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ABSTRACT: Combinatorial screening of 150 supported
metal oxide (manganese and additives) catalysts was car-
ried out via high-throughput synthesis platform and paral-
lel reactors for the oxidative dehydrogenation (ODH) of pro-
pane to propylene. Specifically, an organomanganese (0.05
to 2.5 Mn atoms/nm?) complex was grafted on metal oxide
supports (Alz203, SiOz, TiO2, and Zr0O2) pre-modified with ei-
ther Lewis acid (Al, Ti, Zn and Zr) or redox-active (Cu, Cr, Ga
Ni, V) additives at various surface coverages (25, 50 and
75%). Catalysts were characterized by high-resolution
transmission electron microscope, X-ray photoelectron
spectroscopy, X-ray diffraction, Raman spectroscopy, and
UV-vis spectroscopy. Catalysts 0.05 Mn/V(50%)/Alz03 and
0.05 Mn/Ni(50%)/ZrO2 showed the highest combined pro-
pane conversion and propylene selectivities (31/41% and
15/85%), with excellent stability at 500 °C for 25 h. The
presence of Ni in Mn/Ni/ZrO2 resulted in a 6-fold increase
in turnover frequency (TOF) over the Mn/ZrO2. HRTEM
identified single Mn atoms after 500 °C heat treatment. For
Mn/Ni/ZrO; system, Mn was incorporated into the support
lattice due to similar ionic radius of Mn?* and Zr**, which
was also enhanced by the presence of Ni. For Mn/V/Al:03
system, highly active MnO was prevalent as observed by Ra-
man. Both V and Mn contributed to an increase in mutual
dispersion, but both species remained on the surface. It is
proposed that the highly dispersed atom and interactions
between Mn with either Ni or V are responsible for the ODH
performance and stability.
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Introduction

Propylene is the second largest-volume chemical produced
globally. It is an important raw material for the production
of commodity chemicals, in particular polypropylene.!
Among all the synthesis routes, catalytic non-oxidative de-
hydrogenation (PDH, 1) is the most direct and selective way
to produce propylene.2 Commercially, the Catofin
(Cr203/Al203) and Oleflex (PtSn/Al203) catalytic processes
are widely used for propane dehydrogenation,® however,
catalysts used in these processes suffer from sintering and
coking due to typical reaction conditions employed at such
high temperatures (> 500 °C) and the absence of oxygen.* In
addition, the endothermicity of the reaction demands high
energy input. Catalytic oxidative dehydrogenation (ODH, 2)
of propane provides an alternative to PDH because of its ex-
othermicity, lower reaction temperatures, and reduced
coke deposition.>6

PDH propane C;Hg < C3Hg + H, (1)
AGzs = +86 k] /mol

ODH propane C3;Hg+ 1/20, & C3Hg+ 2H,0 (2)
AGzs = -142 k] /mol

However, since the desired olefin product is more reac-
tive than the starting alkane, the challenge for the oxidative
dehydrogenation is to limit the undesired side reactions re-
sulting in COz and CO formation. Factors such as tempera-
ture,” oxygen partial pressure,?° reactor design! and cata-
lyst compositions® have been shown to tune and minimize
overoxidation.

Vanadium oxide- and molybdenum oxide-based catalysts
are the most reported systems in the current literature for
propane ODH.> Redox active metal oxides are usually more
selective for the ODH of alkanes which follows a Mars-van
Krevelen mechanism.® In addition, manganese-based cata-
lysts exhibit interesting catalytic ODH performances and
they have gained more attention over the past decades.8-13
However, manganese-based catalysts are prone to form cat-
alytic-inactive species under oxidative conditions due to ag-
glomeration and sintering.1#

One of the key components for the ODH reaction is the re-
ducibility of the surface metal oxide species. It has been re-
ported that the reducibility of manganese oxide depends on
its dispersion which, in turn, is affected by several factors
such as the metal loading, choice of the metal precursors,
the support surface area, as well as its acid and basic na-
ture.>1115 Reducibility may also be enhanced by modifying
oxide surfaces with a second more reducible oxide (M’Ox)
that replaces the M-O-support linkages with more reactive
M-0-M’ linkages.1¢17 This beneficial effect of a modifier
would be categorized as interacting, as opposed to a non-
interacting additive which would coordinate with the oxide
support but would do not directly affect the catalytic prop-
erties of the surface metal species.8

A uniform and high degree of site dispersion of metal ox-
ides enables higher selectivity to propylene, while aggre-
gates such as 3D clusters tend to favor deep oxidation into

COx.1>16 While the impregnation method?® is most often em-
ployed to synthesize catalysts for propane ODH, the surface
organometallic chemistry (SOMC) grafting technique,?02!
which is based on anchoring the organometal sites onto the
hydroxyl groups, leads to more defined and higher dis-
persed metal oxide species.??

