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ABSTRACT: The oxidative dehydrogenation of C;Hg to C;Hy using
CO, is an attractive alternative to nonoxidative propane dehydrogenation
and facilitates the utilization of CO,. The activity of supported
nanoparticles for this reaction has been extensively investigated, but
the often-overlooked deleterious formation of CO via reforming
reactions remains a challenge with these catalysts. In this paper, we
investigate the origin of CO formation over supported nanoparticle
catalysts and find that the support and metal both play a role in favoring
the formation of either CO or C;Hg. Reducible supports are associated
with higher activity and increased CO formation, but nonreducible
supports also facilitate CO formation. Supported Pt catalysts were more
selective toward C;H, than Pd analogues, but both catalysts favored coke
formation. These findings highlight the need for careful catalyst design in
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supported nanoparticle catalysts for the oxidative dehydrogenation of propane using carbon dioxide, particularly with respect to

tuning catalyst selectivity.
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B INTRODUCTION

The direct dehydrogenation of propane (DDH) is an
established commercial process that offers a more efficient
pathway to propene than steam cracking and fluid catalytic
cracking, which form propene as a byproduct.'* Propene is a
major platform chemical used as a precursor to polypropene,
acetonitrile, propene oxide, and acrylic acid, among others.
Annual production of propene was around 130 million tonnes
in 2019.” The interest in DDH increased significantly with the
acknowledgment that existing production capacity could not
keep pace with increasing demand, hence the emergence of the
“propene gap”. DDH is helping to fill that gap and has been
commercialized by several companies that utilize various
catalysts, including Pt—Sn, Pt—Ga, and CrOx.6710 These on-
purpose processes still produce a minority of propene
compared to the refinery processes mentioned above, but
their importance in the propene production landscape is
expected to grow significantly in the coming decades.
Furthermore, DDH processes enable the use of renewable
propane (biopropane), not just petrochemical feedstocks.'" As
society shifts from relying on fossil fuels to developing
renewable energy sources, such sustainable feedstocks will be
very important.

Commercial DDH processes suffer from coking on-stream
and require complex and frequent regeneration cycles to
maintain propene production.'”'*™'* Consequently, the
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addition of an oxidant such as O, (ODH-O,) and CO,
(ODH—-CO,) has been explored in recent years. Notable
advances in ODH—O, have been made, namely by Hermans
and coworkers, who reported the exceptional activity of boron
catalysts.">~"? In terms of propene production, these catalysts
compete with the most active Pt and CrO, catalysts in the
literature for DDH."?

ODH-CO, offers the advantage of utilizing CO, in the
process, which has obvious benefits from an environmental and
sustainability point of view, as long as the primary product of
CO, utilization (CO) can be accounted for downstream and
not simply combusted. There have been many investigations
into ODH—CO, since it was first reported by Takahara et al. in
1996, who showed that supported chromium oxide (CrO,)
catalysts were highly selective toward propene at 600 °C.*° A
strong support effect was observed, whereby the addition of
CO, was beneficial for CrO,/SiO,, but for CrO,/ALO; the
catalyst was inhibited. An inhibition effect of CO, was also
observed over CrO,/Al-beta” and Ga,0,/AL0;** (for the
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Table 1. Summary of the Literature on ODH—CO, and Their References to Reforming Reactions, the Inclusion of CO as a
Potential Reaction Product from Propane Conversion, and the Method Used to Calculate Selectivity

catalyst(s)
Mo,C
Ni—CrO,/SiO,
Cr0O,/Zr0,
CrO,/ C
Cr0,/SiO,
CrO,/SiO,
Cr0O,/Zr0O,
CrO,/ZSM-5
silica-supported CrO,
Cr/beta-zeolite
CrO,—AL O,
CrO,—ZrO,
Cr0,/SiO,
CrO,/MCM-41
CrO,/SBA-15
supported CrO,
CrO,/silicalite-1,B-MFI
Cr0,/SiO,
Cr0,/SiO,
CrO,—Zr0O,
CrO,/SBA-1
metal oxide/MCM-41
RuCrO,/SiO,
Cr0O,/CeZrO,
GaO,
CrO,/f-gallia

Ga,0;/HZSM-48,ZSM-5
Ga,03/Ti0,, ZrO,, MgO

Ga,05—AlL,0;
Ga,0;—Al1,0,4
Ga,0;—Al,0;
GaN/SiO,
gallium oxides
Ga,0;—Al1,0,4
a-NiMoO,
supported Fe,0;
In/ZSM-5

