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Abstract: Autothermal oxidative coupling of methane (OCM) is a highly attractive approach for
methane utilization. If platinum-based catalysts are operated in short-contact-time reactors with high
space velocities, high methane conversion can be achieved. Using a 1 wt.% Pt/Al,Oj3 catalyst as a
benchmark, the present study elucidates how different dopants, namely Ni, Sn, and V,05, affect
the OCM reaction. Kinetic catalyst tests reveal that acetylene (C;Hy) is the predominant C, product,
irrespective of the catalyst formulation or operation conditions. Furthermore, the use of bimetallic
catalysts allows either for the maintenance or even the improvement of the C, selectivity during
OCM, which is attributed to synergistic effects that occur when expensive Pt is partially replaced
by cheaper dopants. In particular, the 1 wt.% Pt/ Al,O3 reference catalyst yielded a maximum C;
selectivity of 8.2%, whereas the best-performing doped sample 0.25 wt.% Pt 0.75 wt.% V,05/Al, O3
yielded a total C; selectivity of 11.3%.

Keywords: oxidative coupling of methane; doping; heterogeneous catalysis; gas-phase reactions;
methane upgrading

1. Introduction

With fossil resources depleting and increasing in cost, alternative sustainable ap-
proaches toward base chemicals are becoming more and more relevant [1]. In the context
of hydrocarbon chemistry, methane (CHy) as the simplest hydrocarbon is extremely versa-
tile [2,3] and is therefore used in a wide variety of seminal applications, i.e., dry reforming
for syngas synthesis or methane pyrolysis for H, production [4-7]. Although its high
abundancy as the main component of natural gas [8] is currently limited due to geopolitical
factors at least in Europe [9], sustainable processes such as the fermentation of biomass [1]
or the conversion of excess renewable energies, e.g., from wind, solar, or water [10], into
methane via so-called power-to-gas processes are feasible alternative CHy sources. Ulti-
mately, CHy gained from these processes may allow independence from fossil resources
and may likewise lead to a transition toward a renewable and green chemical economy.

The main challenge during methane utilization is the activation of the stable C-H
bond of the symmetric CHy molecule, whose cleavage requires comparably high energy
levels [8], which may be one of the main reasons that the vast majority of methane is
exploited thermically during combustion processes [3]. However, proper catalytic systems
can overcome this obstacle. For instance, by means of catalytic partial oxidation (CPOX,
Equation (1)) [11] that commonly relies on catalysts based on platinum group metals
(PGM) [11,12] or in some cases, also on Ni-based materials [13,14], methane is frequently
converted into syngas (CO and H,):

CH;+050, = CO+2H, (1)

Subsequent processing, e.g., via the Fischer-Tropsch process, allows for the conversion
of the obtained syngas into higher hydrocarbons like aliphates and alcohols [15]. Although
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almost all industrially relevant (hydro)carbon-based compounds can be synthesized via this
process chain, a process that directly yields higher-ordered hydrocarbon species without the
necessity of an additional reaction step would be of both economic and ecological appeal,
since reducing the number of process steps facilitates an efficient use of resources. In this
regard, the oxidative coupling of methane (OCM) according to Equations (2)—(5) [16,17] is a
promising approach to directly convert methane into C; species under oxidative conditions.

2 CH4 +0.5 02 — C2H6 + Hzo (2)
2 CH4 + Oz — C2H4 +2 HzO (3)
2CH4 +150, — CyHy + 3 H,O (4)
C2H6 +0.5 02 — C2H4 + HzO (5)

As first discovered by Keller and Bhasin in 1982 [18], OCM couples two methane
molecules to form C, species (Equations (2)—(4)). Equation (5) exemplarily shows a dehy-
drogenation step from ethane (CyHj) to ethylene (C;Hy), which can occur at sufficiently
high temperatures [19]. Lunsford [20] investigated these reactions and their underlying
mechanism in more detail and found them to be highly dependent on both homogeneous
and heterogeneous catalysis. Solid—gas interactions between the CH,; molecule and the
catalytically active surface sites weaken and ultimately split the C-H bond, resulting in
CHje radicals that can then form C,Hg by recombination in the gas phase. A recent study
by Zhou et al. [21] identified this radical formation capability as particularly crucial for a
high activity of OCM catalysts.

Among the many materials that were suggested as suitable OCM catalysts, Mn-
Nap;WO,/SiO; is currently considered as one of the most active and hence promising
formulations [22-25], since it allows for a C; yield of 20% and a maximum methane
conversion of about 45% [22]. Analogous to other non-precious metal-based systems
containing lanthanoids [26,27], alkali metals [28], or alkali earth metals [29], these catalysts
mainly yield ethane and ethylene. However, further oxidative dehydrogenation (ODH) to
the base chemical acetylene (CyHy) can further increase the product value and is therefore
desirable. Vanadium pentoxide (V,0s) [30] and platinum (Pt) [31,32] have been reported
as suitable materials for catalyzing the ODH of alkanes, and there are reports on a further
activity increase in platinum upon doping with tin (Sn) or copper (Cu) [33]. Notably, the
usage of platinum and rhodium as catalytically active materials for the OCM reaction as
reported in 1998 by Hohn et al. [4] results in methane conversions well above 50% and
most importantly directly yields C,Hj, hereby offering a higher efficiency than non-noble
metal-based materials. Herein, short contact times between the reaction gases and the
foam-like, Pt-loaded monolithic substrate in the range of milliseconds resulted in high
temperature levels and were a prerequisite for high activity and selectivity. Moreover,
recent microkinetic studies by Chawla et al. [19,34] revealed gas-phase reactions occurring
at high temperatures to be crucial for the formation of C; species for the platinum-catalyzed
OCM (Pt-OCM). The interplay between support dopants and their impact on the CHze
formation was investigated in a recent experimental study in our group [35].

