 V/nm?
for dispersed VO supported on SiO.>!%*# In this context the catalyst 1xVO,-in-TiO2-0zone
represents the only exception, revealing a VO, loading near monolayer coverage (8 V/nm?).*
Thus, the analysis indicates that the thermal treatment for removing the GO has a significant
influence on both, specific surface area and VO, loading, and thus on the structure of the
catalyst. Based on these findings, one may assume that the initial VO, dispersion (see Table 3)
is at least partially converted into three-dimensional VO, structures and thus probably into
crystalline V2Os during thermal treatment. On the other hand, the embedding of VO species in
a supporting metal oxide matrix may allow a higher dispersion and thus higher loadings without

the formation of V>Os crystallites.

3.2. Catalyst Characterization. The molecular structure of the embedded VO, species was
studied by Raman and UV-vis spectroscopy. The UV Raman, visible Raman, and UV-vis
spectra of the catalysts listed in Table 3 are shown in Figures 5-8 and will be discussed

separately for each ‘support’ material (Al2O3, SiO2, TiOy) in the following.
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Table 3. BET surface area (Sger), vanadium loading (Lv) and corrected vanadium loadings

Lv,corr based on the results of the anaerobic titration of the embedded VO catalysts.

Sample SeeT [m?%/g] Lv [V/nm?]  Lvcorr [V/nm?]
1XVO,-in-ALO3- 74 225 17
calc.

1xVOy-in-AlLOs3- 32 17.7 ]
ozone

1xVO;-in-S10»-calc. 124 22.2 15
1XVO;-1n-S10,- 34 16.6 9
ozone

1xVO,-in-TiO;-calc. 74 14.3 -
1 XVO,-1n-T10;- 34 3.0 i
ozone

Raman spectra of the catalysts 1xVO,-in-Al,O3 prepared by a) calcination and b) thermal ozone
treatment are depicted in Figure 5. The UV Raman spectrum of the catalyst 1xVO,-in-Al>O3-
calc. is dominated by a broad asymmetric band between 750 and 1025 cm™ showing a
maximum at 960 cm™ and a shoulder at around 1020 cm™. These features can be assigned to
Al-O-V interphase vibrations and V=0 stretching vibrations of dispersed VOx,
respectively.!%11:194346 Ty particular, the existence of an AI-O—V interphase band confirms the
successful formation of a covalent AI-O-V interphase bond during the catalyst’s synthesis.
This bond is crucial for the stability of the embedded VO, species. A weaker band is observed
at 520 cm! and indicates the presence of oligomeric VO..!"”* Bands located at higher
wavenumbers, i.e., at 1390, 1544 and 1590 cm’!, are not related to VO vibrations, but rather
originate from residual carbon, namely the D and G bands at 1390 and 1590 cm!, as well as
gas-phase oxygen (1544 cm™).37#147 The visible Raman spectrum of this sample shows merely
one band at 460 cm™, which can be assigned to V-O-V vibrations of oligomeric VO,.!%%
Please note that visible Raman spectra were recorded from ‘as is’ samples, i.e., under ambient

conditions. It is known that during hydration the molecular structure of VOx changes and the
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characteristic V=0 band may not be observed anymore.'® Considering the low intensity of the
V-0-V band observed at 460 cm™, it is therefore reasonable to assume that the absence of a
distinct V=0 band is related to the presence of moisture on the catalyst’s surface. Despite the
high VO, loading (see Table 3) and the ~10-fold higher Raman scattering cross-section of
crystalline V20s compared to dispersed VO, for 514 nm Raman excitation, the characteristic
sharp V205 bands were not observed.** We can thus exclude the presence of V2Os
microcrystallites on the catalyst surface. To explain the high VO, loading far above monolayer
coverage (see Table 3) it is plausible to assume crystalline V2Os nanoparticles, which due to
their size are not detected by visible Raman spectroscopy or, alternatively, amorphous three-
dimensional VO species. The corresponding UV-vis spectrum of this catalyst is shown in
Figure 8 a). The spectrum is characterized by major absorption between 200 and 400 nm with
a maximum at 270 nm and an additional shoulder at 400—550 nm. In contrast, the spectrum of
the bare AlbO3 support (see Figure 8 c)) does not show significant absorption in this region. The
intense UV absorption at 270 nm may be assigned to monomeric VO4 and short-chain
oligomeric VO, species, thus indicating the presence of highly dispersed VO. species.
Absorption at longer wavelengths additionally suggests the presence of small amounts of long-
chain oligomeric VO; or even crystalline V,0s.'%1>194 However, since no evidence for
crystalline V20s was found in the visible Raman spectrum, the shoulder at 400 nm is attributed
to long-chain oligomeric VO,. We thus conclude, that the high dispersion achieved by VO

ALD was sustained during Al,O3 ALD and template removal using calcination.