Combinatorial screening, enabled by programmable ro-
botic platforms, offers an opportunity to explore a broad
and diverse chemical design space in a high-throughput
fashion with exceptional reproducibility and minimal mate-
rials investment. Such platforms are ideally suited for de-
positing organometallic precursors onto solid supports.??
This allows the syntheses and screening of a large number
of catalysts much more rapidly than the conventional ap-
proach, thereby reducing the time and cost for material de-
velopment. An efficient combinatorial screening has been
carried out on vanadium-free catalysts for the ODH of
ethane and also for the ODH of propane.2425 So far, there has
not been a wide systematic screening of Mn-based catalysts
for the oxidative dehydrogenation of propane. Thus, our ap-
proach is to identify synergistic interactions, through high-
throughput screening, between additives and Mn which
may result in enhanced and stable catalytic performance.
Specifically, we performed the high-throughput synthesis of
over 150 catalysts by depositing manganese species on a
range of supports (TiOz, ZrOz, Al203 and SiOz) pre-modified
with either Lewis acid (Al, Ti, Zn and Zr) or redox-active (Cu,
Cr, Ga Ni, V) additives.#57.1217.25-31 These additive-types
were chosen because Lewis acid sites have been shown to
promote propane activation on the catalyst surface,3? and
redox-active sites promote conversion to propylene due to
increased hydrogen abstraction.3? High-throughputactivity
and durability screening of these bimetallic catalysts for the
ODH of propane was then carried out to identify any combi-
nation leading to improved reactivity and stability over the
non-promoted manganese catalysts.

EXPERIMENTAL SECTION

Materials. Commercially available mesoporous (Selecto)
silica support (30-200 um size, pore size ca. 6 nm, surface
area 520 m?/g) was used. y-Alumina, zirconia, and titania
were purchased from Alfa Aesar. All supports were vacuum
dried at 200 °C overnight. The amount of organometallic
precursor was calculated based on the desired coverage
(25, 50, and 75 % of a monolayer). The monolayer was cal-
culated based on the surface area and the OH sites density,
which were determined by the Brunauer-Emmett-Teller
(BET) and thermogravimetric analyses (TGA), respectively
(Table S1). Anhydrous toluene (Aldrich) was purged with
N2, and further dried over activated alumina for 24 h, and
tested for dryness with sodium benzophenone ketyl before
use. Organometallic precursors for Cu, Ga, Ni, Ti, Zn, and Zr
were purchased: trimethylaluminum(III) (>97%, Sigma-Al-
drich), bis(dimethylamino-2-propoxy)copper(ll) (>97%
STREM Chemicals), bis(u)-dimethylamino)tetrakis(dime-
thylamino)digallium (98% STREM Chemicals), bis(N,N'-di-
t-butylacetamidinato)nickel(II) (99.999% STREM Chemi-
cals), titanium(IV) isopropoxide (99.999% STREM Chemi-
cals), diethylzinc(II) (Sigma-Aldrich), zirconium(IV) tert-
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butoxide (99.999% Sigma-Aldrich) and bis(N,N’-di-i-
propylpentylamidinato)manganese(Il)  (98%, STREM
Chemicals). The [V(Mes)s3(THF)] complex was prepared as
reported in the literature.3* Synthesis of Cr(THF)3(Ph)s pre-
cursor is described in literature.3®

High-Throughput Catalysis Synthesis. An automated syn-
thesis platform (CM3 Core Module deck, Unchained Labs
Inc.) housed in a custom-built N»-filled glovebox (MB 200B,
MBraun), was used for the catalyst syntheses. The CM3 per-
formed both solid and liquid dispensing as well as on-deck
stirring. A two-step surface organometallic chemistry
(SOMC) process was used for depositing the additives and
Mn onto each of the supports as shown in Scheme 1.

Deposition of the additives onto the supports by SOMC. For
each support, 25, 50 and 75% coverage of a monolayer by
an additive was chosen. Al precursor was not dispensed
onto Alz0s3, Ti precursor was not dispensed onto TiOz and Zr
precursor was not dispensed onto ZrOz. For each combina-
tion, 200 mg support was weighed in an 8 mL glass vial, pre-
loaded with a magnetic stir bar. Under stirring, the solid
supports were then pre-wetted with dry toluene to ensure
homogeneous deposition of organometallic precursors.
Various stock solutions of organometallic precursors (Al
Cu, Cr, Ga, Ni, Ti, V, Zn, Zr) in toluene were then dispensed
into each vial. After dispensing the stock solution, additional
toluene was dispensed to adjust the total liquid volume to 4
mL. The 24 well plates of vials were then placed manually
onto a shaker plate and let shake for 24 h at 600 rpm. The
well plates were then centrifuged (Speedvac Concentrator,
Savant SPD121P, ThermokElectron), two well plates at a
time, for 10 min and then the supernatant was removed,
and 2 mL fresh toluene was added. The procedure was re-
peated 5 times. After removal of the last supernatant, the vi-
als were then removed from the glovebox and placed onto
another shaker (Digital Pulse Mixer, Glas-Col) in a fume
hood without the cap to let them dry under air environment
over the week-end. This was done to ensure new OH groups
would be formed for the deposition of the Mn precursors.

Deposition of the manganese onto the supports by SOMC. For
each promoted support, a loading between 0.05 and 2.50
Mn atoms per nm? was targeted. 0.05 atoms Mn/nm? corre-
spond to 0.57, 2.5, 1.1 and 1.4 surface coverage (%) for
Al203, SiO2, TiOz and ZrO2, respectively. The dried solids
were then brought back into the glovebox for the addition
of manganese precursor (bis(N,N’-di-i-propylpentylamidi-
nato)manganese(1)). The same procedure was repeated as
above. Each sample was stored outside of the glovebox and
tested as-is.

