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Abstract

The synthesis of VO, /MgO catalysts by solution combustion synthesis was investigated
using varying molar ratios of glycine to oxidant. The effect of varying the fuel amount
on morphology, phase composition, surface area, crystallite size, elemental distribution,
and coordination environment around V was investigated. The results showed that the
morphology, surface area, and crystallite size are all dependent on the flame temperature
during the combustion process, which is dependent on the amount of fuel added. Results
also suggested that adding glycine in excess lowers the combustion temperature. The
catalysts were tested for the ODH of n-octane. The catalyst with superior catalytic properties
was the stoichiometric sample, in which equal molar ratios of the fuel and oxidizer were
added. The better catalytic performance was related to the contribution of the VO, species
from the magnesium vanadate phase. This is the only sample in which vanadates were
detected. Catalysts synthesized under fuel-lean and fuel-rich conditions were characterized
by large crystallites and the absence of detectable magnesium vanadates, using XRD.

Keywords: solution combustion; fuel to oxidant ratio; glycine; VO,/MgO; n-octane;
dehydrogenation

1. Introduction

Solution combustion synthesis (SCS) parameters such as the ignition temperature,
initial concentration of the solution, types of fuel, and oxidant-to-fuel ratios can be used
to control the SCS mode of combustion, i.e., smoldering, volume, and self-propagating
combustion [1-4]. The fuel-to-oxidant molar ratios determine the flame temperature and
the contribution of the surrounding atmospheric oxygen [5]. This, in turn, influences the
structural and surface properties of solution combustion products [6,7]. A stoichiometric
composition of the redox mixture is attained when no molecular oxygen is required. Fuel
lean conditions are achieved when the fuel-to-oxidant ratio is below one, and thus, molec-
ular oxygen is produced. Under fuel-rich conditions, the fuel-to-oxidant ratio is above
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1. In this regime, molecular oxygen is required to drive the redox reaction [6]. The effect
of varying the fuel-to-oxidant ratios on the reaction enthalpy is reported elsewhere [8].
Under fuel-lean conditions, the reaction was initially endothermic before it became exother-
mic. However, under fuel-rich conditions, maximum energy was released [6,9]. Phase
differences, abundance, flame temperature, and combustion velocity can be controlled by
varying the fuel amount [8]. The surface areas of synthesized materials are also affected
by the fuel content. Generally, with fuel-rich conditions, low-surface-area material is ob-
tained. This is attributed to the high flame temperatures, resulting in sintering and grain
growth [2,10]. Other properties, such as the bulk crystallite size, morphology, and defects
(oxygen vacancies), are also reported to be affected by this parameter [11].

Glycine is one of the most popular fuels used in the preparation of mixed metal oxides.
It is generally chosen based on its bi-functionality, as it serves both as a fuel (reducer)
and as a complexing agent, which is important to prevent heterogeneous precipitation of
individual components before combustion [12]. Its easy availability and low cost have also
been listed as one of the reasons. The synthesis of VO, /MgO catalysts, as well as their
application in the oxidative dehydrogenation (ODH) of n-octane, has been reported [13,14].
The effect of varying the fuel type on the combustion characteristics and how these affect
powder properties was also investigated [15]. In these studies, glycine imparted superior
powder properties. This included the formation of bi-phasic vanadates, low crystallite sizes,
high surface area, and the presence of defect sites. This was also evident in the activation
of n-octane, where better selectivity towards octenes and aromatics was achieved when
glycine was used as a fuel compared to the others.

An influence on powder properties is due to the varying combustion temperatures,
attained as the fuel-to-oxidant ratio is varied [16]. Combustion velocity is also influ-
enced [17,18]. It is generally understood that under fuel-rich conditions, the reaction
becomes more exothermic and the flame temperature increases [19]. However, there have
also been reports of low temperatures in the case of glycine-rich conditions. For instance,
Chick et al. [17] observed that during the synthesis of oxide ceramic powders, the highest
flame temperature was attained at stoichiometric conditions. At ratios beyond that, the
flame temperature began to decrease linearly. Both the fuel-rich and lean reactions gave tem-
peratures several hundred degrees lower than the flame temperature at the stoichiometric
ratio. This phenomenon was also reported by other authors [12,16,20,21].