In,0;/Mo, (M = Al, Zr, Si)

In,0;—AL 0,
doped-In,0;
Mo,C/SiO,

NiMoO,

V-MCM-41
VvO0,/SiO,
WwO,-VO0,/SiO,
ZnO/ZSM-5§
Mo—Zn0O/ZrO,
Zn—Fe/S-1
VO,/In,0,
PtSn/SiO,

Au/MgO, ZnO, Al,O,
FeNi and FePt/CeO,
Pd/CZA

Re/ZSM-5

Ru/ZrO,, CeO,
Ni—X/CeO,
Pt—Sn/CeO,

category
carbide
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
chromium
gallium
gallium
gallium
gallium
gallium
gallium
gallium
gallium
gallium
gallium
metal oxide
metal oxide
metal oxide
metal oxide
metal oxide
metal oxide
metal oxide
metal oxide
metal oxide
metal oxide
metal oxide
metal oxide
metal oxide
metal oxide
metal oxide
nanoparticle
nanoparticle
nanoparticle
nanoparticle
nanoparticle
nanoparticle
nanoparticle

nanoparticle

is reforming mentioned?
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CO as a product?
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selectivity method”

W W W W = W W = O = W O O O W O O© OC© W O M O O = W WO O W WO O W~ WO HFHF WOO O M mMHMHF WrHFE WkH~HO W W W~ WO W

year ref
2018 3
2012 3
2015 3
2008 36
2019 ¥
2016 38
2018 39
2011 40
2011 “
2020 2!
1996 20
2013 2
2012 3
2008 23
2010 44
2002 s
2011 16
2016 ¥
2006 8
2019 9
2012 o
2004 0
2020 st
2023 2
2006 3
2006 o
2012 s
2006 3
2013 56
2008 26
2008 25
2020 7
2005 S8
2023 9
2003 0
2004 30
2020 27
2011 28
2010 ol
2010 62
2001 o3
2002 o
2018 2
2017 s
2016 66
2009 3
2024 &7
2023 o8
2023 i
2023 70
2016 7
2018 72
2018 32
2005 7
2016 7
2019 =
2023 76

“Selectivity calculations based on 0 = not enough information given, 1 = observed products (no CO), 2 = observed products (with CO), and 3 =

converted propane.
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ODH—-CO, of ethane), which suggests that the Al component
of the support was responsible for the poor performance. The
presence of basic sites on Al,O; may be responsible for the
strong adsorption of CO,, and the majority of supported CrO,
investigations use various forms of SiO, as a result.”' ™"
Ga,05,°"*° In,0,,”* VO,,* Fe203,30 and ZnO’' have also
been examined for ODH—-CO,, but the most promising
catalysts are typically an order of magnitude below those of
DDH or ODH-O, catalysts in terms of space-time yield.">

The addition of CO, to the reaction mixture has been
proposed to function in two ways. First, CO, can provide
surface O species that directly abstract H from propane via a
Mars—van Krevelen mechanism, similar to conventional
oxidative dehydrogenation catalysts. Second, CO, can facilitate
the reverse water—gas shift reaction (RWGS), which removes
H, from the reaction, freeing up active sites and crucially
shifting the thermodynamic equilibrium favorably toward
producing propene. These pathways are known as direct (eq
1) and indirect (eqs 2 and 3), respectively.

C,H, +CO, = C,;Hy+H,0 + CO (1)
C,H, = C,H, +H, Q)
H, +CO, = H,0 + CO 3)

The extent to which each pathway operates depends on the
catalyst, and these pathways do not need to be mutually
exclusive.”> In addition to the pathways mentioned above,
there are various side-reactions that can take place under
typical reaction conditions. These include dry reforming (eq
4), steam reforming (eq S), cracking (eq 6), and deep
dehydrogenation to coke. In the case of deep dehydrogenation
to coke, it has been reported that CO, inhibits this via the
reverse Boudouard reaction (eq 7).'” Finally, the methanation
of CO, and CO can take place using H, generated in the
reaction (eqs 8 and 9).