The UV Raman spectrum recorded from the catalyst 1xVO,-in-Al203-0zone exhibits a very
poor signal-to-noise ratio, which may result from the lower specific surface area of the catalyst
or residual carbon due to the incomplete decomposition of GO. As a consequence, Raman bands
cannot be clearly identified for UV excitation. In contrast, the signal-to-noise ratio of the visible

Raman spectrum is not affected by this effect. Besides the band at 460 cm™ assigned to V-O—
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V vibrations of oligomeric VOy, which was also observed in the visible Raman spectrum of the
catalyst 1xVO,-in-Al,03-calc., there is another Raman feature with two apparent maxima at
700 and 800 cm™'. With respect to the noticeable lower specific surface area of the catalyst
1xVOx-in-Al>03-0zone compared to the catalyst 1xVO,-in-Al,Os-calc. (see Table 3), thermal
ozone treatment might induce extensive oligomerization of the originally well dispersed VO..
Since Raman shifts of V-O-V vibrations are typically found between 400 and 800 cm™ we
assume the bands at 700 and 800 cm™ to be related to V-O-V vibrations of VO species with a
higher degree of oligomerization.!> Additional evidence for this suggestion is provided by the
corresponding UV-vis spectrum shown in Figure 8 b). Compared to the calcined catalyst,
absorption at 270 nm is much lower in the spectrum of the ozonolyzed catalyst and a second
maximum was observed at around 400 nm. These findings indicate that the catalyst 1xVO,-in-
Al>0Os-0zone indeed bears a higher content of long-chain oligomeric VO,, while no evidence

for crystalline V2Os was found, fully consistent with the Raman data.

UV Raman (256.7 nm) Vis Raman (532 nm)
260 460
|1020 1590 |
520 1390 15“4| P! a)
— — )
3 | DT oty
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Figure 5. UV (left) and visible (right) Raman spectra of the catalysts a) 1xVO,-in-Al>O3-calc.
and b) 1xVO,-in-Al2O3-0zone. Spectra are offset for clarity. The band marked with an asterisk

is a feature arising from the CaF, window of the reaction cell.
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Figure 6. UV (left) and Vis (right) Raman spectra of the catalysts a) 1xVO,-in-SiO;-calc. and
b) 1xVO,-in-Si0O-0zone. Spectra are offset for clarity. The inset in the left panel provides an
enlarged view of the region between 900 and 1200 cm™. The shaded area in the right panel
highlights the Raman bands arising from crystalline V20s. The band marked with an asterisk is

a feature arising from the CaF, window of the reaction cell.

In Figure 6 UV and visible Raman spectra of VO, embedded in SiO> are shown for a) calcined
and b) ozonolyzed samples. The UV Raman spectrum of the catalyst 1xVO,-in-SiO2-calc.
exhibits bands at 520, 690, 935, 990, 1023, 1060, 1150, and 1544 cm™! (see inset). These bands
can be assigned to different types of V-O vibrations, i.e., vanadyl V=0, interphase Si—O-V,
and oligomeric V-O-V vibrations, as well as gas-phase oxygen (band at 1544 cm™).612:16:47:48
While the bands at 520 and 690 cm! are located in the region typical of V-O-V vibrations, the
band at 1150 cm™ may represent a combination or overtone vibration of these V-O-V
vibrations.!® The bands at 935 and 1060 cm™ can be assigned to in and out of phase Si-O-V
vibrations, respectively, thus confirming the successful interphase formation of a covalent Si—
O-V bond (see above).!® Furthermore, two types of V=0 stretching vibrations, located at 990
and 1023 cm!, were found in the spectrum, strongly indicating the presence of both, dispersed