Current C,H; synthesis processes (e.g., calcium carbide technology or partial pyrolysis)
commonly rely on high temperatures and therefore exhibit a high energy demand, which
results in comparably high production costs [36,37]. Catalyst-based Pt-OCM at short contact
times, on the other hand, offers the potential to directly yield acetylene during autothermal
reactor operation; due to exothermic reactions catalyzed by platinum, the reaction sustains
itself after a short ignition phase, without any further energy input [4,35]. Consequently,
Pt-OCM is highly attractive in principle from an economic point of view; however, ensuring
high catalyst durability and product selectivity remain challenging.

Since precious metals such as platinum are expensive and become progressively
scarce, our present study investigates the effect of dopants on the Pt-OCM, with the aim to
maintain high methane conversion and to achieve high C, product formation—in particular
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aiming at a high C,H, selectivity—while reducing the noble metal content. For this, Pt-X
catalysts are prepared in different ratios with X as Ni, Sn, and V,0Os, since these materials
are commonly applied in several hydrocarbon reactions like ODH [30,33,38], CPOX [39,40],
and OCM [40-42]. We elucidate the impact of the catalyst composition on the different
product selectivities and aim at understanding the effect of dopants in such bimetallic
systems, while keeping the overall metal loading of the catalyst constant. With regard to
activity and selectivity, monometallic Pt-only catalysts serve as benchmark systems.

2. Results
2.1. Selectivity Toward C, Species

Figure 1 shows the total selectivity toward the C; products, namely CoHg, CyHy,
and CyH)y, as a function of the dilution (N content in feed) for the different catalysts
at a gas hourly space velocity (GHSV) of 458,000 h—!. The data points at a dilution of
50 vol.% Ny clearly demonstrate that the majority of the bimetallic catalysts achieve very
similar selectivity levels as the 1 wt.% Pt/ Al, O3 catalyst (black squares), while the 0.5 wt.%
Pt/ Al,O3 catalyst (orange circles) has the lowest total C, selectivity at this operating
point. As at this dilution value the total C; selectivity is generally the highest, 50 vol.%
Ny, is used as a general reference point in this study. Although the bimetallic samples
have a lower noble metal content than the monometallic 1 wt.% Pt/ Al,O3 catalyst, their
selectivity is competitive for most of the formulations. Under consideration that the
bimetallic samples with a Pt:X ratio of 1:3 contain only 0.25 wt.% Pt and nevertheless
show higher C; selectivities than the 0.5 wt.% Pt/Al,O3 catalyst, we can conclude that the
addition of suitable non-noble metal components can substantially reduce the need for
precious metals without a relevant selectivity loss. Especially at higher dilutions (>55 vol.%
N»), these catalysts exhibit a higher C, selectivity compared to the monometallic samples
and the catalysts with a Pt-X ratio of 3:1.
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Figure 1. Total C, selectivity versus N, dilution for the investigated catalysts at 458,000 h—! and a
C:O ratio of 0.55.

Analyzing the contribution of different C; species to the overall C, selectivity at a
dilution of 50 vol.% provides further insight into the different catalytic systems. Figure 2A
shows the CoHj selectivity for the catalysts subject to this study. The Ni-doped catalysts
and the 1 wt.% Pt/Al,Os3 reference catalyst exhibit the highest CoH, selectivity (8.7%),
followed by the V,0Os-doped and the 0.5 wt.% Pt/Al,O5 catalyst (both about 8%). The
lowest selectivity of approx. 7% was observed for the Sn-doped catalysts. Below a dilution
of 50 vol.% Ny in the feed, all catalysts show an identical behavior for all three C, products;
solely Pt-Sn (3:1) extinguished when changing the operation parameters. With respect to
the CyHjy selectivity (Figure 2B), the trends observed for the samples tested in this study
differ. While the monometallic catalysts and the Ni-doped Pt-Ni (3:1) catalyst produce less
CyHy than the other formulations, a steep increase in CoHy selectivity to approx. 6% is
observed over Pt-5n (1:3) and Pt-V,0s5 (1:3) at a N, feed content as high as 55 vol.%. A



Catalysts 2024, 14, 785

40f17

>

further decrease in the dilution causes a drop in C;Hy selectivity to levels similar to the
other catalysts, and C,Hj selectivity increases steeply. Analogously, the maximum CyHg
selectivity of almost 2% over Pt-Sn (1:3) and Pt-V,05 (1:3) at a N, dilution of 55 vol.%
clearly exceeds that of the other catalyst samples, which show a continuous decline from a
level as low as 0.5% for a N, content of 80 vol.% to almost zero at 50 vol.% dilution and
below (Figure 2C).
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Figure 2. The selectivity toward the different C; species CoH; (A), CoHy (B), and CoHg (C) at a GHSV
of 458,000 h~! and a C:O ratio of 0.55.

Using the data point with a N, content of 50 vol.% as a reference point, we can
conclude that in terms of C; selectivity, the 0.5 wt.% Pt/ Al,O3 catalyst shows the worst
performance among the tested samples. Notably, the overall C, selectivities in general
(Figure 1) and the C,H; selectivities in particular (Figure 2A) are similar for all doped
catalysts and the 1 wt.% Pt/Al,O3 sample, although the Pt-X (1:3) catalysts contain only
0.25 wt.% Pt. Hence, catalysts with a Pt-dopant ratio of 1:3 offer the greatest potential for
saving scarce and expensive noble metals, while maintaining the selectivity level.

Since the space velocity also plays a crucial role in product selectivity, further tests
were carried out at a lower GHSV of 295,000 h~! to investigate the Pt-X (1:3) catalysts in
more detail. Figure 3A depicts the total C; selectivity at a space velocity of 295,000 h—! for
the 1 wt.% Pt/Al,O3 and the 0.5 wt.% Pt/ Al,O3 sample as well as for the three Pt-X (1:3)
catalysts. All of them clearly exceed the performance of both monometallic catalysts irre-
spective of the dilution with N. The onset of C; species formation of the best-performing
catalyst Pt-V,05 (1:3) is found at 80 vol.% N;, whereas 0.5 wt.% Pt/ Al,O3 shows the lowest
selectivity and the formation of C; species only starts at y(N3) < 60 vol.%. Furthermore, the
Ni-containing catalyst behaves similarly to the 1 wt.% Pt/ Al,Os catalyst in the beginning,
starting to produce C, species at 65 vol.% N, dilution, but outperforming the monometallic
catalyst especially for lower dilution values.