CyH, +3CO, — 6CO + 4H, @
C,H, +3H,0 — 3CO + 7H, )
C;Hg - CH, +C,H, (6)
C + CO, = 2CO @)
CO, +4H, — CH, +2H,0 ®)
CO + 3H, — CH, +H,0 ©)

While the rate of these side-reactions in ODH—-CO, is
dependent on the catalyst, they are too frequently overlooked
in the literature, with CO-forming reactions (i.e., dry
reforming, steam reforming, reverse Boudouard) in particular
not being accounted for in selectivity calculations. Careful
examination of the literature on the topic of ODH—CO, (56
available peer-reviewed articles) revealed that 75% do not
mention reforming at all in the article. Regarding the
calculation of selectivity in the reaction, 41% of articles
calculate it based on converted propane, which is preferable,
but of these articles, less than half (43%) consider CO as a
potential product. 22% of articles calculate selectivity based on
observed products, which, with one exception, do not include
CO as a product. Finally, 35% of articles do not disclose the
calculation for selectivity at all. Overall, this demonstrates that
the importance of CO-forming reactions in ODH—CO, has
been somewhat neglected, which may lead to the presentation

of misleading propene selectivity values. Table 1°*7°
summarizes the literature reports showing where reforming
was mentioned, CO was considered as a potential product, and
what was the methodology for calculating selectivity to C;Hg.
The purpose of including this table is not to highlight research
reports where potentially misleading reaction selectivities have
been reported but to highlight the different approaches being
taken by different research groups in determining reaction
selectivities on the range of catalysts studied to date and
thereby demonstrate where the different methodologies could
result in misleading conclusions. Of the methodologies
reported, the most robust one is method 3 (considering the
converted C;Hy as the basis for C;Hg selectivity). Method 2
(observed products including CO) is less preferable as it leaves
the possibility of certain products not being detected and
possibly leads to inflated selectivity values. Method 1, where
observed products not including CO are used, is the most
prone to give misleading results as CO could constitute the
major product but is not accounted for. That said, if CO was
not formed during the reaction, then the selectivity calculation
would be accurate.

In the first report of supported Pd catalysts for ODH—CO,
of C;Hg, Nowicka et al. reported that Pd/CeZrAlO, catalysts
can efficiently dissociate CO, on the surface and produce C;Hg
at 450 °C, with selectivity approaching 90%.”> However, the
selectivity was calculated based on observed products (i.e.,
method 1) and without considering that CO could be formed
from C;Hg. Therefore, the extent of dry (or steam) reforming
was not measured. On the other hand, Gomez et al. observed
dry reforming to be prevalent over CeO,-supported metal
nanoparticle (NP) catalysts.””’> It was shown that certain
bimetallic catalyst formulations, namely Ni;—Pt,, Fe,—Nis, and
Co;—Pt; mostly catalyzed CO formation while Fe;—Pd; and
Fe;—Ni, favored dehydrogenation and/or cracking pathways,
although in all cases both reactions were observed. This
underlines the importance of considering CO-forming
reactions and calculating selectivity on the basis of converted
propane. As recognized by Wang et al. in their investigation
into Fe—CeO, catalysts for ODH—CO,, it is not trivial to
untangle these reactions.”” CO can be formed from five
different reactions (eqs 1, 3—5, and 7) and has also been
reported to form via (incomplete) combustion of C;Hj at
higher temperatures, i.e., 600 °C.

Xing et al. recently reported that PtColn/CeO, and a high-
entropy intermetallic catalyst (PtCoNiSnInGa supported on
CeQ,) were efficient ODH—-CO, catalystsjg’79 The catalysts
exhibited C;Hg yields that were as high as or outperformed
those of the state-of-the-art catalysts. By modification of the Pt
with additional metals, CO-forming reactions were inhibited,
resulting in high selectivity to C;Hg. It was noted that the
selectivity was not calculated on the basis of propane
conversion and the formation of CO as a product from
C;Hg was only considered in the Supporting Information.