VO, and crystalline V205.%!%1648 In agreement, the visible Raman spectrum of this catalyst

shows the characteristic sharp bands of V20s at 405, 483, 527, 702, and 996 cm™.'4
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Accordingly, the UV-vis spectrum (see Figure 8 d)) shows broad absorption between 200 and
550 nm with two maxima at 270 and at around 370 nm, indicating a mixture of isolated VOg,
short, and long-chain oligomeric VOy, and possibly crystalline V,0s.!215:1%48 Absorption of the
bare SiO; support is negligible (see spectrum f)). Considering the similar VO, loading of the
two catalysts 1xVOi-in-AlxOs-calc. and 1xVO,-in-Si0z-calc. (see Table 3), it is noticeable that
crystalline V,0s5 was evidenced only on the SiO; support. We attribute this behavior to the
preferred crystallization of VO, on SiO> owing to the lower bond strength of Si—-O-V as

compared to Al-O—V11:23:24

Turning to the ozonolyzed catalyst 1xVO,-in-SiO2-0zone, we find the signal-to-noise ratio of
the UV Raman spectrum again much lower, most likely owing to its smaller specific surface
area (see Table 3) or residual carbon. Still, several bands were observed at 340, 490, 800, 900,
1026, 1060, and 1200 cm™, in contrast to the UV Raman spectrum of the catalyst 1xVO,-in-
Al>O3-0zone with a similar specific surface area. Bands at 490 and 800 cm™ may be attributed
to V-O-V vibrations of oligomeric VO,.!® The band at 1200 cm™' may present an overtone or
a combination band of these V-O-V vibrations. Besides, V=0 stretching and bending modes
were observed at 340 and 1026 cm’!, respectively, indicating the presence of well dispersed
VOs. Bands at 900 and 1060 cm™ can be assigned to in and out of phase Si—-O-V interphase
vibrations.!>!%4 Please note that neither the UV nor the visible Raman spectrum suggest the
presence of crystalline V20Os. The visible Raman spectrum merely shows broad bands with low
intensity at around 485, 730, and 980 cm, which may indicate V-O-V and Si-OH
vibrations.!>!¢ Thus, despite the small specific surface area and the high loading (see Table 3),
no evidence for crystalline V205 could be found. Additionally, the broad absorption between
200 and 550 nm in the UV-vis spectrum in Figure 8 e) confirms the presence of dispersed
monomeric and oligomeric VO,.!° As in the case of VO, embedded in Al,O3, embedding VO,

in Si0; also yields an M—O-V (M = Al, Si) interphase that is crucial for the catalyst stability.
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Furthermore, the results indicate that the nature of thermal treatment strongly affects the catalyst
structure on the microscopic scale. While calcination yields a larger specific surface area and
the presence of crystalline V205 on a SiO; support, thermal ozone treatment yields a smaller

specific surface area but dispersed VO.

The UV Raman spectroscopic investigation of the catalysts 1xVO,-in-TiOz-calc. and 1xVO,-
in-TiO2-0zone is challenging owing to the strong absorption of the supporting TiO> in the UV
range (see Figure 8 1)). In the UV Raman spectrum obtained from the catalyst 1xVO,-in-TiO»-
calc. (see Figure 7 a), left) solely two bands were observed at 1354 and 1544 cm™, originating
from boron nitride, which was used to focus the laser and gas-phase oxygen, respectively.*’->
The visible Raman spectrum on the other hand gives rise to three sharp bands at 397, 515, and
640 cm™!, which can readily be assigned to crystalline TiO> (anatase).>* We thus believe, that
calcination of the initially amorphous TiO2 ALD layers yields at least partial crystallization of
the TiO; support. In addition, a band was observed at around 807 cm™!, which indicates V-O—
V vibrations and thus the presence of oligomeric VOx.** The two sharp bands at 397 and 515

cm’! may overlap with a V-O-V band at 460 cm™!, that has been observed in all visible Raman

spectra so far (see above).

The UV and visible Raman spectra of the catalyst 1xVO,-in-TiOz-0zone are shown in Figure 7
b). As observed for all ozonolyzed catalysts, the signal-to-noise ratio is poor for the UV Raman
spectrum and thus only two weak bands were observed at 344 and 623 cm™'. While the band at
623 cm’! lies within the range of V-O-V vibrations, the band at 344 cm™ may be assigned to a
V=0 bending mode.'® However, this assignment is questionable, since no corresponding V=0
stretching band (>1000 cm™') was observed. Using visible Raman excitation, V-O-V
vibrational bands were observed, at 460 and 807 cm™', that were also found in the visible Raman
spectrum of the catalyst 1xVO,-in-TiO;-calc. (see above). Additionally, a weak band appears

at 608 cm’!, which may also represent V-O—V vibrations of oligomeric VO,.'® It is possible
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that this band was not observable in the visible Raman spectrum of the catalyst 1xVO,-in-TiO»-

calc. due to its low intensity and an overlap with the sharp band at 640 cm™'.
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Figure 7. UV (left) and visible (right) Raman spectra of the catalysts a) 1xVO,-in-TiO;-calc.
and b) 1xVO,-in-TiOz-0zone. Spectra are offset for clarity. The shaded area highlights the
Raman bands arising from crystalline TiO> (anatase). The band marked with an asterisk is a

feature arising from the CaF> window of the reaction cell.