Moreover, Figure 3B shows the composition of the total C; selectivity at a 50 vol.%
dilution and a space velocity of 295,000 h~1. In all cases, the most versatile and valuable C,
species, CoHj is the main C;, product, with each catalyst yielding a C; share of at least 80%
CyH; (based on the total C; selectivity). Since the CoHg selectivity was always lower than
0.3%, it is not considered for the diagram depicted in Figure 3B.
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Figure 3. (A) Total C; selectivity against the nitrogen content in the feed at a GHSV of 295,000 h—!
and a C:O ratio of 0.55. (B) The composition of the C; selectivity for the catalysts shown in (A) at a
dilution of 50 vol.%. Negligible C,Hg selectivities of less than 0.3% were found and are therefore not
considered in the graph.

2.2. Selectivity Toward Other Product Species

In addition to the C; species, other products are also formed. These are mainly byprod-
ucts of the OCM reaction such as H,O and valuable CPOX products, namely CO and H,
(Equation (1)). Figure 4 shows the selectivity toward CO and H,O (A and B, respectively),
the corresponding conversion of methane (C), and the temperature downstream of the
catalyst sample (D) at a GHSV of 458,000 h—!. These data reveal pronounced differences
between the investigated catalyst formulations, among which the Sn-doped catalysts stand
out in particular. Pt-Sn (1:3) by far shows the lowest CO selectivity when starting the
reaction at 80 vol.% N content in the feed, whereas the HyO selectivity exceeds the other
catalyst systems at almost all operation points. Furthermore, Pt-Sn (1:3) and the two other
bimetallic Pt-X (1:3; X = V,05, Ni) catalysts show the lowest CO selectivity over the dilution
range. At the reference point (50 vol.% N>), all catalysts exhibit comparable CO selectivities.
The Pt-V,05 (1:3) and both Sn-doped catalysts show the highest H,O selectivity of all
samples at 50 vol.% Nj content in the feed. On the other hand, in the range of 80 vol.% to
50 vol.% dilution, both Pt-Ni samples behave like the 1 wt.% Pt/Al,O; catalyst.

Overall, the most significant deviations in the HyO selectivity are observed for high
and moderate N, contents, whereas the values become more similar for all catalysts once
the N content falls below 50 vol.%. As a general observation, increasing the dopant content
in the catalyst from (3:1) to (1:3) lowers the CO selectivity by roughly 10% for dilutions
between 80 vol.% and 55 vol.%, whereas for the H,O selectivity, such clear correlations
could not be found.

These general trends remain identical for the measurements conducted at the lower
space velocity of 295,000 h! (Figure 5A,B). Especially for Pt-V,0s (1:3) and Pt-Sn (1:3), the
trends for the different product selectivities look very similar for both investigated space
velocities. Pt-5n (1:3) exhibits a significantly lower CO selectivity at high N, dilutions,
and Pt-V;,0s5 (1:3) shows a drop in CO selectivity at 60 vol.% Ny in the feed (Figure 5A).
For a GHSV of 295,000 h—!, the H,O selectivity of Pt-Sn (1:3) is exceptionally higher
throughout the N, variation and comes close to the values of the other catalysts at low
dilutions (<50 vol.%). Likewise, Pt-V,0O5 (1:3) shows a steep increase in HyO selectivity at
70 vol.% Ny in the feed and exhibits selectivity levels similar to those of the other catalysts
at dilutions lower than 45 vol.% for both investigated space velocities.
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Figure 4. The measured selectivity toward CO (A) and H,O (B), the methane conversion (C), and the

downstream temperature (D) of the investigated catalysts, plotted versus the nitrogen content in the
feed at GHSV of 458,000 h—! and a C:O ratio of 0.55.
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2.3. Methane Conversion and Temperature Evolution

Apart from the product selectivities, the conversion and temperature data can provide
additional insights regarding the impact of dopants on Pt-OCM. Figure 4C correlates the
methane conversion with the nitrogen content in the feed gas at a GHSV of 458,000 h~!.
While at 50 vol.% dilution the methane conversion values show a maximum deviation of
~7% and are therefore rather close to each other for every catalytic system, the trends differ
at higher N, contents. Both tin-containing catalysts as well as the Pt-Ni and Pt-V,05 (both
1:3) exhibit lower conversions than the monometallic catalysts and Pt-X (3:1; X = V,0s,
Ni). In analogy to the trends observed for the CO selectivity, both Pt-Sn (1:3) and Pt-V,05
(1:3) show a severe decrease in methane conversion at about 55 vol.% dilution, before their
activity increases again when lowering the N; content further, hereby coming closer to the
activity of the other catalysts at 50 vol.% dilution. Irrespective of the catalyst formulation,
the product gas temperature measured 0.5 cm downstream the catalyst (Figure 4D) increases
steadily with decreasing N content. Only Pt-Sn (3:1) shows a temperature drop at 50 vol.%
N, dilution, consistent with the selectivity and conversion drops observed at this dilution
(Figure 4A,C). The reaction over Pt-V,0s5 (1:3) results in the lowest temperature level,
whereas the use of monometallic 1 wt.% Pt/ Al,Oj3 results in the highest peak temperature.
At 50 vol.% N, dilution, for instance, the gas temperature was determined to be 1064 °C for
Pt-V,0s5 (1:3) and 1220 °C for 1 wt.% Pt/ Al;O3. Irrespective of the dilution, an almost total
conversion was observed for oxygen.