Zhai et al. recently conducted a detailed mechanistic
investigation into ODH—CO, using PtSn/SiO,, highlighting
the importance of the metal-metal oxide interface and
showing that the RWGS reaction was rate-limiting.”” The
authors acknowledge the formation of CO from C;Hg via
reforming and quantify this using the balance of CO observed
as a proportion of CO, converted. However, the authors stop
short of including CO as a product in the calculation of C;Hg
selectivity, which makes it challenging to appreciate the
contribution of reforming. Hence, supported NP catalysts are

https://doi.org/10.1021/acscatal.4c02628
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among the most active catalysts reported for the activation of
C;Hg and CO,, but insufficient emphasis has been placed on
understanding different reaction pathways in many of the
studies published to date (Table 1). In this paper, we examine
the importance of carbon monoxide formation during ODH—
CO, over a series of catalysts that have been previously used
for this reaction and have been well characterized and now
concentrate on the structure—activity relationships that may
influence C;Hg or CO formation. Experimentally, we revisit
supported NPs and consider how reducible and nonreducible
supports can influence different reaction pathways, using a
robust method of reaction analysis, i.e., calculating selectivity
based on converted C;Hg and specifically exploring the origin
of CO as a reaction product. Additionally, we compare
supported NP catalysts to commonly reported Ga,O; and
CrO,/Si0, catalysts to determine whether reforming pathways
are also prevalent on these catalysts. By considering a broad
range of supports, we build a qualitative understanding of how
different reaction pathways proceed over NP catalysts.

B METHODS

Catalyst Preparation. y-Al,0,, Ga,0,, Ce(acac);, Zr-
(acac)y, Al(acac),, and Pd(NH;),(NO;), were obtained from
Sigma-Aldrich, and ZrO, was obtained from Alfa Aesar. All
chemicals and gases were research grade (99.9%+). SiO,
(Davisil 62) was obtained from Davisil. Each compound was
used without modification. Ce( sZr, O, and Ce,5Zrj,5Al, 5O,
were prepared by physical grinding of acetylacetonate
precursors of each metal, as previously described, which
yielded an amorphous mixed metal oxide.’” The salts were
combined in a mortar and pestle, and the mixtures were
ground for 10 min. Then, the powder was calcined in flowing
air (300 °C, 2 h, 5 °C min™").

Supported Pd catalysts were prepared via wet impregnation.
An appropriate quantity of Pd(NO;),(NH,), was added to a
25 mL round-bottom flask with 2 cm® of deionized water,
added to increase the volume of the solution above that of the
pore volume of the supports. The support (0.950 g) was then
added to the solution to form a slurry. The flask was placed in
a silicon oil bath at 95 °C, and the solvent was left to evaporate
overnight. The recovered powder was calcined in flowing air
(500 °C, 5 °C min"}, 4 h). CrO,/SiO, was prepared in the
same manner as the supported Pd catalysts, but Cr(NO;); was
used instead. Ga,0;/Al,0; was also prepared via wet
impregnation of Ga(NO;); onto y-ALO;.

The supports for the series of Pt catalysts were prepared by
the sol—gel method previously reported,®”®' which yields
nanocrystalline solid solutions of Ce and Zr oxides. Previous
characterization of these solids indicated that the resultant
phase for CeO,, ZrO,, and Ce(Zr, O, was cubic, tetragonal,
and cubic, respectively. CeO,, ZrO,, and CejsZr,s0, were
formed in this way. Briefly, the metal precursor (CeNOj;);-
6H,0 and/or ZrO(NO;)-xH,O (Sigma-Aldrich, 99.99%) were
dissolved in deionized H,O at 80 °C under vigorous stirring.
NH,OH (0.5 M, Fisher Scientific, 28—30 w/w% in H,O) was
added dropwise until the pH reached 9. The mixture was
immediately filtered under vacuum and washed with warm
distilled water before being dried (110 °C, 16 h) in a static
oven. The resulting solid was ground using a mortar and pestle
and calcined in flowing air (500 °C, S h, 10 °C min™").

Strong electrostatic adsorption (SEA) was used to prepare a
series of 2 wt % Pt catalysts, in a similar manner to that
previously reported.®” Typically, 10 mL of NH,OH (35 wt %)

was added to 50 mL of deionized water to form a solution of
pH 12.5. The appropriate mass of Pt(NH,),Cl, was dissolved
in the solution, and then the support (1.94 g) was added with
vigorous stirring. After 1 h, the mixture was filtered under
vacuum, washed with deionized water (1 L), and dried in an
oven for 16 h at 110 °C. The dried catalyst was reduced under
flowing 5% H,/Ar at 500, 600, 700, or 900 °C for 1 h. The
same approach was used to prepare Pd/ZrO, catalysts using a
pH of 13 to maximize the interaction of Pd and ZrO,. 3 wt %
Pt/SiO, was also prepared by this method, using aqueous
tetraammine platinum hydroxide as the precursor.