Deposition of manganese on SiOz by IW. Mn sites were in-
stalled via incipient wetness technique onto SiO2 support
according to literature methods.3¢ A nominal loading of 0.05
Mn atoms per nm? was achieved by adding SiO2 with stirring
into an aqueous solution prepared by dissolving Mn(NO3)2
aqueous solution. The mixture was stirred for at least 8 h,
and the solids collected via filtration after washing three
times. The modified SiO2 was dried at 120 °C for 6 h, fol-
lowed by calcination in air at 850 °C for 6 h. Per literature,
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the Mn species on the support are expected to be Mn304
(Mn3* where 2<6<3).

High-Throughput Catalysis Screening. A 16-channel
high-throughput fixed bed system (Flowrence® from Avan-
tium) was used for the catalytic experiments. 50 mg catalyst
as-is was mixed with 100 mg Silica Davisil (Sigma-Aldrich)
and loaded into a quartz reactor (2 mm ID, 30 mm length).
Blank and supports were also tested for comparison and
had negligible effects. The reproducibility of the SOMC syn-
thesis and testing were also confirmed by comparing cata-
lytic results of two separate synthetic batches of catalyst,
which is shown in Figure S19. The error on the catalytic
measurement is less than 2%. Total flowrates for each reac-
tor of 12.7 mL/min were used of which 9.49 mL/min 5%
propane/Ar, 2.24 mL/min dry air, and 1 mL/min He. This
gives a C3Hs:02=1: 1. An Oz : CsHg ratio of 1 : 1 was used as
it was reported to give the best propylene yield.® The space
velocity was 63,000 h-1. All gases were purchased from Air-
gas and were UHP grade. The temperatures tested were 300
to 500 °C (5°C/min) with an increment of 50 °C, followed by
a stability testing at 500 °C for 25 h. At each temperature, a
gas sample was taken automatically, sequentially from re-
actor #1 to reactor #16, for gas chromatography. Each gas
sample was flushed for 11 min before the analysis. Helium
was used as internal standard for the gas chromatograph
(7890B, Agilent Technologies). The effluent of each reactor
was analyzed sequentially by a gas chromatograph,
equipped with a thermal conductivity detector (TCD) and
two flame ionization detectors (FID) and 4 columns: HP-
AL/S (25m x 0.320mm) and DB-FFAP (30m x 0.320mm)
(Agilent Technologies), molecular sieve 5A 80/100 6’ 1/8”
and Hayesep Q 80/100 6’ 1/8” (Restek). The main products,
besides propylene, were carbon monoxide, carbon dioxide,
methane, ethane and ethylene. Carbon balance was be-
tween 95 and 100%. The conversion of CsHs was calculated
on the basis of the concentration of C3Hs in the inlet and out-
let of gas flow using He as internal standard using the fol-
lowing equation:

CsHs Conversion (%) = ([c3H8 in]—[C3H8 out])*100

[C3H8 in]

The selectivity of each carbon-containing product was
calculated by the following equations, as examples:
C3Hs Selectivity (%) =

[C3H6 out]*100
[C3H6 out]+([CH4 out]+[CO out]+[CO2 out])*(1/3)+([C2H6 out]+[C2H4 out])=(2/3}

co Selectivity (%) =
[CO out]*100
[C3H6 out]+([CH4 out]+[CO out]+[CO2 out])*(1/3)+([C2H6 out]+[C2H4 out])*(2/3}
CO2 Selectivity (%) =

[CO2 out]+100
[C3H6 out]+([CH4 out]+[CO out]+[CO2 out])*(1/3)+([C2H6 out]+[C2H4 out])=(2/3}

Characterization. Transmission electron microscopy
(TEM) was used to probe for the presence of single atom,
nanoparticles or clusters; however, it should be noted that
sample preparation for TEM analyses (sonication in etha-
nol) as well as imaging conditions (a 200 kV electron beam)
could change material composition in situ (e.g., metal ag-
glomeration). Samples were prepared by dispersing solids

3
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in ethanol via sonication for 30 s. Colloidal suspensions
were drop cast onto holey carbon TEM grids. A JEOL JEM-
2100F TEM was used for all bright field imaging at 200 kV.
A FEI Talos F200x scanning transmission electron micro-
scope (STEM) operated at 200kV was also used for acquir-
ing energy-dispersive X-ray spectra (EDS) and elemental
mapping. An aberration-corrected STEM, Thermo Fisher
Spectra 200, was also used to obtain atomic-resolution high
angle annular dark-field (HAADF) images. Particle size and
shape were measured using Image]37 and Gatan Digital Mi-
crograph software. Electron energy loss spectroscopy
(EELS) and cathodoluminescence (CL) spectroscopies were
acquired using a Spectra 300 STEM with an Attolight CL sys-
tem. These microscopes were used in coordination with the
Center for Nanoscale Materials (CNM) at Argonne National
Laboratory. The specific surface area of the catalyst was
measured by the BET method at liquid nitrogen tempera-
ture using a Micromeritics ASAP2020 surface area analyzer.
The samples were first evacuated under dynamic vacuum
(< 10-3 torr) at 130 °C overnight to remove the guest mole-
cules and adsorbed moisture before re-measuring the accu-
rate sample weight. Elemental analysis was performed us-
inga Thermo iCap7600 ICP-OES instrument. Approximately
30 mg of sample was digested in 1 mL of HF and subse-
quently diluted to 11 mL with a 0.9 wt.% HNOs aqueous so-
lution. Standards of known concentration were prepared to
quantify the samples’ metal content. UV—Vis spectroscopic
data were obtained on a Shimadzu UV-3600Plus
UV-Vis—NIR spectrophotometer. Powder X-ray diffraction
(PXRD) patterns were taken on a Rigaku SmartLab Powder
X-ray Diffractometer with parallel beam mode and Co radi-
ation with K filter operating at 40 kV and 40 mA. The scan
range was between 10° and 60° with 0.005° steps at a col-
lection speed of 1 s/step. X-ray photoelectron spectroscopy