Analogous to the CO and H;O selectivity trends discussed in the previous section,
the temperature trends are similar for the two space velocities (GHSV = 295,000 h—! and
458,000 h1) tested within this study. The conversion of methane, for instance, increases
by about 2-3% when lowering the GHSV (Figures 4C and 5C). While the decrease in
conversion at about 60 vol.% Ny and a GHSV of 458,000 h~! is observed for the Pt-V,05
(1:3) catalyst at 295,000 h~! as well, Pt-Sn (1:3) exhibits this behavior only at a GHSV of
458,000 h—1. Nevertheless, compared to the other catalysts, Pt-Sn (1:3) shows the lowest
methane conversion of only 65% at high dilutions (vs. 80% for Pt-Ni (1:3), for instance,
which shows the second-lowest conversion at 80 vol.% N, dilution). The temperature
trend strongly depends on the catalyst formulation. While a change in space velocity
does not change the temperature evolution of the Pt-Ni (1:3) catalyst, decreasing the space
velocity from 458,000 h—! to 295,000 h~! leads to a steeper increase in temperature for
Pt-X (1:3, X = Ni and V;,0s5) and a slower increase for the monometallic catalysts. This is
also represented in absolute values at the reference point of 50 vol.% N; content. While
the temperature level over Pt-Ni (1:3) is almost the same for both space velocities, 1 wt.%
Pt/ Al,O3 loses about 200 °C and Pt-V,05 (1:3) is about 100 °C hotter when comparing the
temperatures at a space velocity of 295,000 h—! with those measured at 458,000 h—!.

3. Discussion

The results presented above suggest that the introduction of dopants is a feasible
strategy to reduce the noble metal content in OCM catalysts while maintaining an at
least identical magnitude of selectivity toward the desired products CoH; and C,Hy over
all bimetallic catalyst samples. This is particularly remarkable since the Pt content was
reduced by approx. 75% for the samples with a Pt:X ratio of 1:3. At a lower space velocity
of 295,000 h~1, the bimetallic catalysts even exceed the C; selectivity of the monometallic
Pt catalyst. Possibly, this higher activity is enabled by facilitated CHy activation due to the
presence of the dopants, which requires slightly higher residence times to be fully exploited.

Characterization data provide additional information on the different catalyst samples.
The N; physisorption data (cf. Supporting Information, Table 54) demonstrate that all
samples exhibit similar surface areas (>200 m?/g) and pore volumes (approx. 0.5 cm3/g).
As the only exception, Pt-V,0j3 (3:1) has a pore volume of approx. 0.4 cm? /¢ that is slightly
lower than any other catalyst. However, since this specific catalyst did not show exceptional
results, we considered the effect of these structural parameters on the catalytic activity
negligible for the materials subject to our study.
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Furthermore, only reflections that are characteristic for the support material are visible
in the XRD patterns of the fresh catalyst samples (Figure 6A), irrespective of the catalyst
formulation. The absence of characteristic reflexes for the noble metal and the dopants point
to either amorphous phases or, under consideration of the fairly low loading, more likely to
a fine dispersion of the active materials. As underscored by the X-ray diffractograms shown
in Figure 6B, the use of the catalysts under OCM conditions induces pronounced changes in
the catalyst structure. On the one hand, the XRD data suggest a transformation of y-Al,O3
into a-Al,O3, which typically takes place at temperatures above 1200 °C [43] as present
during the OCM reaction. As demonstrated recently, such support-related transformations
may be prevented by La doping of the support material [35]. On the other hand, noble metal-
related reflexes also become visible, despite the lower data quality that is a consequence
of the substantially lower sample amount available for characterization after exposure to
OCM reaction conditions and that is possibly further impacted by contamination with small
amounts of cordierite. Less than 50 mg of washcoat are coated onto a single monolithic
sample, which needs to be removed from the cordierite substrate prior to XRD analysis.
Reflexes, e.g., at 21.8° and 28.5°, are characteristic for PtO, [44], which suggests that
the oxidative reaction conditions and high temperatures evolving during OCM cause a
significant sintering of the Pt particles and their oxidation. Notably, the 0.5 wt.% Pt/ Al O3
catalyst shows the lowest Pt-related reflex intensities, although it is not the catalyst with the
lowest Pt loading. Furthermore, a higher Pt loading results in more intense PtOy reflexes
for samples doped with V,0O5 and Sn, whereas the diffractograms of the Ni-doped samples
with high and low Pt loading strongly resemble each other. These findings point to an
impact of the dopants on the noble metal, which supports implications of the catalyst
performance data discussed in detail in the previous sections. In addition to differences
in the particle sintering tendency and crystallinity, the dopants may also influence the
oxidation state of the platinum and its reducibility, which is of particular relevance for the
heterogeneous reactions taking place during OCM and should therefore be considered
during future investigations that aim at substantiating such structure-activity correlations.

The above-mentioned phase change of the support material from y-Al,O3 to x-Al,O3
is likely the reason for the drop in methane conversion and the corresponding drop in
C,Hj; selectivity as well as the increase in C;Hy and CyHg selectivity that is observed when
decreasing the dilution from 70 vol.% to 55 vol.%. At these dilution values, the catalysts
reach sufficiently high temperatures (Figures 4 and 5D) for provoking a phase change. In
this context, it is important to emphasize that the temperatures presented in this study were
measured downstream of the catalyst. Consequently, the temperature inside the catalyst is
expected to be much higher [4,34], which was also shown in a recent publication from our
group [19]. Once a new, stable material phase evolves, the catalytic system returns to stable
operation at a higher conversion level. Recently, we reported on similar trends for Pt/ Al,O3-
based samples operated under OCM conditions and found that the addition of 20 wt.%
LayOj3 to the y-Al,O3 support material can suppress the influence of the phase change
and thus the corresponding local activity minimum [35]. That this conversion and C,H,
selectivity minimum is most pronounced for Pt-V,0s5 (1:3) and Pt-Sn (1:3) (Figure 2A-C)
suggests that the dopants also undergo temperature-induced changes, as discussed in
more detail below. However, heterogeneous reactions are only one aspect during OCM,
because gas-phase chemistry is also believed to play an important role [19,20,34]. The
temperature of the effluent reaction gas and the C, species yield correlate (cf. Supporting
Information, Figure S1), as the formation of methyl radicals that can form C; species and
the dehydrogenation reactions of CoHg or CoHy that may take place subsequently require
sufficient amounts of thermal energy [4,21] and are therefore promoted by high reaction
temperatures. Additionally, for these high temperatures, C;H, is the thermodynamically
favored product among the C, species [45].
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Figure 6. Comparison of the X-ray diffractograms of the different (A) fresh and (B) used catalysts
of this study. The grey, compact lines in (A) show reflexes for y-Al,Os; in (B), the grey, dotted lines
mark o-Al,O3 reflexes and the x’s mark reflexes of platinum oxides.