Catalyst Testing. The catalysts were tested for ODH—
CO, using a custom-made 16 parallel bed high-throughput
reactor manufactured by Integrated Lab Solutions. The catalyst
powders were pelleted and sieved to form 212—300 pm
particles. Each catalyst (0.200 g) was diluted with SiC
(typically 0.80 g) before being loaded into a quartz tube.
The gas stream was analyzed via online gas chromatography.

Conversions and selectivity were calculated on the basis of
moles of carbon converted (rather than observed products).
The selectivity to CO was calculated in a similar manner to the
hydrocarbon products but based on “excess CO” in the
reaction. Excess CO is the observed CO in the reaction that
cannot be formed from CO,, i.e,, it is formed from C;Hg. Coke
formation is inferred from the missing carbon in the
quantification of products. This method is useful to compare
relative tendencies for coke formation between catalysts but is
limited where low levels of coke formation are observed. In this
case, missing carbon could also be due to errors associated
with GC analysis and quantification.

C;H, Conversion (%) =

moles propane in blank reactor bed — moles propane in reactor bed

moles propane in blank reactor bed

X 100%

C;H; Selectivity (%)

moles of propene observed X 3
= X 100%
moles of propane converted X 3

CO Selectivity (%)
moles of CO — moles of CO, converted

= X 100%
moles of propane converted X 3
Converted carbon balance (%)
moles of carbon in observed products
= X 100%

moles of carbon converted

Catalyst Characterization. Transmission electron micros-
copy (TEM) was carried out on a JEOL JEM-2100 operating
at 200 kV. Aberration-corrected scanning transmission electron
microscopy (AC-STEM) was carried out on a Spectra 200
scanning transmission electron microscope operating at 200
kV. All samples were prepared using a dry deposition method
on a 300 mesh copper grid coated with a holey carbon film.

Bl RESULTS AND DISCUSSION

The primary aim of this investigation was to understand how
the catalyst support can influence the selectivity of the reaction
toward C;Hg or CO. As CO is formed from the dissociation of
CO,, it must be distinguished from CO formed from C;Hg
itself. This was achieved by considering the moles of excess

https://doi.org/10.1021/acscatal.4c02628
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Table 2. Comparison of Commonly Reported ODH—CO, Catalystsa”

conversion (%)

selectivity (%)

sample time (h) C;H, Co,
Pd/CeZrAlO, 1 31 66
S 25 53
9 20 45
$-Ga,O5 0.5 49 14
4.5 2.8 1.0
8.5 1.8 0.6
6 wt % CrO,/SiO, 1 112 6.1
S 9.1 4.9
9 7.6 39

CH, C,H, C,H, C;Hg CcO coke
3.6 0.2 0.4 10 33 53
1.4 0.2 0.2 10 26 62
1 0.2 0.2 12 32 SS
0.3 0.3 0.3 96 0 3
0.2 0.4 0.6 75 0 24
0.3 0.5 0.9 77 0 22
2.5 0.7 0.6 96 0 0
1.7 0.7 0.6 93 0 4
1.5 0.8 0.7 96 0 1

#3500 °C, 0.20 g catalyst + 0.80 g SiC (all catalysts pelleted to 200—300 gm), 10 vol % C3Hg, 10 vol % CO,, 80 vol % A, total flow rate = 10 mL

min~!, GHSV = ~3300 h™..

a) 35 b) 70
(a) m 5wt% Pd/CZA (b) u

30 {® 60 -

® 6Wt% Cr0,/SiO, -

£ 25 - n F 50 -

c ¢ B-Ga,0 = [
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°
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Figure 1. (a) C;H; conversion, (b) CO, conversion, (c) C5Hg selectivity, and (d) CO selectivity of S wt % Pd/CZA, 6 wt % CrO,/SiO,, and f-

Ga,0;.

CO observed as a proportion of the moles of carbon in
propane that were converted in the reaction. Where the
selectivity to CO from propane is 0%, there would be no excess
CO measured; the moles of CO observed would be equal to
the moles of CO, converted.