The UV-vis spectra of the TiO2 embedded VO catalysts are shown in Figure 8 g) and h). Both
spectra exhibit strong absorption between 200 and 400 nm and a shoulder at 400-600 nm. Since
no evidence for crystalline V,0Os was found in the visible Raman spectra, the absorption at 400—
600 nm may be attributed to highly oligomerized VO.. An explicit assignment of the absorption
between 200 and 400 nm to monomeric VOj4 and short-chain oligomeric VOx is difficult due to
an overlap with the strong absorption of the supporting TiO> (see spectrum 1)). Nevertheless,
the spectrum of the catalyst 1xVO,-in-TiO;-calc. exhibits an absorption maximum at 330 nm
and two shoulders at shorter wavelength at 310 and 270 nm, indicating the presence of
monomeric and oligomeric VO species.!® The spectrum of the catalyst 1xVO;-in-TiO2-0zone
shows weaker absorption between 200 and 400 nm than the TiO» support, but the shape of the

absorption band clearly differs. While the catalyst 1xVO,-in-Ti02-0zone exhibits an absorption
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maximum at 270 nm and a shoulder at 310 nm (see spectrum h)), the spectrum of the TiO>
support (see spectrum 1)) shows two maxima of almost equal intensity. Thus, the presence of
monomeric and oligomeric VO, is suggested.!® Unlike the spectroscopic analysis of VO
embedded in Al,O3 and SiO», the UV and Raman spectroscopic investigation of VO, embedded
in TiO; yields only limited information due to absorption effects of the supporting TiO».
Therefore, it was not possible to confirm the successful formation of a covalent Ti-O-V
interphase bond in this case. Still, spectroscopic evidence was found that VO, was present as
well-dispersed species. Furthermore, the thermal treatment significantly affected the chemical

nature of the TiO» support by yielding anatase TiO> upon calcination and amorphous TiO2 upon

ozone treatment.
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Figure 8. UV-vis spectra of the catalysts a) 1xVO,-in-AlbOs-calc., b) 1xVO,-in-Al,O3-0zone,

d) 1xVO,-1n-Si0z-calc., €) 1xVO,-in-Si02-0zone, g) 1XVO-in-Ti0z-calc., and h) 1xVO,-in-

Ti0;-ozone. For better visualization the spectra recorded from the ozonolyzed catalysts are

plotted in red. The UV-vis spectra of the corresponding supporting materials Al>O3, SiO», and

Ti0O; are shown as dashed lines c), f), and 1), respectively.
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3.3. Structural Models. To gain insight into the molecular structure of the embedded VO
catalysts, detailed spectroscopic characterization was carried out as described in the previous
section. Combining these results with the findings from the BET and ICP-OES analysis allows
us to propose two possible structures for the embedded VO, catalysts shown schematically in
Figure 9. These need to take into account that according to the ICP-OES analysis, the VOx
loading of all catalysts was significantly above monolayer coverage, but evidence for crystalline
V7,05 was not found except for 1xVO,-in-SiO;-calc.

On the one hand, it is possible that during thermal treatment sintering of metal oxide particles
(Al2O3, Si0, TiO2) occurred and that some VO, species were encapsulated within the bulk
material of the supporting matrix (see Figure 9, left). Porous structures in the metal oxide matrix
may facilitate the accessibility of active sites to reactants during heterogeneous catalysis.
However, one may expect the apparent VO, loading to overestimate the real loading of
accessible VO, species relevant to catalysis. In fact, quantification of the number of accessible
redox active vanadium sites by titration with ethanol under anaerobic conditions (see
Experimental Section) yields the corrected lower vanadium loadings (Lv corr) given in Table 3.
Please note that for the catalysts 1xVO,-in-TiOz-calc. and 1xXVO,-in-TiO2-0zone the titration
did not yield reasonable results because the titration was adulterated by simultaneous reduction
of Ti*". On the other hand, to explain the high loadings without the presence of a distinct
crystalline phase, we cannot exclude the formation of three-dimensional structures such as 1)
crystalline V>Os nanoparticles, which is not detectable by visible Raman spectroscopy owing

to its small size, or i) multilayered amorphous VO (see Figure 9, right).