40 20

B
o

(XPS) was performed on at the Surface Analysis Facility at
the University of Delaware using a K-Alpha+ XPS system
(Thermo Scientific) using an Al K-Alpha X-ray source
(hv=1486.6 eV), with a takeoff angle of 35.3° with respect to
the analyzer. The high-resolution spectra were collected
with a pass energy of 60 eV, and the survey spectra were
collected over the 0-1000 eV binding energy range. CasaXPS
software was used to analyze and calibrate the raw data.
The XPS scale was calibrated to the carbon 1s C-C peak at
284.6 eV.383% Raman spectroscopy was performed using a
LabRAM HR Evolution, Horiba with a 532 nm laser.

Results and Discussion

Synthesis on Mn/MxOy. Manganese was deposited using
bis(N,N’-di-i-propylpentylamidinato)manganese(II) onto
the various supports via SOMC at room temperature for 24
h, see Scheme 1. Four loadings of manganese (0.05, 0.25,
1.25 and 2.50 Mn atoms/nm?) on four supports (Al203, SiOz,
TiO2, and ZrO2) were synthesized. The MnOx surface density
is defined as the number of manganese atoms per square
nanometer of the catalyst and provides a convenient param-
eter for comparing catalysts with a wide range of surface ar-
eas.!0 The experimentally determined weight percentages
of manganese on all supports are shown in Table 1.

Mn/SiOz was also synthesized by incipient wetness tech-
nique (IW).#041 Sj02 was chosen because of the high surface
area (Table S1) leading to the possibility of high dispersion.
Transmission electron microscopy (TEM) images, shown in
Fig. S1, taken on Mn/SiOz synthesized by the two tech-
niques, revealed micron-sized phase-segregated agglomer-
ates in the case of the IW sample (Fig. S1a). For the SOMC
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Figure 1. Propane conversion (solid lines) and propylene selectivity (dotted lines) for Mn atloadings of 0.05 Mn atoms/nm?
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creasing Mn loadings with 0.05 Mn/SiOz prepared by SOMC (black) and IW for comparison (pink) e). Reaction conditions

were 0z2: C3Hg=1:1; GHSV =63,000 h-..
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Table 1. Actual loadings of additives and manganese
on Al203, ZrOz2, TiOz, and SiOz supports determined by
ICP, and the calculated Mn surface density.

Catalyst Additive Manganese Manganese

wt% wt% atoms/nm?
0.05 Mn/Al203 0.007 0.0045
0.25 Mn/Al203 0.038 0.0245
1.25 Mn/AlL203 0.191 0.1232
2.5 Mn/Al203 0.283 0.1825
0.05 Mn/V(25)/Al:03 1.7 0.060 0.0387
0.05 Mn/V(50)/Al203 2.1 0.060 0.0387
0.05 Mn/Zr0> - 0.001 0.0044
0.25 Mn/ZrO2 - 0.006 0.0263
1.25 Mn/ZrO2 - 0.028 0.1228
2.5Mn/Zr0> - 0.056 0.2456
0.05 Mn/Ni(50)/Zr0> 0.044 0.001 0.0044
0.05 Mn/Ni(75)/Zr0> 0.075 0.003 0.0136
0.05 Mn/TiO2 - 0.004 0.0063
0.25 Mn/TiO2 - 0.017 0.0266
1.25 Mn/TiO2 - 0.058 0.0909
2.5 Mn/TiO2 - 0.059 0.0924
0.05 Mn/SiO2 (IW) - 0.118 0.0249
0.05 Mn/SiO2 - 0.019 0.0040

sample (Fig S1b) there was no agglomerate detected in
the TEM images indicating that the grafting technique is
preferred for preparing highly dispersed metal oxides onto
supports.1516

Catalytic Oxidative Dehydrogenation of Propane. The
catalytic activities of the manganese samples were first
evaluated as a baseline and to differentiate a synergistic ef-
fect between manganese and the second metal from an ad-
ditive effect.8 The conversion of propane and propylene se-
lectivity between 300 and 500 °C are shown in Fig la-d.
Generally, conversion and selectivity increased with in-
creasing temperatures for all supports and loadings of Mn,
with 500 °C yielding the highest propane conversion and
propylene selectivity. Mn/Al203 (Fig. 1a) had the highest
combination of conversion (31%) and selectivity to propyl-
ene (7.6%). Mn/SiO2 (Fig. 1b) had the lowest propane con-
version (18.6%), though the highest propylene selectivity
(9.6%). Mn/TiO2 (Fig. 1c) and Mn/ZrO2 (Fig. 1d) had pro-
pane conversion percentages similar to Mn/Al203, though
the propylene selectivity remained below 10% for both
Mn/TiOz and Mn/ZrOx.