Using this approach, a series of commonly studied catalysts
were prepared. 5 wt % Pd/CeZrAlO, was previously described
by Nowicka et al,”* while Ga,0; and 7 wt % CrO,/SiO,
represent two commonly investigated catalysts. Table 2 shows
the activity of S wt % Pd/CeZrAlO,, f-Ga,0;, and 7 wt %
Cr0,/Si0,.

Due to the nature of the sampling in the HTS reactor, the
data obtained for different catalysts are not at the exact same
time on-stream. Therefore, the performance of the catalysts is

best compared using time on-stream graphs, as shown in
Figure la—d. 6 wt % CrO,/SiO, exhibited an initial C;Hg and
CO, conversion of around 10 and 5%, which decreased to ca. 7
and 4.2%, respectively, after 13 h on-stream. The selectivity for
C;Hg was 93% initially, rising to 96% after 13 h on-stream.
CH, was also observed as a minor product, and the missing
carbon was attributed to coke deposition, in line with previous
reports on CrO,-based catalysts.*”*>** The Ga,O; catalyst
exhibited lower initial activity, with C;Hg and CO, conversions
of 2.8 and 1.0%, respectively. The selectivity to C;Hy was 75%,
and about 25% of converted carbon formed coke. It should be
noted that at low C;Hg conversion (<5%), the error in
measuring converted carbon becomes large and so the
experimental error associated with measuring coke formation
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is greater. These two catalysts did not produce excess CO
under these conditions, in contrast to Pd/CeZrAlO,. The
initial C;Hg and CO, conversion was 31 and 66%, respectively,
and the selectivity to C3Hy and CO was 10 and 33%,
respectively. CH, was also observed, but the majority of the
remaining carbon was missing, i.e., converted to coke (ca.
53%). While the Pd/CZA catalyst was the most active, clearly,
there were significant CO-forming side-reactions occurring.
These could be dry/steam reforming or the reverse Boudouard
reaction. In the cases of CrO,/SiO, and Ga,0;, the conversion
of C;Hg is higher than that of CO,, even when the
contribution to coke is considered. This means that there
must be additional reactions occurring beyond the ODH—-CO,
reaction (eq 1 or eqs 2 and 3); specifically, DDH and some
cracking/methanation reactions took place.

On the basis of the above data, it is clear that CrO, and
Ga,O; catalysts do not catalyze CO-forming reactions, whereas
Pd/CeZrAlO, does. The origin of high CO selectivity was
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investigated by considering the role of the support in
determining the balance of different reaction pathways. 5 wt
% Pd supported on SiO, (Davisil grade 62), ZrO,, and
CesZry 5O, were subsequently prepared via wet impregnation,
and the reaction data are shown in Figure 2.

The supports can be categorized into nonreducible (SiO,),
poorly reducible (ZrO,), and highly reducible (CesZr,sO,). S
wt % Pd/SiO, exhibited low conversion of C;Hg and almost no
CO, conversion (7.4 and 1.2%, respectively), but with 51%
selectivity to C3Hy, 48% selectivity to coke, and trace amounts
of cracked products (<1%). Significantly, no excess CO was
observed. 5§ wt % Pd/ZrO, exhibited an improved C;Hg and
CO, conversion of 12.6 and 5.6%, respectively, but resulted in
6% selectivity to CO. The selectivity to C;Hy was very similar
at 53%, while the selectivity to coke was slightly lower than S
wt % Pd/SiO, at 40%. 5 wt % Pd/CeysZr,sO, exhibited a
similar C;Hg conversion (12.2%) but a significantly increased
CO, conversion of 33%. This corresponded to a sharp rise in
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CO selectivity (55%) and a lower selectivity to C;Hg of 25%.
The trends in these data reveal that the reducibility of the
support is a major factor in determining C;Hg conversion and
selectivity to C;Hg or CO: Pd nanoparticles supported on
reducible supports are highly active but promote undesirable
CO-forming reactions.