One other feature that influences the flame temperature is the amount of gases gener-
ated during the combustion process. The general role of the evolved gases is to provide high
surface areas and control the temperature rise [2,16]. They may also increase the specific
volume of the material. The opposite effect has also been reported, where the increase in
flame temperature has caused sintering and crystal growth, resulting in reduced surface
areas and high crystallite sizes [22]. Fuel-lean samples showed the lowest crystallite sizes,
attributed to low flame temperatures. This was explained by the presence of the oxidant
in excess, which produced a sufficient amount of gases to cause heat dissipation. The rate
of the reaction has also been monitored, as it would have an influence on crystal growth
and sintering. Some authors reported that stoichiometric mixtures burnt instantly, while
fuel-rich samples took a few seconds more to combust, with the reaction proceeding quite
slowly [12]. To study the effect of varying the glycine fuel-to-oxidant ratios on the phase
composition, elemental distribution, morphology, adiabatic flame temperature, crystallite
size, surface area, and porosity, the ratios were varied from fuel-lean to fuel-rich during the
synthesis of VO,/MgO catalysts in this study. Thus, this study aimed at understanding
the nature of the combustion process under the aforementioned parameters and how it
correlated with the powder characteristics of the catalysts.
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Additionally, the ionic radius of V5 lies close to the borderline between four-fold and
six-fold coordination. As a consequence, vanadium-oxygen compounds exhibit a large
variety of coordination polyhedra in which vanadium is surrounded by four, five, or six
oxygen atoms. Electron-phonon interactions are usually rather strong in these compounds,
giving rise to the formation of small polarons. Electronic properties, therefore, strongly
depend on vanadium coordination. Glycine, with its reducing capabilities, is known to
affect the oxidation state of the active metals and the environment around it as the fuel
amount is varied. Hence, our interest lies in the coordination number and oxidation states
of vanadium as the fuel amount was varied in each sample.

The ODH of n-octane was chosen for investigation in this study, as it is a medium-
chain-length linear paraffin. These are abundant and of low value, while valorized products
of these, such as octenes and C8 aromatics, offer a much higher value [23-26].

2. Results and Discussion
2.1. Thermodynamic Parameters

The ratios of fuel to NH;VOj3 are described by Equations (S1) to (S5) in the Supple-
mentary Information. Using these equations, the adiabatic flame temperatures and moles
of gases evolved were established. In the glycine-richest sample, with the highest fuel
content, decomposition of the precursors occurred [20]. The reaction was still vigorous, as
evidenced by sample sputtering inside the furnace, where some of the sample was ejected
out of the combustion vessel. This is characteristic of glycine; its volume combustion is
known to be explosive, with no flame; however, it results in the formation of high-surface-
area powders, with soft agglomerates [27]. Therefore, the richer the fuel, the slower the
reaction rate, and the lower the maximum temperatures reached [3]. To understand the
variation in adiabatic flame temperature with the fuel amount, T(,4) was calculated at
different glycine-to-magnesium nitrate molar ratios. The calculated adiabatic temperatures
are given in Table 1. For these calculations, all the combustion reactions were assumed
to be complete, and that the excess fuel would be oxidized by atmospheric oxygen. The
calculation report for these is included in the Supplementary Information.

Table 1. Calculated thermodynamic parameters for each reaction.

Catalyst Name Ai;ﬁ;::afﬁ?e Qs Ds Dsmod Time Factor
GLY-1.6 2246 472 4.5 2.2 3.6
GLY-1.3 2065 492 4.6 1.9 4.0

GLY-1 1962 503 4.7 1.7 44
GLY-0.9 1670 533 4.8 1.3 5.5
GLY-0.7 1476 556 4.8 1.1 6.7

Qs = total energy absorbed by solid reaction products (kJ). Ds = total energy absorbed by solid reaction products
per unit fuel volume (kJ/cm?). Adiabatic flame temperature calculated using modified heat of reaction, taking
valency into account.

The order of decreasing flame temperature from the fuel-lean to the fuel-rich regime is
presented in Figure S1 of the Supplementary Information.

The data show that the calculated adiabatic temperatures increase from the fuel-leanest
to the fuel-richest system. It is generally accepted that at fuel-lean conditions, the fuel
amount is low; therefore, the heat evolved is not sufficiently high, and thus, the temper-
atures are lower [22]. This is called the SCS (smoldering combustion synthesis) mode.
Fuel-rich conditions showed high adiabatic flame temperatures and high gas volumes.
The synergistic effect of the large amount of gases formed and the higher adiabatic flame
temperature causes a decrease in the maximum temperature, changing the mode of com-
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bustion from volume combustion synthesis (VCS) to smoldering [19]. Also, as more gases
are released, agglomerates tend to disintegrate and additional heat is carried from the
system, hindering particle growth and therefore resulting in powders with high specific
surface areas [28,29]. Dissipation of heat due to the large volumes of gases evolved when
using a glycine-nitrate process is reported [30]. With glycine being bi-functional, that is,
acting as both the fuel and the complexing agent, a further increase in the moles of the
fuel results in an excess of organics. These organics could possibly quench the reaction,
leading to lower flame temperatures and less exothermicity than expected. Xiao et al. [31]
noted, however, that excess amounts of fuel resulted in lower combustion temperatures
and lower crystallinity due to incomplete combustion caused by an insufficient amount of
oxygen in the atmosphere. This is also consistent with Kumar et al. [32], who demonstrated
that the synthesis of highly crystalline nanomaterials is due to the high-temperature reac-
tion conditions provided by the exothermic reaction between the reactive groups (amino,
hydroxyl, and carboxyl) from the fuel added and the oxygen obtained from the nitrate
decomposition. Also, in the calculation of the adiabatic flame temperature, it is assumed
that the combustion reaction is complete and that atmospheric oxygen burns the excess
fuel. However, the diffusion of oxygen into the precursors can be sluggish, resulting in
incomplete combustion [30]. There could also be a competition between the effect of the
number of moles of the evolved gases and the combustion temperature in influencing the
heat of combustion.