Notably, according to the data obtained at 458,000 h~!, the best-performing catalyst
Pt-V,05 (1:3) shows an identical C; selectivity like the 1 wt.% Pt/ Al,Oj catalyst, although
the temperature (Tqownstream) 15 about 160 °C lower (Figures 1 and 4D). This points to an
active contribution of the V,O5 species within the typically Pt-governed OCM mechanism
and underscores the importance of an interplay between heterogeneous reaction pathways
governed by the catalyst material and gas-phase chemistry. We assume that the oxygen
atoms in the vanadium pentoxide surface species play a crucial role. V,0O5 is not only an
excellent oxidation catalyst; i.e., it is vastly applied for oxidizing SO, to SO3 during sulfuric
acid production [46], but it is also a common choice for selective catalytic reduction (SCR) of
nitrogen oxides with ammonia in the field of emission control [47,48], which was postulated
to proceed via a V4* /V>* redox mechanism [49]. Analogously, the V,Os surface species may
interact with methane at comparably high temperatures during the OCM reaction, hereby
facilitating scission of the C-H bond. Furthermore, the CO selectivity is lower than for the
Pt-only catalyst. Since CO is a reaction product formed during partial oxidation of methane,
a drop in CO selectivity also underscores a more pronounced methane consumption to form
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C;-coupling products during OCM reactions. These assumptions are supported by the fact
that V,0s is frequently used as a catalyst for the oxidative dehydrogenation of alkanes,
where C-H bond cleavage plays an equally important role as in the field of OCM [30]. The
drop in methane conversion observed at a N content of 60 vol.% in the feed for both space
velocities, 295,000 h—1 and 458,000 h 1, might be due to changes in the valence state of
vanadia [46]. For instance, Harlin et al. [50] reported a drop in the valence state from +5 to
+4.1 when reducing a vanadium sample with CO at 580 °C. In the context of our results,
the varying CO content in the product gas stream (i.e., Figures 4 and 5A) may influence
the valence state of vanadium and therefore the catalytic activity. Moreover, Trunschke
etal. [51] observed an increasing share of V>* species when exposing MoV and a MoVTeNb
mixed oxide catalysts used for the selective oxidation of lower alkanes to a humid reaction
atmosphere. Hence, oxidation state variations of vanadium may account for the non-linear
trend of the HyO selectivity depicted in Figures 4 and 5B that directly correlates with
CHy4 conversion (Figures 4 and 5C). After all, a decreasing N, dilution inevitably results
in an increased content of reactive gases in the feed; therefore, the absolute amount of
product species and the temperature typically increase (i.e., Figures 1 and 4D). Based on
these results, we can speculate about an influence of both reaction gas mixture as well as
temperature on the oxidation state of vanadia, which in turn influences the catalytic activity
and may change the underlying OCM reaction mechanism.

While vanadium oxide-based catalysts exhibit a good stability under water-free con-
ditions [52,53], humid conditions along with excess oxygen and elevated temperatures
(750 °C) are known to result in high volatility of vanadia [52,54]. Considering the high
reaction temperatures well above 1000 °C and the high water concentrations that are char-
acteristic during OCM, V-doped catalysts are at risk to suffer from the low hydrothermal
stability of vanadia in the long run. Interestingly, at least during our lab-scale catalyst
tests, we did not observe a performance drop with time on stream, as after the dilution
variation experiments (Figures 1 and 3, approximately 1.5 h of catalyst operation), both
CHy,4 conversion and C; selectivity remained high. However, according to the elemental
analysis (cf. Supporting Information, Figure 52), at least some of the active species was lost
during catalyst operation under OCM conditions, which increases the need for develop-
ing “anchoring” strategies capable of ensuring that the noble metal as well as the dopant
remain on the support material for a long time. A rational catalyst and process design
is of particular importance, also with regard to the oxidation state of vanadium, because
the melting temperatures range from 677 °C for V,05 [43] and up to 1967 °C for VO, [43].
Consequently, it would be interesting to evaluate the thermal stability of different V oxides
along with their catalytic activity under harsh OCM conditions in future studies.

Since Ni and Pt are part of the same group in the periodic table, previous research
aimed at substituting the more expensive platinum by nickel in various processes such
as reforming reactions [55,56] or CPOX [14,15]. Our present results reveal a very similar
behavior of the Pt-only and the Pt-Ni (1:3) samples under almost all experimental param-
eters investigated herein. At a space velocity of 295,000 h~! and at lower dilutions, the
Ni-containing catalyst even outperformed the 1 wt.%Pt/Al,O3 catalyst with respect to
C; selectivity, hereby underscoring the suitability of Ni species for oxidative coupling of
methane. Du et al. [57] recently reported that nickel can impact the oxidation state of
platinum during the catalytic oxidation of toluene. Although in principle Ni shows activity
for reforming reactions with methane [55], its influence on the oxidation state of platinum
may play a crucial role as well and may govern both reactivity and selectivity. A recent
publication by Ross [40] reviews and discusses the role of nickel in C; chemistry. First,
nickel may interact with the alumina support to form nickel aluminate species and become
reduced in the presence of hydrogen. In combination with the reactivity boost achieved
when using bimetallic Pt-Ni phases in oxidative atmospheres [57], both the interaction
between Pt and Ni as well as the interaction of Ni with the support could enhance the
selectivity of our catalytic system.