ACS Catalysis

Higher Mn loadings resulted in higher propane conver-
sion; however, the propylene selectivity was the highest at
the lowest loadings for Mn/Si02, Mn/TiOz, and Mn/ZrO-,
0.05 atoms/nm? (Fig. 1b-d). Catalysts with lower loadings
of Mn lead to lower propylene selectivity for Mn/Al20s (Fig.
1a). However, the TOF increases as the loading of Mn de-
creases for all supports, shown in Fig. 1e, in agreement with
literature on the beneficial effect of highly dispersed metal
species onto supports.*?

In terms of propylene yields, Mn supported on SiOz, TiOz,
and ZrO:z show yields less than 2%, while for Mn/Al203
yields up to 2.5% are observed (Fig. S2). Other products de-
tected in large amounts were COz and CO (Fig. S3). CO: se-
lectivities decrease while CO selectivities increase with in-
creasing temperature, due to the propane combustion
mechanism switching from oxidizing to reducing condi-
tions.8 Higher COz selectivity is observed for low concentra-
tions of Mn on supports. This is consistent with literature
which claims that exposed support oxide sites favor pri-
mary combustion pathways.1518

Following the screening at various temperatures, the cat-
alysts were tested for stability at 500 °C for 20 h (Fig. S4).
The propylene yields remain stable for all samples (only
0.05 Mn/supports shown). Despite the stability of Mn/SiOz,
small aggregates were observed after reaction by TEM (Fig.
S1c, Fig. S13). Overall, these results suggest that Al203 offers
the best support benefits in terms of high propane conver-
sion and sustained catalytic activity even at prolonged and
high temperatures (500 °C) for a monometallic system
based on Mn. Based on the above data that allowed for the
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Scheme 1. Multi-step surface organometallic chemis-
try (SOMC) process for synthesizing bimetallic cata-
lysts: (1) deposition of organometallic additive sites
onto an oxide support followed by (2) oxidation in air,
then (3) deposition of organomanganese.
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identification of systems with highest activity, the lowest
target loading of Mn, 0.05 atoms per nm?, was selected.

Effect of Additives. To understand the effect of additives,
the supports were pre-modified with nine different metals,
either Lewis acid additives (M = Al, Ti, Zn, Zr) or redox-ac-
tive additives (M=Cu, Cr, Ga, Ni, V) by SOMC prior to the in-
troduction of the manganese catalytic sites. The amount of
additive was determined so that the coverages of manga-
nese oxide and the chosen additive did not exceed mono-
layer coverages. For Mn/M/support, both 25, 50 and in
some cases 75% additive coverages (i.e., percentage with
respect to full monolayer coverage, which is estimated
based on the surface densities of hydroxyl species) were
used, while for M/support only 25 % additive coverage was
used. Note that coverage of 25, 50 and 75% corresponds to
1.25, 2.50 and 5 atoms/nm?, respectively. The weight per-
centages of each additive were determined experimentally
by ICP, shown in Table 1. For each Mn/M/support and
M/support, the propylene yield is shown at 300 and 400 °C
in Fig. S5 and S6, respectively, and at 500 °C in Fig. 2., and
the propane conversion at 500 °C is shown in Fig. S7.

Based on the propylene yields shown in Fig. 2, there were
two catalysts with significant improvements in propylene
yield compared to supported Mn alone and their additive
alone. Those were Mn/V(50)/Al203 at 12.9% propylene
yield and Mn/Ni(50)/ZrO: at 13.1% propylene yield. These
combinations were characterized further to understand the
structural factors that contributed to the improved propyl-
ene formation.

Characterization of Mn/V(50)/Al203. As the tested sam-
ples were diluted with silica, samples calcined at 500 °C
were used as model for the spent catalysts for characteriza-
tion. Fig. 3 shows the aberration-corrected HAADF images
for Mn/V/Al20s (Fig. 3a) calcined at 500 °C. In this atomic
resolution HAADF image with Z-contrast, several bright
dots (circled in Fig. 3a) corresponding to single ion Mn sites
can be distinguished on the crystalline metal oxide sup-
ports. EDS and EELS were used to identify Mn and V single
ions; the EDS mapping results are shown in Fig. 3b-e and the
EDS and EELS spectra are shown in Fig. S9. For Mn/V/Al203
sample, both Mn Ka and V Ka peaks were detected (Fig.
S9a). EELS spectra (Fig. S9b) showed the V L3 election en-
ergy loss peak, but the Mn L23 could not be detected due to
the ultra-low loading of Mn. As shown in the EDS mapping
of Mn (Fig. 3e), no Mn rich nanoparticles are observed, and
all Mn are homogeneously distributed in metal oxide parti-
cles.