2.2. Elemental Composition

XRF was used to confirm the weight% of vanadium as V,0s, loaded on the catalyst. As
observed in Table 2, the V,05 weight% ranges from 13 to 16 wt%. Considering a theoretical
loading of 15 wt%, in general, there is a good correlation of the vanadium loadings.

Table 2. Elemental composition of the catalysts.

Catalyst Name Fuel-to-Oxidant Molar Ratio V7,05 wt% (XRF)
GLY-1.6 1.6:1 13
GLY-1.3 1.3:1 16

GLY-1 1:1 14
GLY-0.9 0.9:1 15.3
GLY-0.7 0.7:1 14.1

Table 3 gives the surface area of the synthesized materials. The stoichiometric sample
(GLY-1) has the smallest crystallite size, based on MgO crystallites, while in comparison, the
fuel-lean and fuel-rich samples are characterized by larger crystallites, with sample GLY-0.7
having the largest crystallite size. If we consider the major vanadate phase, as indicated
in Table 3, GLY-1 and GLY-0.7 show the smallest crystallite size; however, the phase for
GLY-1 is the favored orthovanadate, whilst for the other samples, the metavanadate and
pyrovanadte are the major phases.

Figure S2 (Supplementary Information) shows the BET N, adsorption and desorption
isotherms of the catalysts. Based on these type 2 isotherms, with H3 hysteresis loops,
and a significant N, uptake near the saturation point, all the samples are dominantly
macroporous. Figure S3 (Supplementary Information) shows the pore size distribution
for the samples. As this latter data is based solely on nitrogen adsorption, it is, at best,
representative of the mesopores in the material.

Figure 1 shows the SEM images of the catalysts, which show variation in porosity
and microstructure. The variation in morphology can be related to the amount of gas
evolved during the synthesis. This, in turn, is associated with the amount of fuel used and
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the subsequent temperatures experienced. The amount of gases released was calculated
using Equations (51)—(S5) (Supplementary Information). It is evident that the different
fuel-to-oxidant ratios generate different amounts of gases, which in turn affect the porosity
of the material. Based on the SEM images (Figure 1), the increase in porosity appears to
correlate with the increase in the amounts of gas evolved.

Table 3. Surface area, crystallite size, and amount of gases formed for the catalysts.

Sample Amount of Gases Crystallite Size Surface Area
Formed (mol) 2 (nm) b (m?/g)
GLY-0.7 2.68 21(40) 15
GLY-0.9 2.83 30 (32) 19
GLY-1 3.61 23 (18) 20
GLY-1.3 3.4 29 (25) 34
GLY-1.6 3.75 34 (29) 26

2: in the combustion process; °: via the Sherrer equation—size of major phase indicated outside parentheses—
MgV,0¢ and Mg, V,07 for GLY-0.7, 0.9, 1.3, and 1.6, Mg3V,03 for GLY-1; size of MgO shown in parentheses.

Figure 1. SEM images of VO, /MgO catalysts: GLY-0.7 (a), GLY-0.9 (b), GLY-1 (c), GLY-1.2 (d), and
GLY-1.6 (e).

While total gas volume released during combustion synthesis does not change sig-
nificantly with the fuel ratio, the rate of gas evolution may. Higher fuel-to-oxidizer ratios
lead to more vigorous, self-propagating combustion, followed by faster cooling, changes
which significantly affect crystallite size and porosity. Although pore dimensions do not
systematically shift with the fuel ratio, variations in reaction kinetics and heating rate
modulate pore structure via rate-dependent gas release [33].

The X-ray diffractograms of the powders are presented in Figure 2. It has previously
been reported that phase differences can be controlled by varying the fuel content [8,10].
The diffraction patterns of all the samples, except for the GLY-1.6, show dominant peaks
attributed to magnesium oxide found at 26 values of 44.3° and 62.5°. The GLY-1 sample was
previously synthesized in a study where the presence of both magnesium orthovanadate
and magnesium pyrovanadate was confirmed [14,15]. However, as indicated in Figure 2,
magnesium orthovanadate appears to display as dominant peaks for GLY-1. Diffraction
lines, corresponding mainly to magnesium metavanadate and pyrovanadate phases, were
observed for the other samples. Although they have low intensities, they are approximated
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to be the major phases. The low intensities are an indication that the vanadate phases are
either highly dispersed, microcrystalline, or below the detection limit. These peaks are
expected to appear generally between 20 and 40° 20 [34-36].