Catalysts 2024, 14, 785

11 of 17

Since according to the elemental analysis some nickel is lost during OCM operation (cf.
Supporting Information, Figure S2), such an incorporation into the alumina support did
likely not occur for our catalyst; this hypothesis is further supported by the XRD data, since
the support-related reflexes would change if actual nickel aluminate would have formed.
In fact, Pt-Ni alloys were reported to have potentially lower melting and boiling points
than pure Ni, which may even facilitate the extraction of expensive Pt from the catalyst. On
the other hand, NiO has a higher thermal stability than metallic Ni (melting temperature of
1453 °C for Ni [43] vs. melting temperature of 1984 °C for NiO [43]). Thus, the oxidative
conditions that prevail during OCM may benefit the presence of more stable NiO. More
advanced preparation techniques may offer a promising approach to evaluate if, along with
Ni species, Pt could also be bound more strongly onto or into the support material. Such
an incorporation could enhance the to date insufficient (hydro)thermal stability of Pt-based
OCM catalysts and ultimately increase the industrial attractiveness of the OCM reaction.

As described in the context of the data plotted in Figures 4 and 5, the tin-containing
catalysts exhibit higher water selectivity than the other systems that were subject to the
present study. Since the high selectivity values are due to the comparably low methane
conversion, absolute values are needed for comparison. In particular, at 295,000 h—1,
50 vol.% N dilution, and a C:O ratio of 0.55, 1 wt.% Pt/ Al,O3, 0.5 wt.% Pt/ Al,O3, Pt-Sn
(1:3), Pt-V,05 (1:3), and Pt-Ni (1:3) show absolute water concentrations of 9.5%, 9.3%,
10.8%, 10.8%, and 10.0%, respectively. These values in relation to the absolute values of C,
species concentrations (cf. Supporting Information, Table S5) indicate a possible optimum
in HyO formation for high C; selectivity, as Pt has the lowest C; selectivity and both Pt-
5n (1:3) and Pt-V;05 (1:3) show the highest selectivities. Considering that all the OCM
reactions (Equations (2)—(5)) result in water as the product, we can conclude that doping
with Sn results in a higher selectivity toward C, product formation. Moreover, results
by Yokoyama et al. [33] point to a positive impact of tin on Pt-based dehydrogenation
catalysts, since the formation of PtSn and Pt;Sn alloys enhances the selectivity toward the
ODH reaction. Ultimately, our kinetic data do not suggest a negative impact of chlorine
ions from the precursors on the catalyst performance, e.g., as previously reported in the
context of total oxidation of methane [58]. However, in terms of stability, Sn-containing
samples suffered from an almost complete loss of Sn during OCM operation (cf. Supporting
Information, Figure S2) and equally important, the loss of Sn seems to promote the loss of Pt
as well, as approximately 50% of Pt was lost during an experimental run. This pronounced
loss of active material may also correlate with the exceptionally high temperature that
was observed during OCM operation, especially for Pt-Sn (1:3) for a space velocity of
295,000 h~! (Figure 5D). Although these high temperatures benefit C, selectivity, the loss
of active material makes Sn-containing catalysts unsuitable for long-term operation.

A general comparison of the CHy conversion and the product selectivity of doped
samples with those of the monometallic ones (Figures 4 and 5) uncovers that the most
pronounced differences occur if the dilution is moderate, i.e., y(N3) > 50 vol.%. As the
temperature steadily increases with decreasing N, dilution (Figures 4D and 5D), this effect
may be attributed to the importance of gas-phase reactions. As already mentioned above,
Chawla et al. [19] identified gas-phase reactions during Pt-OCM as an origin of methyl
radicals, which are precursors for the desired C; products. Although their impact remains
high, heterogeneous reaction pathways that are strongly influenced by the catalyst formu-
lation may become less important at low dilutions, irrespective of the catalyst formulation.
This becomes particularly clear when the overall similar trends of the C; selectivity data
in Figures 1 and 2 are considered. Instead, gas-phase reactions become dominant, which
could explain why the C, selectivities as well as CO and H,O selectivities become increas-
ingly similar over all catalyst samples when the N, content is lowered and the reaction
temperature rises. Ultimately, the dopants added to the catalytic system may also offer
the opportunity to prevail or achieve the postulated active oxidation state of Pt” for the
(partial) oxidation of CHy [59,60] during the reaction and may thus improve both activity
and selectivity of the catalysts.
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4. Materials and Methods
4.1. Catalyst Preparation

Catalyst powders were prepared via incipient wetness impregnation (IWI) using -
Al,O3 (Puralox, Sasol, Johannesburg, South Africa) that was calcined at 700 °C for 5 h in
static air. For this, the platinum precursor (NH3)sPt(NO3), (Alfa Aesar, Haverhill, MA,
USA) was dissolved in deionized water (volume equal to the pore volume of the calcined
alumina). The resulting solution was added in several steps to the support, and the received
powder was dried at 80 °C for 4 h and subsequently calcined at 500 °C for 5 h in static
air. Analogous to the procedure described by Karinshak et al. [61], the prepared powder
catalyst was then coated onto a cordierite honeycomb monolith (1 cm length, 1 cm diameter,
400 cpsi, Corning, Corning, NY, USA). For this, the powder was mixed with deionized
water and AIO(OH) (Disperal P2, Sasol) in a ball mill (Fritsch Pulverisette 6, Fritsch, Idar-
Oberstein, Germany) at 300 rpm for 5 min twice with a 10 min break in between. The
prepared slurry was then carefully coated onto the monolith until a metal loading of
approximately 30 g ft~3 was reached. As last step, the coated monolith was calcined at
550 °C for 5 h.