28



particle sintering / 3-dimensional
porosity growth

embedded VO species

2-layered VO
embedded VOy species (amorphous) V,05 nanocrystallite

S\ i AN S

e

encapsulated VOy species

Figure 9. Proposed structures for the VO, catalysts prepared by ALD assisted synthesis,

consisting of embedded and encapsulated VO, species as well as possibly three-dimensional

amorphous and/or crystalline species.
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3.4. Catalytic Performance. The catalytic relevance of the embedded VOx structures was
demonstrated in the ODH of ethanol. For comparison with literature data TOF values were
calculated based on the corrected vanadium loadings Ly cor (see Table 3). Table 4 compares
catalytic results from our experiments with data from the literature."”>!331-53 Qur results
indicate that the conversion and selectivity of the embedded catalysts is influenced most
strongly by the type of template removal, and to a lower extent by the supporting metal oxide.
Despite their lower VOx loadings the ozonolyzed catalysts exhibited higher conversion rates
than the calcined catalysts. As a consequence, the TOF values for ozonolyzed VO, embedded
in Al2O3 and SiO; were at least one order of magnitude higher than those for the calcined
catalysts. This effect is significantly weaker in the case of VO, embedded in TiO: (factor of 2)
and may either be related to exceptionally strong catalyst-support interactions or the presence
of crystalline TiO: (see Figure 7) after calcination.

The reported TOF values for AlO3-supported VO, lie between 0.6 and 7.9x1073 s!. Thus, the
TOF value for 1xVO,-in-Al,Os-calc. (1.7x1073 s is located in the lower region of the reported
values, while that of 1xVOx-in-Al,03-0zone (20.93x1073 s7) is at least one order of magnitude
higher than the reported activities. With respect to the selectivity towards acetaldehyde, the
performance of the ozonolyzed catalyst is comparable to the literature data for supported VO,
catalysts; in contrast, the calcined catalyst provides the highest selectivity, 95%, among the
VO.,-Al,O3 catalysts.

The TOF values for 1xVO,-in-TiOz-calc. and 1xVO,-in-TiO2-o0zone are 4.14x103 s and
8.49x107 57!, respectively, and thus approximately one to two orders of magnitude below the
TOF reported in the literature for VO./Ti0; catalysts tested at similar temperatures. In this
context it should be mentioned, that the TiO;-supported catalysts described in the literature
consisted of crystalline TiO, (mainly anatase), while the TiO> present in our catalysts was
completely amorphous for the ozonolyzed samples and only partially crystalline for the calcined

samples. To investigate the structural, electronic, and optical properties of amorphous and
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crystalline TiO; (anatase), Prasai et al. employed density functional theory (DFT) calculations
but found that they were rather similar.* Thus, catalyst-support interactions arising from
different phases of the TiO> support may be negligible. In a very recent study, Samek et al.
reported on the reducibility of VO, supported on amorphous TiO> (grown by ALD) and on
anatase.” In agreement with the aforementioned, they found that the reducibility, which is
considered as a descriptor for the redox activity of supported VO,, was comparable for the two
TiO2 phases. With respect to the influence of the VO, loading, Yun et al. found a positive
correlation between the VO, loading and the defect formation enthalpy for oxygen vacancies,
which inversely scales with the reducibility of the VO, species.’>® Thus, the higher TOF values
for VO, supported on TiO», reported in the literature, may be related to different V , loadings
rather than to different phases of TiO».

For VO, embedded in SiO our catalysts yielded TOF values of 0.65x107 s (calc.) and
8.37x107 s! (ozone), which are comparable to the values of VO, embedded in Al,O3 and TiO
(see above). Since the literature does not provide much data for the catalytic ODH of ethanol
for VO, supported on Si0», it is more difficult to properly rank these results. However, the role
of the oxide support on the catalytic activity has been studied extensively for other catalytic
reactions.'*® For the partial oxidation of methanol it was found that the activity of supported
VO, catalysts follows the ranking VOy/TiO2 >> VO,/AL,O3 > VO,/Si0,.% This effect has been
attributed to the inversely increasing electronegativity of the supporting oxides and thus, the
higher electron density at the M—O—V (M = Al, Si, Ti) interphase band.>® Besides, the dispersion
of VO, may play a major role in the activity of supported VO, catalysts prepared by
conventional methods. In fact, it is well-known that the use of Al,O3 and TiO> support materials
facilitates a much higher dispersion of VO, than Si0», since the theoretical monolayer coverage
is approximately 8 V/nm? for Al,O3 and TiO> but only 2.6 for Si0,.>*** Interestingly, our
results indicate that the embedding approach enables a much higher loading and dispersion of