®MgO :MgV,0 *Mg,V,0, & Mg,V,0,
©

Intensity (a.u)
°

10 15 20 25 30 35 40 45 50 55 60 65 70
2 theta (degrees)

Figure 2. XRD diffractograms of the VO,/MgO catalysts: GLY-0.7 (a), GLY-0.9 (b), GLY-1 (c),
GLY-1.3 (d), and GLY-1.6 (e).

The fuel-lean and fuel-leaner synthesized samples showed very sharp peaks, indica-
tive of relatively higher crystallinity and large crystallite sizes; however, these peaks are
related to MgO. Another important feature is the increase in the intensities of the vanadate
peaks as more fuel is added. Murugan et al. [20] attributed this effect to the fact that
increasing the glycine mole ratio results in an excess of organics, which quenches the com-
bustion process, leading to lower flame temperatures. On the other hand, Lima et al. [16]
noted that the calculations used to estimate the flame temperatures assumed that atmo-
spheric oxygen is responsible for the combustion of the excess glycine, yet burning excess
fuel using atmospheric oxygen is not efficient, owing to its low diffusion and factors
involving heterogeneity.

2.3. Scanning Transmission Electron Microscopy—Electron Energy Loss Spectroscopy

Figures 3 and 4 show scanning transmission electron microscopy—electron energy
loss spectroscopy (STEM-EELS) images, along with maps of the distribution of Mg, O,
and V, and a false color overlay of Mg, O, and V distribution for the samples GLY-0.7
and 0.9. These samples show a uniform distribution of V within the area of study and
display nanocrystallinity. The diffraction spots in the SAED image are consistent with
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magnesium vanadate formation. This is consistent, especially for the GLY-0.9 sample, with
data obtained from Raman analysis.

Magnesium oxygen

vanadium

Figure 3. EELS spectrum image (A), SAED pattern, and elemental distribution maps (B) generated
from STEM-EELS analysis for GLY-0.7.

Vanadium

Figure 4. EELS spectrum image (A), SAED pattern, and elemental distribution maps (B) generated
from STEM-EELS analysis for GLY-0.9.
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Figure 5 shows the result of a STEM-EELS spectrum imaging study of a representative
area in GLY-1, as well as elemental distribution maps for Mg, O, and V, which are shown
along with V concentration and a false color overlay of the distribution maps.

Magnesium Oxygen

vanadium

10 1/nm-

Figure 5. EELS spectrum image (A), SAED pattern, and elemental distribution maps (B) generated
from STEM-EELS analysis for GLY-1.

Figures 6 and 7 show STEM-EELS spectrum images (A), along with maps of the distri-
bution of Mg, O, and V and a false color overlay of Mg, O, and V distribution for the GLY-1.3
and GLY-1.6 catalysts, respectively. The diffraction patterns (concentric rings in the SAED)
of these samples indicated amorphous phases, with very little indication of order or crys-
tallinity. The EELS spectrum showed a clear separation of the vanadium and magnesium.
The absence of spots made it difficult to index the magnesium vanadate phases.

Magnesium

vanadium

10 1/nm

Figure 6. EELS spectrum image (A), SAED pattern, and elemental distribution maps (B) generated
from STEM-EELS analysis for GLY-1.3.
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vanadium

Figure 7. EELS spectrum image (A), SAED pattern, and elemental distribution maps (B) generated
from STEM-EELS analysis for GLY-1.6.

2.4. X-Ray Absorption Near-Edge Structure (XANES)

The relationship between the coordination structure and the catalytic properties of
V/MgO catalysts is crucial for the catalytic applications of these materials. Vanadium
speciation (oxidation state and local environment/symmetry) can be better understood
using XANES [37]. The literature suggests that the best method to evaluate both the
oxidation state of vanadium and symmetry consider the pre-edge peak area or intensity
and its centroid energy position [38]. In various studies, the oxidation state of vanadium is
determined by using the position of the absorption edge, as with an increase in the valence
state, it shifts to higher energies. Also, the intensity of the pre-edge (1s core levels to the
empty 3d levels) peak is used to qualitatively obtain information on the symmetry [39,40].
For octahedral symmetry (Oy), the pre-edge peak intensity will be zero around the absorber
atom, whereas it will have a higher intensity in the case of tetrahedral symmetry (Tq4) [38].
In our study, normalized pre-edge peak information is used to evaluate the local symmetry
around the V atom.

Figure 8 shows the stacked normalized XANES spectra for the vanadium samples
under investigation. The pre-edge peak position depends on the oxidation state [39,41,42].