To better understand the manganese species, 0.05
Mn/V/Al203 was characterized with Raman spectroscopy,
XPS, UV-vis, and XRD. Raman spectroscopy is a valuable tool
for determining the oxidation state of manganese oxides, as
each Mn oxidation state has a unique signature.*34* Raman
spectra can indicate long-range crystal structure, but it is
also sensitive to local atomic coordination of the oxidized
Mn, which makes the technique useful for interrogating low
loadings.#? Care was taken to minimize the laser power and
exposure on the sample, as MnOx is susceptible to laser-
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Figure 2. Propylene yield of M/support and Mn/M/sup-
port at 500 °C (M = Cu, Cr, Ga, Ni, Ti, V, Zn, and Zr), with
Al203 (a), SiOz (b), TiO2 (c) and ZrO2z (d), Mn loading is
0.05 atoms/nm? and M loadings are 1.25, 2.5 and 5 at-
oms/nm? (25, 50 and 75% coverage, respectively). Pro-
pylene yield of 0.05 Mn/support is denoted with a black
dotted line.

induced degradation.** Because of that effect and the low
concentration of Mn, characterization by Raman must be
carefully examined alongside other analytical methods. The
formation of more compact crystal structures, such as
Mn203, Mn304, and MnO, have been identified as potential
markers of degradation, and they are also the species of in-
terest in the present study.** However, the Raman peak as-
signments as described are both consistent across different
samples and consistent with the results observed for sev-
eral other analytical techniques described below, and there-
fore we are confident that the findings presented are accu-
rate. Raman of Mn on Al203 (Fig. 4a) shows Mn (1I-1V) peaks.
Mn(II) was the initial oxidation state of the grafted metal
from the organomanganese precursor (bis(N,N’-di-i-
propylpentylamidinato)manganese(1I)).

Once deposited onto Al203 at the lowest Mn loading,
Mn(IIT) and Mn(IV) were also formed alongside Mn(1I) (Fig.
4a). The more oxidized Mn species were likely formed due
to interactions with Al vacancies and defects in the support.
At Mn loadings of 1.25 atoms/nm? and higher, (Fig. 4a) the
oxidized Mn (III-IV) predominates and the Mn(II) disap-
pears. This was likely due to increased surface defects as
more Mn interacts with Al20s. An early study by Kijlstra et
al. showed that the [Mn(H20)s]?* complex grafted onto Al203
yielded 1:1:1 ratios of Mn(II), Mn(IIl), and Mn(IV) at low
loadings, and predominantly Mn(III) at higher loadings.*>
Raman investigation of Mn/SiO2 and Mn/TiO: yielded simi-
lar results, shown in Fig. S11.

Mn was observed via Raman spectroscopy as Mn(II),
Mn(III), and Mn(IV) when loaded onto bare alumina,*? but
Mn was not detectable by Raman when grafted onto V/Al203
(Fig. 4a), which suggests that vanadium promoted highly
dispersed Mn sites. These submonolayer Mn ions must be
characterized by a surface-sensitive technique, therefore X-
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Figure 3. Aberration-corrected atomic-resolution HAADF image for Mn/V(50)/Alz203 calcined at 500 °C a) and lower mag-
nification EDS mapping showing the HAADF image b), Al Ka map c), V Ka map d), Mn Ka map e); atomic-resolution HAADF
image for Mn/Ni(50)/ZrO: calcined at 500 °C f), and lower magnification EDS mapping showing the HAADF image g), Zr
Lo map h), Ni Ka map i); atomic-resolution HAADF image for Mn/Ni(75)/ZrO: calcined at 500 °C j) and lower magnification
EDS mapping showing the HAADF image k), Zr La map 1), Ni Ka map m), and Mn Ko map n). The single atom sites observed

on Mn/V(50)/Al:0s a) are circled in white.

ray photoelectron spectroscopy (XPS) experiments were
performed to determine the oxidation state of highly dis-
persed Mn. It must be noted that direct comparisons of XPS
signal intensities between samples can be misleading, as the
technique is only semi-quantitative for powder samples
without careful calibration and surface-modelling.*¢ The Mn
2p and V 2p XPS binding energy regions are shown in Fig.
5a and b, respectively. For all the XPS studies, the sample
was examined after calcination in air at 500 °C for 2 h to
more closely mimic the surface at reaction temperatures.
For Mn/Alz03, and Mn/V/Alz03, two Mn 2ps,2 peaks were
observed at 641.4 eV and 643.4 eV with a satellite peak at
647.4 eV, and the corresponding spin-orbit splitting was ob-
served, with Mn 2p1/2 peaks at 652.6 eV and 654.6 eV, with
the satellite peak at 658.6 €V, respectively. The Mn 2p3,2
peakat 641.4 eV was assigned to Mn(II) in MnO; this assign-
ment was made because the satellite peak at ~6 eV higher
than Mn 2p3,2 is characteristic of MnO and is not present
when higher oxidation states of Mn predominate.*”48 The
Mn 2ps/2 peak at 643.4 eV was assigned to more oxidized
Mn, likely Mn(IV) in MnO2.#° The XPS results correspond
well with the Mn (II-1V) oxidation states observed with Ra-
man spectroscopy on low loading of monometallic Mn on

Al;03 (Fig. 5a). Mn 3s has also been used to analyze the Mn
oxidation state, however the Mn loading for these samples
was too low to observe the already weak 3s peaks.5051