For the nickel-containing powder catalysts, Ni(NO3),-6H,O (Alfa Aesar) was added
to the impregnation solution, which allows for the simultaneous addition of Ni and Pt to
the support. For the tin-containing catalysts, a second impregnation step with SnCl,-2H,O
(Sigma Aldrich, St. Louis, MO, USA) dissolved in water was performed after drying the
Pt/Al,O3 powder. Ammonium metavanadate (NH4VO3, Sigma Aldrich) was used as
precursor for vanadium-containing samples. It was pretreated by heating in an oxalic acid
solution (Merck, Darmstadt, Germany) until the solution changed its color from yellow to
blue and was subsequently impregnated onto the dried (but not yet calcined) Pt/Al,O3
sample. These catalysts are denoted as Pt-V,0Os, as this is the typical oxidation state of
vanadium after catalyst preparation. After calcination of the bimetallic catalysts (5 h at
500 °C in static air), the powders were coated onto honeycombs as described before.

Unless stated otherwise, the powder catalysts exhibit a total active species loading
of 1 wt.%. The nomenclature used in the following specifies the active material and the
species ratio. The Pt-Ni (1:3) sample, for instance, contains 0.25 wt.% Pt and 0.75 wt.% Ni
that are supported on y-Al,Os.

4.2. Experimental Setup and Procedure

A detailed scheme of the setup used for the present study is depicted in Figure 7.
The monolithic catalyst is placed inside a quartz glass tubular reactor with a length of
62.5 cm and an inner diameter of 2 cm; however, approximately 5 cm of the reactor is
narrowed down to a diameter of 1 cm, which eases the loading with small monolithic
catalyst samples. To improve heat transfer, a heat shield (length 1 cm, diameter 1 cm,
uncoated cordierite monolith, 400 cpsi, Corning) is placed 0.5 cm upstream of the catalyst.
The reactor is located inside a Carbolite HST 12/400 furnace (Carbolite Furnaces, Sheffield,
UK) with a length of 40 cm. The reaction gases Ny, CHy, and O, are dosed with mass
flow controllers (MFCs, Bronkhorst, Ruurlo, The Netherlands) into the system and are
premixed and preheated to 190 °C before entering the reactor. A ceramic-covered type S
thermocouple about 0.5 cm downstream of the catalyst continuously monitors the exhaust
gas temperature. The effluent gas stream itself flows through heated pipes (190 °C) into an
online Fourier-transform infrared (FTIR) spectrometer (MultiGas 2030, MKS Instruments,
Andover, MA, USA) that analyzes the gas composition once per second. Since the volume of
the gas stream can change during the reaction, NO can be added prior to the FTIR analyzer,
which allows for the determination of the actual volumetric flow leaving the reactor and
ensures a precise calculation of the product selectivities. Furthermore, additional N can
be dosed after the reactor to dilute the exhaust gas, hereby improving the signal-to-noise
ratio of the FTIR data. As the MFCs are calibrated on a regular basis, their influence on
the error within the analytics is considered low. Based on reference measurements, we
estimated the error for the balances of the carbon and oxygen species generously around
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+15% as a worst-case scenario. While the species balance may be biased by a poor signal-
to-noise-ratio of the FTIR data, the absolute species concentration values measured under
one operational point for the different catalyst samples are relatively similar (cf. Tables S5
and S6, Supplementary Information). Therefore, the error bars for a given operational point
are fairly similar for different catalyst formulations and a reliable comparison regarding
activity and selectivity is possible for the catalyst samples subject to the present study.
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Exhaust'
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Pre-
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Figure 7. A schematic depiction of the used experimental setup divided into three parts: the gas
dosage (left) with the gas supply system, the reactor (middle), and the exhaust system (right) with
the analytics and the exhaust.

The experiments are mainly defined by three parameters: the gas hourly space velocity
(GHSV), the nitrogen content in the stream (N, dilution), and the carbon to oxygen ratio
in the feed (C:O ratio) that essentially defines the proportion of methane and oxygen.
Preliminary tests were conducted in order to identify the most promising conditions where
the catalysts subject to this study show high performance and run stable for at least 30 min
per data point. Based on these pre-tests, the C:O ratio was kept constant at 0.55 throughout
this study and space velocities of either 295,000 h~1 or 458,000 h—! were chosen, while
the N dilution is varied from 80 vol.% to 40 vol.%. For the kinetic tests, the furnace is
heated to 500 °C under nitrogen flow. Subsequently, the dosage of methane and oxygen
as reactive gases while simultaneously reducing the N, content to 80 vol.% of the overall
flow ignites the autothermal reaction. The share of reactive gases is increased in steps of
5 vol.%, while keeping the total flow rate constant by balancing with N,. At each step, the
reaction conditions are kept constant until a steady state was reached. An average of the
last 2 min of the steady state of each relevant value (temperature, concentration, etc.) is the
basis for the further evaluation. The results gathered at 50 vol.% nitrogen in the feed serve
as reference point for evaluating the performance of the different catalysts.

4.3. Characterization Methods

For structural characterization of the prepared powder catalysts, N, physisorption
was carried out with a BELSORP-mini II from BEL Japan (Tokyo, Japan). After degassing
the sample for 2 h at 300 °C, the surface area of the samples was determined by the
Brunauer-Emmett-Teller (BET) method [62] based on adsorption and desorption curves.
A Bruker Advance D8 diffractometer (Bruker, Billerica, MA, USA) was used to record
X-ray diffractograms of the fresh samples. Each data point was recorded using Cu-K«
radiation with a wavelength of 1.54 A by scanning 20 in 0.016° steps from 20° to 80°
with an acquisition time of 0.51 s. For the analysis of the used samples, a PANalytical
X'Pert Pro diffractometer was used. The diffractograms were recorded using Cu-Ky
radiation with a step size of 0.017°, an acquisition time of 1 s, and a 26 range from 20°
to 80°. Prior to analyses of the spent samples, the washcoat was carefully scratched off
the honeycomb substrate. Due to the dimensions of the monolithic catalyst samples, the
amount of washcoat is limited, leading to a worse signal-to-noise ratio than for the fresh
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catalyst samples and hindering a qualitative analysis. Elemental analysis of the Al, Pt,
and dopant contents in the sample was carried out by inductively coupled plasma optical
emission spectroscopy (ICP-OES) in an iCAP 7600 DUO analyzer (Thermo Fisher Scientific,
Waltham, MA, USA) and confirmed the target loading for each specific catalyst formulation
(cf. Supporting Information, Table S3). For the investigation of the spent samples after the
kinetic measurements, the washcoat that was carefully scratched off the honeycomb was
subject to analysis.