The absorption edge energy (5469 eV) was similar for samples GLY-0.7, GLY-0.9, GLY-1,
and GLY-1.3, with a slight shift to lower energies observed for the GLY-1.6 sample (5468 eV).
The differences in vanadium coordination environments at different fuel-to-oxidant ratios
in solution combustion synthesis can be attributed to both thermal and kinetic factors.
The fuel-to-oxidant ratio fundamentally controls the adiabatic flame temperature during
combustion. GLY-1.6 has a higher glycine content, which leads to higher combustion
temperatures and more reducing conditions, while GLY-0.7 with a lower glycine content
will have lower temperatures and more oxidizing conditions [43]. We also observed this
trend in increasing adiabatic temperature with an increase in fuel (Table 1). The combustion
process involves rapid heating rates (>1000 °C/min) followed by quick cooling, creating
kinetically modified phases rather than thermodynamically equilibrated structures. This
is because higher temperatures (fuel-rich) promote rapid nucleation of specific vanadium
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oxide phases [43,44]. For all samples, the pre-edge peak around 5470 eV corresponds to V°*
in tetrahedral coordination, while the post-edge around 5480-5515 eV represents V4 /V>*
in octahedral environments. It is noteworthy that two peaks were observed in the post-
edge region. The first peak at ~5488 eV represents single scattering from the oxygen atoms
nearest to vanadium, and the second peak at ~5510 eV represents V-O-V multiple scattering.
A tabulated summary can be found in Table S1 in the Supplementary Information.

fuel:oxidant = 1.6 (GLY-1.6)
fuel:oxidant = 1.3 (GLY-1.3)
- fuel:oxidant = 1 (GLY-1)

fuel:oxidant = 0.9 (GLY-0.9)
fuel:oxidant = 0.7 (GLY-0.7)

Normalized absorption (a.u.)
1 " 1 "

r T T T T T T
5450 5475 5500 5525 5550

Energy (eV)

Figure 8. XANES spectra of the VO, /MgO catalysts.

2.5. Catalytic Testing
2.5.1. Product Selectivity at Iso-Conversion

The performance of the catalysts was compared at an iso-conversion of 10 &+ 1% under
the same reaction conditions. Only GSHV was varied where needed to affect the n-octane
conversion. Figure 9 shows the product selectivity obtained over the catalysts at different
fuel-to-oxidant ratios at iso-conversion. For the samples GLY-0.7, GLY-0.9, and GLY-1,
the selectivity towards octenes is 33, 53, and 55%, respectively. The GLY-1.3 and GLY-1.6
samples gave lower selectivity to octenes, while the selectivity to carbon oxides (COy)
increased (61% and 64%, respectively). This trend was ascribed to the small pore size as
well as the higher quantity of the pyrovanadate and metavanadate phases being present, as
established from XRD analysis. The higher octene selectivity for GLY-1 was ascribed to this
catalyst having magnesium orthovanadate in a higher proportion in relation to the other
vanadate phases [45,46].
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100 -
901
80 -
701
60 -
50 -
40-
301
20-
10-

0.

Selectivity (mol%)

GLY-0.7 GLY-0.9 GLY-1 GLY-1.3 GLY-1.6

Figure 9. Selectivity at 10% iso-conversion VO,/MgO catalysts (reaction conditions: tempera-
ture = 400 °C, feed = 5% n-octane, C:O = 8:2 and GHSV = 17,500 h !, 16,600 h ! and 14,750 h ! for
GLY-0.7, GLY-0.9 and GLY-1, respectively. For GLY-1.3 and 1.7, GHSV = 8602 h1). Octenes (orange),
aromatics (green), dienes (light purple), cracked products (yellow), COx (blue), and C8 products
constitute octenes, aromatics, and dienes (dark purple).

2.5.2. Effect of Temperature

The data in Figure 10 shows the effect of the reaction temperature on octane conversion,
and the corresponding selectivity is given in Figure 11. It is observed that the conversion of
n-octane increased from 400 °C to 500 °C.

25
. [ = GLY07
* GLY-0.9
— A GLY-1
o 20 [ J
2 " A| v GLY-13
g N ¢ GLY-16
] v
G154 a
2
= M N
5 =
©104 v
o .
©
B
Q
c 54
0 ) T ) N )
400 450 500

Temperature (°C)

Figure 10. Temperature as a function of n-octane conversion (reaction conditions: feed = 5% n-octane;
C:O =82 and GHSV = 8602 h—1).
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© 304 o 304
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0- 0-
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Temperature (°C) Temperature (°C)

Figure 11. Selectivity as a function of temperature for the catalysts (a) GLY-0.7, (b) GLY-0.9, (c) GLY-1,
(d) GLY-1.3, and (e) GLY-1.6 (reaction conditions: feed = 5% n-octane, C:O = 8:2 and GHSV = 8602
h~1). Octenes (orange), aromatics (green), dienes (light purple), cracked products (yellow), COx
(blue), and C8 products constitute octenes, aromatics, and dienes (dark purple).

Generally, when operating at high temperatures during ODH, undesirable side reac-
tions become difficult to control. One of these side reactions is cracking [47] and complete
combustion to CO,. For catalysts GLY-0.7, GLY-0.9, and GLY-1, the selectivity towards ODH
products increased with a corresponding decrease in CO, selectivity. The data in Figure 11
suggest that the decrease in COy selectivity is due to the contribution of the increase in the
formation of aromatic compounds. Therefore, at temperatures 450 and 500 °C, C8 aromatic
formation was more favorable than combustion.