VO, on different oxide supports (Al.O3, SiO2, TiO2), and the TOF values for the ODH of
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ethanol are comparable for all tested catalysts. As shown above, our approach allows the limit
of the lower loadings of dispersed vanadia on silica to be overcome, thus significantly
increasing the reactivity of VO,/SiO; catalysts in ODH reactions.

Based on the data of the embedded VO, catalysts and comparison with literature data, the
embedded catalysts are found to present a promising class of oxide catalysts. While calcined
catalysts provide a higher selectivity towards acetaldehyde, ozonolyzed catalysts exhibit
significantly higher TOF values. In comparison to supported VO, catalysts prepared by
conventional synthesis methods, a distinct increase in activity was found for the VO, species
embedded in Al>O3 and SiO; after ozone treatment. In the case of the titania based systems, the
TOF values were lower than reported in the literature, which may be related either to the VO
loading or the partial pressure of ethanol rather than the crystallinity of the TiO2 phase. It is
worth mentioning that the calcined catalysts showed higher selectivities towards acetaldehyde

than most of the supported catalysts, reaching up to 98%.
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Table 4. Literature overview of the activities of supported VO, catalysts in the ODH of ethanol

to acetaldehyde. Given are the reaction temperature (T), the turnover frequency (TOF) and the

selectivity towards acetaldehyde (Saca). The catalytic results for catalysts discussed in this work

are highlighted.
Catalyst T [°C] TOF [107 s7] Saca [%] Reference
200 6.00" 85 !
200 7.90 80 9
VOJ/ALO; 180 0.6' 67 2
190 1.702 952
This work
190 20.93° g7b
200 410.00" >08 !
180 21.70" 100 32
150 3.60 68 .
110 0.44 100
VO/TiO> 200 5.00 20 ,
120 0.75 90
200 100-1000 >99.5 33
190 4.14* 982
This work
190 8.49b 720
190 0.652 872
VO,/Si0; This work
190 8.37° 57°

2 Calcined sample
®Ozonolyzed sample

*Referenced to ethanol conversion to acetaldehyde
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4. Conclusions

An ALD-based approach allowing the fabrication of nanostructured embedded VO catalysts is
presented, which aims to maximize the catalyst-support interactions for increased catalytic
activity and sintering resistance. To this end, dispersed VO, was temporarily supported on GO
serving as a sacrificial template. The dispersion was embedded into a supporting metal oxide
matrix (AlOs, SiO2, TiO2) by applying ALD coatings. GO was then removed by thermal
decomposition by either calcination or thermal ozone treatment. Based on thermogravimetric
measurements it was shown that VO is not encapsulated by the supporting metal oxide but
rather exhibits a solid/gas interphase that is crucial for catalytic activity. The initial dispersion

of VO, on GO was substantiated by combined TEM and EELS analysis.

Structural characterization of the final catalysts was carried out using multiple spectroscopic
methods. The results indicate that despite the high loadings (Lv > monolayer coverage) VO
was highly dispersed on Al>O3 and TiO,. Although the loading of VO, embedded in Si0; was
comparable to that of VO, embedded in Al,O3, template removal by calcination resulted in the
presence of crystalline V205 on the SiO» support, while upon ozone treatment dispersed VO,
was obtained. For all the catalysts studied, calcination yielded significantly larger specific
surface areas than did ozone treatment. Based on the findings from the physical and structural
characterization as well as the results from the anaerobic titration, we propose a structural model
for the embedded VO, catalysts, while we cannot exclude the presence of multilayered
amorphous VO, or crystalline V20s nanoparticles. UV Raman spectra confirm the successful
formation of a VO.-support interphase, which is decisively involved in the postulated

mechanisms for VO,-catalyzed oxidative dehydrogenation (ODH) reactions.

The embedded vanadia catalysts are active in the ODH of ethanol. Moreover, the catalytic

performance of this new class of vanadia catalysts compares favorably with literature data on

34



conventional supported vanadia catalysts, thus highlighting the feasibility of rational catalyst

engineering for supported oxide catalysts.

Supporting Information

Structural characterization using IR and XP spectroscopy; supporting Figure.
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