Fig. 5b shows the V 2p binding energy region for V/Al203
and Mn/V/Al20s after calcination. For each sample, the va-
nadium signature was deconvoluted into two V 2ps,2 peaks,
and the binding energy for each peak was constrained to the
same value for V/Al203 and Mn/V/Alz:0s. The corresponding
V 2p1,2 peak was also observed but was masked by the high
intensity O 1s peak at 531.7 eV and could not be deconvo-
luted. The two 2p3,2 peaks were assigned to V(IV) in VO
(516.1 eV) and V(V) in V205 (517.5 eV).5253 When Mn and V
are both present on the surface, the peak area ratio of V(V)
to V(IV) shifted noticeably to 4.0 compared to the baseline
1.3 for V/Al:0s. This indicates that during ODH reaction
conditions at 500 °C, the Mn/V/Al203 surface consisted of a
small amount V(IV) oxides and mainly V205 species with
synergistic interactions with Mn, which supports that vana-
dium was well-dispersed on Al20s.

The XRD pattern for doped and un-doped Al:03 are
shown in Fig. S15. The crystallographic data is not very in-
formative for the Al:03 samples because they were not
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highly crystalline, however peaks characteristic of y-Al203
can be observed in all samples. There may have been some
amount of V(V) insertion into Al203 based on the similarly
sized ionic radii, but the lack of support crystallinity makes
this determination not feasible.5*

In lieu of crystallographic data, the structure of vanadium
was interrogated by UV-vis spectroscopy, shown in Fig. 6.
The UV spectroscopy shows that for the Mn/V/Al:03 sam-
ple, the spectrum is characterized by a strong absorption
band centered at 300 nm. This peak has been described by
Solsona et al. as a combination of two species with absorp-
tion peaks at 250 and 320 nm.55 These species were as-
signed to isolated tetrahedral V(V) at the lower wavelength
and polymeric V20s at the higher wavelength, which is also
confirmed by XPS (Fig. 5b). The width of the UV band shifts
towards higher wavelengths as the loading of vanadium in-
creased, which is indicative of an increase in bulk crystallite
V205.56 When comparing Mn/V and V alone, the width of the
absorption band decreased and blue-shifted on Mn/V, likely
due to some electronic interaction between Mn and V

3+ 4+
a ant R Mn>"+ Mn
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u.»——»f/_\“l‘zs Mn/Al,0,
W_/‘///\\ 2.5 Mn/A|203
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Figure 4. Raman spectra showing the MnOx region on
unpromoted and V-promoted Mn/Al:03 a), and un-
promoted and Ni-promoted Mn/ZrO:z b) at increasing
loadings of Mn (0.05, 0.25, 1.25, 2.5 Mn atoms/nm?). The
bare Al203 and ZrOz supports are shown for reference.

species. This observed electronic interaction agrees with
Raman and XPS results for Mn as well, as Mn(II) was de-
tected on Mn/V/Al203 by XPS (Fig. 5a) but could not be de-
tected by Raman, likely due to the increased Mn dispersion
when interacting with V. Additionally, there was a higher
proportion of V(V) than V(IV) for Mn/V/Al.03 compared to
V/Al203 without Mn (Fig. 5b). These results could indicate a
potential charge transfer from V to Mn to form highly iso-
lated V(V) and well-dispersed Mn(II). A similar observation
was made by Rybarczyk et al.5” who reported higher bind-
ing energies for V20s vanadates coordinated to magnesium
and zinc at low loadings, which was attributed to increased
ionic character of the vanadate species.

The V-induced reduction of Mn would explain the in-
crease in propylene selectivity. Various studies have shown
that propylene selectivity is improved by suppression of ox-
ygen availability on the active site. Baldi et al.8 proposed a
mechanism for propane oxidation that emphasized the role
of catalyst oxidation state, claiming that low oxidizing abil-
ity improved propylene selectivity. More recently, Wang et
al.58 supported this claim and described the mechanism
over MnOx thin films on CeO2. They explained that oxygen-
deficient Mn(II) active sites worked to stabilize propylene
on the surface through nucleophilic C=C m-interactions,
while simultaneously hindering overoxidation to CO and
CO2 due to the oxygen-deficient environment on MnO sites
compared to MnO2z or Mn203.58

Characterization of Mn/Ni(50)/ZrO:. Fig. 3f shows the
aberration-corrected STEM image for Mn/Ni/ZrO:z calcined
at 500 °C. The EDS maps are shown in Fig. 3g-j, and the EDS
and EELS spectra are shown in Fig. S10. For
Mn/Ni(50)/ZrOz2, the Ni Ka peak was observed in EDS (Fig.
S10a), though no Mn Ka is observed. In EELS spectrum (Fig.
S10b) the Ni Lz23 peak was likely observed but was barely
above the baseline noise. Mn was not observed by EELS for
Mn/Ni(50)/ZrO2 sample. In the atomic resolution HAADF
image (Fig. 3f), Zr atomic columns can be observed. Due to
lower Z of Mn (Z = 25) or Ni (Z = 28) compared to that of Zr
(Z = 40), it is difficult to distinguish Mn and Ni from ZrO2
crystals using the Z-contrast HAADF imaging approach, and
the issue was compounded by the ultra-low loading of Mn.
To better visualize the Mn atoms on Ni-added ZrO3, the
Mn/Ni(75)/ZrO2 sample was also analyzed with HRTEM,
shown in Fig. 3j-n, due to its higher loading of Mn atoms (Ta-
ble 1). On this catalyst, the Mn Ka peak was observed in the
EDS spectrum (Fig. S18d), and low magnification EDS map-
ping of Mn/Ni(75)/ZrO2 indicates that both Mn and Ni are
homogenously distributed in ZrOz nanoparticles (Fig. 3k-n).
Cathodoluminescence (CL) is sensitive to trace amount of
Mn in oxides. Fig. S18a-c shows the CL results, including the
CL spectrum of Mn/Ni(75)/ZrO: calcined at 500 °C (Fig.
S18c). A broad peak at 536.7 nm with FWHM of 115 nm and
a sharp peak at 691.9 nm with FWHM of 4 nm are observed.
The broad peak at 536.7 nm can be assigned to the 3d°
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Figure 5. XPS binding energy regions for Mn 2p a) and V 2p b) for 0.05 Mn/Al203, 0.05 Mn/V(50) /Al203,0.05 Mn/ZrOz,