The stable aromatic nucleus in C-8 aromatics is responsible for their formation and the
decreased production of carbon oxides [48]. Also, since ODH reactions can proceed either
via electrophilic or nucleophilic attack of the alkane, depending on the oxidation state of the
cation and its coordination environment, more nucleophilic oxygen species were probably
present in the GLY-0.7, GLY-0.9, and GLY-1 catalysts. It has been established, through
XRD and high-resolution transmission electron microscopy, that these catalysts contained
magnesium vanadate phases, which could have influenced the selectivity towards ODH
products. Also, these phases provide monomeric VOy species, which have an excellent
redox nature and release nucleophilic oxygen species that are crucial for ODH. The fuel-rich
synthesized catalysts, viz. GLY-1.3 and GLY-1.6 show the opposite trend. Octene isomers
and aromatics decrease as the temperature is increased, resulting in an increase in COy
formation. This is likely because these samples contain higher content of the MgO phase,
which has been shown to favor COy formation [49], and/or amorphous V,0s.

2.6. Mechanistic Insights

The literature reports provide valuable mechanistic insights into the role of VO, species
in the oxidative dehydrogenation (ODH) of short- and medium-chain alkanes [50-52].
Building on correlations between physicochemical characterization and catalytic perfor-
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Surface Activation and VOx Dispersion:
orthovanadate provide well-dispersed
VOXx species with accessible V°* sites,
facilitating adsorption of n-octane and
activation of C-H bonds.

o

Step 1l
(reoxidation)

VN,

mance data, the present work proposes a mechanistic interpretation for the role of VO,
species in the ODH of n-octane, as illustrated in Figure 12. Notably, variation in the glycine-
to-oxidant molar ratio was found to markedly influence the combustion temperature
(Table 1). Based on XRD evidence, it appears that the stoichiometric sample (GLY-1) gener-
ated sufficient thermal energy during synthesis to favor the formation of the orthovanadate
phase as the dominant crystalline phase, comprising primarily isolated VO, species. At
the same time, XRD results also indicated that the stoichiometric sample yielded smaller
crystallites of the MgO phase, which aided in improving the dispersion of these isolated
VO, species.

Step |

R-H = n-Octane (initial state and

adsorption of substrate)

Octane adsorbs on isolated VO,
tetrahedra in the orthovanadate
phase

Initiation
B-H abstraction

The V5* centers abstract

hydrogen from n-octane, \'} ]
forming octenes and HO™ | ~OH
reduced vanadium species OH

(V4*), which are then
reoxidized by molecular
oxygen, completing the
catalytic cycle.

z-H abstraction
by 2nd adjacent

VO, unit
Stepll
‘ﬁ_\ 1 1V]
/V\
H,O HO™ | "OH
OH

- Initial state: Magnesium vanadates with V>* active sites
dispersed on MgO support.

« Adsorption: n-Octane molecules adsorb onto V°* sites.

» Reaction step: Hydrogen is abstracted, forming
olefins/aromatics, V3* reduces to V4*.

« Reoxidation: V** sites are reoxidized by O,, regenerating V°*.
« Influence of synthesis conditions: Higher flame temperature
and phase purity promote the formation of active vanadates;
excess fuel leads to larger VOx crystallites and reduced activity.

Figure 12. Proposed reaction scheme for the catalytic ODH reaction of n-octane to octenes.

In contrast, excess fuel results in the formation of larger crystallites and also promotes
the formation of magnesium pyrovanadate and metavanadate as the dominant vanadate
phases. These phases contain VO, tetrahedra arranged as corner- or edge-sharing units,
which have been reported to exhibit lower selectivity toward alkenes [51]. Consequently,
the presence of the magnesium orthovanadate phase in the stoichiometric sample cor-
related with enhanced catalytic activity. Experimental evidence further indicates that
vanadates formed under optimal combustion conditions stabilize vanadium predominantly
in the higher oxidation state (V>*), which is catalytically active for ODH. This finding is
corroborated by the XANES results.
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Figure 12 illustrates the proposed dominant reaction pathway, in which isolated
magnesium orthovanadate species containing V°* active sites are dispersed on the MgO
support. In the initial step, n-octane molecules interact with lattice oxygen to generate
surface hydroxyl species and alkyl radicals. Subsequent hydrogen abstraction yields
olefins and/or aromatics, accompanied by the reduction of V>* to lower oxidation states.
The reduced vanadium sites are subsequently reoxidized by molecular oxygen, thereby
regenerating the V>* centers and closing the catalytic cycle.

In summary, the experimental findings demonstrate that under optimal combustion
conditions, magnesium orthovanadate phases with well-dispersed V°* centers are formed,
which are essential for the effective ODH of n-octane. The phase composition, dispersion,
and oxidation state of VOy species are thus key parameters governing catalytic performance.