5. Conclusions

In order to reduce the noble metal loading while maintaining high catalytic activity
and selectivity, our present study elucidates the role of dopants that can be added to
platinum during the oxidative coupling of methane (OCM). For this, several bimetallic
Pt-X catalysts, with X = Ni, Sn, and V,0s, were prepared in the weight ratios 3:1 and 1:3
with a total loading of 1 wt.% active material. After washcoating the received powder
catalysts onto monolithic cordierite substrates, the catalyst samples were tested for their
OCM performance. The monometallic 1 wt.% and 0.5 wt.% Pt/Al,O3 catalysts serve
as references.

With respect to the C, selectivity, the dopants tested herein were found beneficial dur-
ing OCM, most likely since they contribute to the catalyst system’s capability in generating
methyl radicals whose formation is a prerequisite for coupling reactions. Likewise, the
dopants may promote (total) methane oxidation, which leads to higher temperatures that
promote the formation of methyl radicals and thus C, species formation. Despite their
significantly lower noble metal content, the addition of dopants to the catalyst formulation
can even result in C; selectivities that exceed the performance of the 1 wt.% Pt/Al,O3
reference catalyst system. Measurements with a 0.5 wt.% Pt/ Al,Oj3 catalyst underscore that
the observed increase in selectivity during the OCM reactions cannot simply be attributed
to a lower platinum amount but is indeed due to the dopant addition. Moreover, the
evaluation of different Pt:X weight ratios reveals a beneficial effect of dopant addition
even at Pt contents as low as 0.25 wt.%, which is a substantial reduction in the noble metal
content compared to the reference catalyst containing 1 wt.% Pt.

In conclusion, our study uncovers that the addition of dopants can improve the overall
C; selectivity of platinum-based catalytic systems during OCM while maintaining methane
conversion at high levels. Since the usage of bimetallic systems allows for reducing the
platinum content by up to three quarters, our study contributes to efforts in replacing
expensive and scarce noble metals by non-noble metals in heterogeneous catalyst for-
mulations and can hereby ease the dependency on precious metals. Likewise, certain
non-noble metals, such as vanadium, may increase the stability of the Pt species under
OCM conditions. Future studies may focus on the specific oxidation states of the used
metal species, especially vanadium, to verify the assumptions made herein, as well as the
in situ investigation of the formed species such as methyl radicals to optimize the opera-
tion conditions and catalyst composition. Ultimately, more advanced catalyst preparation
techniques may exploit the findings presented in the present study in order to design and
synthesize durable catalyst materials that are capable of withstanding the demanding and
harsh OCM reaction conditions.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/catal14110785/s1, Figure S1: Yield and downstream temperature
versus the N, content in the feed of the 1 wt.% Pt/Al,Oj3 catalyst for (A) a GHSV of 458,000 h~!and
(B) a GHSV of 295,000 h~!; Table S1: Methane conversion and product selectivities for all catalysts
tested at a GHSV of 458,000 h 1, a nitrogen content of 50% in the feed, and a C:O ratio of 0.55.
Please note that the hydrogen content in the effluent gas stream was not directly measured but
instead calculated via the hydrogen balance. Total active material loading of 1 wt.% for all bimetallic
samples; Table S2: Methane conversion and product selectivities for all catalysts tested at a GHSV
of 295,000 h~!, a nitrogen content of 50% in the feed, and a C:O ratio of 0.55. Please note that the
hydrogen content in the effluent gas stream was not directly measured but instead calculated via
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the hydrogen balance; although the ethane selectivity was below 0.05% for all catalyst formulations
subject to this study, it was still considered for calculating the total C; selectivity, e.g., resulting in a
total C; selectivity of 11.3% for Pt-V,Os (1:3). Total active material loading of 1 wt.% for all bimetallic
samples; Table S3: Results from the ICP-OES analysis for the catalysts. The dopant content refers to
the respective doped metal, if applicable; Figure 52: Comparison of the elemental analysis results
for the catalysts before (left bar, darker color) and after (right bar, lighter color) usage with the Pt
content in grey and the respective dopant content in green. Please note that for reasons of clarity,
the oxygen content for the V,O5 species was added and that the processing of the 1 wt.% Pt/Al,O3
sample was faulty, therefore resulting in no usable data; Table S4: Results of the N, physisorption
experiments. Both surface area and pore volume are determined with the BET method; Table S5:
Absolute concentrations of the C; species determined by means of FTIR at a GHSV of 458,000 h~1a
nitrogen content of 50% in the feed, and a C:O ratio of 0.55. Total active material loading of 1 wt.% for
all bimetallic samples. Please note that the volume flow entering the FTIR is increased compared to
the reactor exit flow rate due to a further dilution of the exhaust gas prior to the analytics; Table Sé6:
Absolute concentrations of the C; species determined by means of FTIR at a GHSV of 295,000 h=1,a
nitrogen content of 50% in the feed, and a C:O ratio of 0.55. Total active material loading of 1 wt.% for
all bimetallic samples. Please note that the volume flow entering the FTIR is increased compared to
the reactor exit flow rate due to a further dilution of the exhaust gas prior to the analytics.
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