Platinum is one of the most studied metals for DDH and is
the active component in three commercialized processes,
namely Oleflex, Dow FCdh, and Uhde STAR processes.'”
Therefore, it is of interest to study this metal in the context of
ODH-CO, to understand if the selectivity toward CO is
influenced by the choice of supported metal. 3 wt % Pt was
chosen as the metal loading as it balances a high concentration
of active metal phase with the ability to prepare small, well-
dispersed nanoparticles. SiO, and Ce sZr, O, were selected to
contrast the performance of a highly reducible support
(CeysZrys0,) with a nonreducible support (SiO,). 3% Pt/
SiO, exhibited very low conversion (<2%) of both C;Hg and
CO,, consistent with the 5% Pd/SiO, catalyst above and in-
line with control reactions without a catalyst present. This
inactivity indicates that an appropriate support is necessary to
realize high activity in supported metal NPs. The performance
of Pd/CeysZry 5O, and Pt/CeysZry 5O, is shown in Figure 3.
Pt/Ceg5Zry 5O, exhibited very high initial conversion of C;H,
and CO, (45 and 66%, respectively). The selectivity to C;Hy
and CO was 13 and 12%, respectively. Ca. 60% of the carbon
was unaccounted for, indicating prevalent coke formation, and
CH,, C,H,, and C,Hj selectivity was 10, 5.6, and 1.3%,
respectively. The C, and C, products observed in the Pd/
CegsZry 5O, catalyst accounted for ca. 1% selectivity, indicating
that cracking reactions are more prevalent over Pt/
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CeysZrysO,, although the difference in selectivity may have
been due to increased C;Hg conversion.

The main differences between the Pt/Ce,sZr, O, and Pd/
CeysZry 5O, catalysts were that Pt was more active and less
selective to CO but favored coke formation. Pd/CejZr, O,
was less active than Pt and favored CO-forming reactions. The
overall conclusion of this comparison is that the supported
metal and the support both determine the dominant reaction
pathways. An important facet of this is NP size, and it should
be acknowledged that the difference in NP size of the Pd and
Pt catalysts above would impact the catalyst performance.
Indeed, there are various reports that demonstrate that the size
of Pt NPs affects the catalytic performance of DDH catalysts,
and similar trends may be expected in ODH—CO,. The
purpose of the comparisons above is to illustrate the sensitivity
of the catalyst to the nature of the supported metal, rather than
the activity being determined by the support composition only.

To carefully probe the effect of NP size, 2 wt % Pt supported
on CeO,, ZrO,, and CeysZr,sO, were prepared via strong-
electrostatic adsorption to produce a set of samples with
similar particle sizes and different support characteristics. TEM
was carried out to measure the particle sizes, and these data are
shown in Figure S1. The images and particle size distribution
revealed that the as-prepared Pt nanoparticles were similar in
size (all samples showed an average Pt particle size of 1.2—1.5
nm after reduction) and therefore any observed differences in
catalytic activity may be traced to the properties of the support.
Figure 4 shows the activity of the catalysts in the presence of
ODH-CO,.

The data in Figure 4 show that when Pt particle size is
controlled, the difference in performance is rather small. The
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steady-state conversion of C;Hg and CO, for all catalysts is the
same within experimental error, while the Pt/ZrO, catalyst
exhibited a higher C;Hy selectivity than those containing
CeO,. The origin of this difference in selectivity is unclear, but
it has been shown that the metal—support interface plays a
crucial role in determining reaction pathways in the ODH—
CO,: Zhai et al. recently reported detailed kinetic and
mechanistic investigations into Pt—Sn/SiO, catalysts for
ODH-CO,.”” The authors concluded that the reaction
proceeded via a two-step reaction mechanism, where DDH
is followed by RWGS, and that specific Pt ensembles are
responsible for C—H or C—C cleavage. It is possible that the
Pt NP shape or faceting in the Pt/ZrO, catalyst inhibits C—C
cleavage compared to the other supports, but this requires
further investigation. The performance of supported Pd
catalysts showed the presence of Ce in the support resulted
in higher CO formation; however, the differences for the Pt
catalysts are more subtle than in the Pd catalysts: similar CO
formation was observed across each of the Pt catalysts. These
data confirm that both the support and the supported metal
composition and structure play a role in favoring CO or C;Hg
formation.