3. Experimental Section
3.1. Catalyst Synthesis

Five VO,/MgO catalysts were prepared using glycine (SaarChem, Deutschland
GmbH, Germany) as a fuel and complexing agent. For calculations of amounts of pre-
cursors, the same procedure as previously reported was followed [15]. One material
(stoichiometric/GLY-1) was previously reported [15] and is compared to materials in this
study. The main controllable variable in this procedure is the fuel-to-oxidant molar ratios.
Two of the samples were made under fuel-lean conditions (GLY-0.7 and GLY-0.9), while
the other two were prepared with an excess of fuel (GLY-1.3 and GLY-1.6) (Table 4). The
preparation and characterization of the stoichiometric sample are discussed in detail in [15].
A 15% loading by weight of V,05 was targeted during the preparation, with an expected
yield of 12 g of the catalyst. Depending on the nature of the combustion reaction with
regard to sample sputtering, the mass yielded ranged between 11 g and 12 g.

Table 4. Sample description and notation.

Catalyst Name Fuel-to-Oxidant Molar Ratio Description
GLY-1.6 1.6:1 glycine richest
GLY-1.3 1.3:1 glycine rich

GLY-1 1:1 stoichiometric
GLY-0.9 0.9:1 glycine lean
GLY-0.7 0.7:1 glycine leanest

3.2. Catalyst Characterization
3.2.1. X-Ray Studies

For confirmation of the elemental composition of the synthesized catalysts, X-ray
fluorescence spectrophotometry (XRF) was conducted using a Rigaku (Tokyo, Japan) NEX
CG spectrometer. This instrument allowed for simultaneous multi-element spectral mea-
surement, using the Squatter Quant Fundamental Parameter (SQFP) and reference methods.
Standard reference elements with known energies were used for calibration. X-ray pow-
der diffraction (XRD) patterns were collected using a Rigaku (Tokyo, Japan) MiniFlex600
(equipped with a sealed ceramic X-ray tube with a copper anode, Tokyo, Japan). For phase
identification, SmartLab Studio II v4.5.421.0 software was used.

This instrument was operated at 40 kV and 40 mA with a Co K« source of radiation.
The 26 angle ranged between 10° and 70° at a speed of 1°/min with a step size of 0.02°,
and all data were captured by a Sietronics 122D automated microprocessor.

Ex situ XAS measurements were undertaken at the Diamond Light Source, UK, at
beamline B18 (bending magnet). Measurements of the V K edge spectra were performed
in transmission mode at ambient temperature. The energy scans were performed above
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and below the absorption edges of V (~5465 eV) over the span of 950 eV (step size 0.22 eV).
Approximately 5 mg of the active material was scraped off the film and homogenously
ground with dried cellulose (approx. 25-30 mg). The samples were then pressed into
8 mm diameter pellets (thickness of ~1 mm) before being transferred into a custom-built
(DLS) transfer chamber with X-ray-transparent windows inside an Ar glove box. Helium
was used to purge the measurement chamber to minimize background absorption of the
incident X-rays. To avoid air exposure, the samples were measured at an overpressure
of He. The beam size had dimensions of 200 pm x 250 pm. In order to improve the
signal-to-noise ratio, three consecutive spectra were collected from each sample. This was
also performed to avoid beam damage or instability in the samples. For transmission-mode
measurements, ionization chamber detectors were utilized. During the XAS recordings,
simultaneous measurement of a V foil standard was performed for energy calibration.
X-ray absorption spectra of all the compounds were recorded under similar conditions.
The Athena program in the Demeter package running IFEFFI was used for background
correction, energy calibration, data merging, analysis, and peak fitting.

3.2.2. BET Surface Area Analysis

Surface area, pore volume, and N, adsorption—desorption measurements were ob-
tained by N, physisorption isotherms at 77 K using a Micromeritics (Norcross, GA,
USA) 3Flex.

3.2.3. Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were obtained using a Zeiss (Oberkochen,
Germany) LEO1450 Scanning Electron Microscope. The powders were coated with gold
using a Polaron SC Sputter Coater before imaging.

3.2.4. Aberration-Corrected Transmission Electron Microscopy

Transmission electron microscopy (TEM) was performed using a double-aberration-
corrected JEOL (Tokyo, Japan) JEM-ARM 200F operated at 200 kV and equipped with an
Oxford Xmax 100 EDS detector (Abongdon, UK) and Gatan GIF 965ERS (Pleasanton, CA,
USA) with dual EELS capability. Imaging and analysis of the samples were performed
in TEM using parallel illumination and scanning mode (STEM), using a sub-angstrom-
sized probe with a probe current between 68 pA and 281 pA. Probe current conditions
were selected to optimize the beam current but, at the same time, minimize the risk of
beam damage to the specimen. The EELS spectrum imaging was performed using a
0.5eV or 1 eV energy channel width for an energy range containing 2048 channels. The
FWHM of the zero-loss peak was measured at 1.5 eV. EELS elemental distribution and
compositional maps were generated using a model-based (Hartree-Slater) quantification
routine (excluding ELNES) [53]. The SAED imaging was performed in TEM mode using
parallel illumination. Recording of images was performed using a GATAN Ultrascan
SC1000 2K camera (Pleasanton, CA, USA).