The data presented above show that mixed metal oxide
catalysts such as gallia and vanadia do not promote CO
formation but can form C;Hg with moderate activity. Pt
meanwhile, exhibits high activity but poor selectivity to C;Hg.
Therefore, Pt/Ga,0;/AlL,0; was identified as a promising
candidate to investigate further. The presence of Al,O; offers a
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thermally stable support to host Pt and Ga. Pt was deposited
on 5 wt % Ga,05/AL,0; via SEA in order to assess the effect of
Pt addition on the selectivity to excess CO. The results are
shown in Figure S. In the absence of Pt, the Ga,0;/Al,0;
catalyst exhibited low conversion (~5%), moderate selectivity
to C;Hg (~25—30%), and no selectivity to CO (0% after 10 h
on-stream). The addition of Pt caused a considerable increase
in the initial conversion of C;Hg and CO, to 30 and 50%,
respectively. The selectivity for C;Hg was similar (~25%), but
the CO selectivity was increased (10—25%). These data clearly
show that Pt can promote CO formation without a reducible
oxide present and further demonstrate that both the support
functionality and the supported metal contribute to catalyst
performance. Careful consideration should be given to the
composition and interplay of both of these catalyst
components.

Although excess CO formation was confirmed over various
supported NP catalysts, the origin of formation has not been
investigated. As discussed above, there are various possible
reactions that could produce excess CO in this reaction,
namely, dry reforming, steam reforming, and the reverse
Boudouard reaction. However, it is not apparent if some or all
of these reactions take place under reaction conditions. Xing et
al. demonstrated that the reverse Boudouard reaction can
readily occur at 550 °C over Pt—In—Co/CeO, catalysts.”” The
lower temperature reaction may mean that in the current work,
CO formation from coke is less prevalent. Steam reforming has
not been experimentally demonstrated in the context of the
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oxidation of ODH—CO,. As H,O is required in this reaction,
steam reforming would be expected to occur under high C;Hg
conversion. To investigate steam reforming experimentally,
C;Hg and H,O were cofed over a Pd/CejsZr;sO, catalyst.
The conditions were selected to replicate the stoichiometric
requirements and demonstrate the feasibility of the reaction at
500 °C. Figure S2 shows the concentration of the reactants and
products, and the data clearly show that this catalyst can
catalyze steam reforming at 500 °C. Overall, steam reforming
should be considered as a significant contributing reaction
pathway, especially at higher C;Hg conversions where the
partial pressure of H,O will be higher.

B CONCLUSIONS

Many of the previous studies into ODH—CO, have overlooked
CO as a reaction product of C;Hg.”” The results of the current
study show that CO is readily formed over supported NPs and
could originate from various pathways, especially reforming.
The data presented in this paper illustrate that the structure—
activity relationships that govern the selectivity of the reaction
are complex. On one hand, Pd or Pt NPs supported on cerium
oxide-based supports catalyze CO formation as much as, or
more than, C;H formation. However, in the absence of a
reducible support, the catalytic activity is very poor, indicating
that an additional functionality is necessary, i.e., in the form of
an active support. Commonly reported catalysts, e.g., CrO,/
SiO, and Ga,0;—Al,0; do not catalyze CO formation but are
intrinsically less active than NP-based catalysts. When Pt was
supported on Ga,0;—Al, O3, the activity was greatly increased,
but with the increased formation of CO. In general, the
performance of ODH—CO, catalysts was hindered by low
activity or poor selectivity to C;Hg, as is the case with
supported NP particles.

As discussed in the introduction, many literature reports do
not calculate C;Hg on the basis of converted C;Hg, which
leaves open the possibility of inflated selectivity calculations.
The current work has shown that the formation of CO is not
prevalent on Cr- and Ga-based catalysts, whereas over NP
catalysts, the potential for CO production from C;Hy is much
greater. Therefore, special attention should be paid to research
reports where supported NPs are investigated and selectivity is
not calculated using converted C;Hg. Consideration of the
chronology of this field of catalysis may help to explain why the
majority of the literature on this reaction does not consider
CO as a potential reaction product. The early studies were
based on Ga-, Cr- and other mixed metal oxide catalysts and
were conducted using conditions similar to conventional
nonoxidative C;Hg dehydrogenation. With these catalysts and
conditions, CO formation does not occur, and therefore, close
scrutiny of the products formed was not considered to be
required. However, the recent interest in NP catalysts demands
the most robust analytical approaches to accurately quantify
the products of the reaction.

Future research should focus on harnessing the high activity
of supported NP catalysts while inhibiting the deleterious
pathways that produce CO. Such breakthroughs have been
made where noble metals supported on CeO, were modified
with transition metals, e.g., Fe, In, and Co.”®”° The
nanostructure of these catalysts is highly complex, but the
step-change in performance should incentivize further
investigation into similar catalyst formulations. Finally, further
experiments are required to quantify the structure—activity
relationships present in these catalysts.
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