3.3. Catalytic Testing

Catalysts were tested using a continuous flow, fixed-bed reactor. The reactor tube was
a %" (outer diameter), grade 316 stainless steel tube supplied by Swagelok, which was then
cut to a length of 34 cm. The catalyst bed contained 1 mL (corresponding to 0.45 g) of the
solid catalyst with pellet sizes in the range of 300-600 pm. Catalysts were diluted using
1 mL of 24-grit carborundum, and the catalyst bed was placed at the isothermal zone of the
reactor tube. All voids in the reactor tube were filled with 24-grit carborundum. A feed
containing 5 vol. % n-octane in air (oxygen-rich) was used for the testing at a fixed flow
rate. The catalyst volume was adjusted to obtain the GHSV of 8602 h~!. A C:O ratio of 8:2
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was used, which corresponds to a ratio of one molecule of n-octane (8 moles of C) to one
O, molecule (2 moles of O). Bronkhorst HIGH-TECH mass flow controllers were used to
feed the oxidant (O,) and the diluent (Ny) into the system. The feed was introduced using
a Series II HPLC Pump. Total flow rates of the gaseous products were measured using a
Ritter-type wet gas flow meter (WGFM), which was used to measure the total flow rates of
the gaseous products.

Catalyst testing was conducted over several days, with sampling performed randomly
as the reactions were under steady state. Catalytic testing was performed between 400 °C
and 500 °C. All data points were duplicated, and carbon balances were 100 & 2%. All the
gaseous samples were drawn using a gas-tight syringe for GC analyses through a septum
fitted into a T-piece placed on the gas vent. A cylindrical stainless steel vessel was used
to collect all the liquid products. This was cooled to 3.0 °C using an FHM Instruments
refrigeration chilled unit. The CO, (CO and CO,) produced was quantified on a Perkin
Elmer Clarus 400 GC fitted with a 30 m x 530 um Supelco Carboxen 1006 PLOT column and
a thermal conductivity detector (TCD). A Shimadzu GC-2025 (Kyoto, Japan), fitted with a
50 m x 200 pm Gas Chromatograph and a flame ionization detector and a 50 m x 200 pm
PONA capillary column, was used for hydrocarbon product (gaseous and liquid) analysis.

4. Conclusions

This study showed that it was possible to tune the fuel-to-oxidant ratios to obtain
material with different catalytic properties. Flame temperature, surface area, oxidation
state, coordination environment around the V atom, and crystallite size can be controlled
by adjusting the redox nature of the combustion process. The heat generated in all fuel
conditions, except the stoichiometric condition, was not controlled enough to form well-
crystallized magnesium vanadate phases. The samples prepared in the fuel-lean regimes
displayed the highest adiabatic temperatures. The GLY-1.6 catalyst synthesis showed the
lowest adiabatic flame temperature. This was ascribed to the dissipation of heat caused
by the large amounts of gaseous products released at these fuel conditions. While there
were differences in the calculated adiabatic flame temperatures between the syntheses,
the catalytic results showed that the main contributing factors to the selectivity profiles
were the presence and amount of magnesium vanadates formed and the crystallite size.
The coordination and oxidation state of vanadium also played a role. Results in the ODH
of n-octane demonstrated that the catalyst prepared with a stoichiometric fuel-to-oxidant
ratio gave the best catalytic performance. Conversions of 11% with selectivity towards
octene isomers of just over 50% were obtained, combined with a selectivity of 12% to C-8
aromatics and, correspondingly, the lowest COy selectivity. Thus, the selectivity of ODH
products was highest than this catalyst. This corresponded well with the crystallite size,
surface area, and the presence of magnesium vanadates.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/inorganics13120389/s1, Figure S1: Variation of adiabatic flame temperature
as a function of glycine-to-nitrate ratio; Figure S2: N, Adsorption-desorption isotherms for (a) GLY-
0.7, (b) GLY-0.9, (c) GLY-1, (d) GLY-1.3 and (e) GLY-1.6; Figure S3: Pore size distribution for (a) GLY-0.7,
(b) GLY-0.9, (c) GLY-1, (d) GLY-1.3 and (e) GLY-1.6; Figure S4: Pre-edge plot of the VO, /MgO catalysts;
Table S1: Summary of the XANES data for the GLY samples measured at the V K-edge; Table S2:
Standard values and thermodynamic parameters used in the calculations of adiabatic combustion
temperature (NIST WebBook). Reference [54] is cited in the Supplementary Materials.
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