and V(25)/Alz0s3 after calcination at 500 °C.

(*T1g)-3d° (6A1g) transition of Mn?* ions in Zr02,5%¢0 and the
sharp peak at 691.9 nm can be assigned to Mn** ions.6!

The oxidation state of Mn on ZrO2 at various loadings and
0.05 Mn/Ni/ZrO2 at increasing Ni loadings was observed by
Raman spectroscopy in Fig. 4b, which shows the Mn(II) sig-
nal present on all scans except for bare ZrOz. The Mn(III)
and Mn(IV) species may have been present, but they were
obscured by ZrO2 peaks. Similar studies have reported that
the dominant oxidation state for low-loading Mn on ZrOz,
was Mn(I).62-6> The intensity of the Mn(II) peak also ap-
peared to increase for Mn/Ni/ZrO: catalysts compared to
unpromoted 0.05 Mn/ZrOz2. This increase in Mn uptake cor-
relates well with the ICP data in Table 1, which shows a 3-
fold increase in Mn wt.% from 0.05 Mn/ZrOz (0.001 wt.%)
to 0.05 Mn/Ni(75)/Zr02 (0.003 wt.%).

To further interrogate the chemical structure, XPS exper-
iments were conducted for Ni(25)/ZrOz, Mn/ZrOz, and
Mn/Ni(50)/ZrO2 calcined at 500 °C for 2 h (Fig. 5a and Fig.
$16). The Mn 2p binding energy region shown in Fig. 5a for
Mn/ZrO: revealed Mn species similar to those observed on
alumina support. Both MnO and MnO2 were detected, while
the Mn(IV) could not be observed by Raman spectroscopy
in Fig. 4b, vide supra. The XPS results confirmed that the
Mn(II) species was the more prevalent oxidation state. The
Mn 2p region was also collected for Mn/Ni/ZrO», however
the Ni LMM Auger peak overlapped with the Mn 2p region,
fully overpowering any signal from Mn, and the Mn 3s signal
was too weak to provide clarity.¢® In Fig. S16, the Ni 2p re-
gion was shown for Ni(25)/Zr0O2 and Mn/Ni(50)/ZrO. The
peaks observed on Ni/ZrOz and Mn/Ni/ZrO; were similar,
showing that the electronic state of Ni was unchanged by
the presence of Mn. The Ni 2p peaks observed were charac-
teristic of mixed nickel oxides.67-6°

Powder X-ray diffraction (PXRD) experiments were per-
formed on un-modified and modified ZrO: samples to inves-
tigate changes in the support crystal structure. The full dif-
fraction patterns for ZrOz2 samples were shown in Fig. S17,
and all diffraction patterns were characteristic of mono-
clinic ZrO2 (JCPPDS 37-1484), with no other species de-
tected. The zoomed-in (111) peak of monoclinic ZrO: is
shown in Fig. 7, which displays the shift in the diffraction
peaks after ZrO2 was doped with Mn and Ni. This peak shift
arises from changing lattice parameters, detailed in Table
S4.When Mn was deposited onto ZrO2 (Mn/Zr0z), the lattice
parameters remained largely unchanged, but the overall lat-
tice strain increased by 241%. When Ni was deposited
(Ni/ZrO3), the lattice parameter a decreased by 3.2%, the
lattice parameter b remained relatively unchanged, and the
lattice parameter c increased by 3.2%. This change was ac-
companied by a significant increase in lattice strain: 138%
more strain compared to ZrOz.

When both Mn and Ni had been deposited, the Mn/Ni/ZrO>
as prepared had similar changes in lattice parameters (a: -
3.0%, c: +3.5%) as well as Mn/Ni/ZrO: calcined (a: -3.0%, b:
+3.4%). The lattice strain for Mn/Ni/ZrO2 as prepared in-
creased by 253.8% compared to bare ZrOz and unit cell vol-
ume increased slightly by 1%. After calcination, the lattice
strain for Mn/Ni/ZrO2 had decreased slightly (still 169.2%
more than bare Zr0:) but the unit cell volume remained
higher than bare ZrOs.
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Zr(IV) cations in 7-coordinated monoclinic ZrOz2 structure
have an ionic radius of 0.78 A.63 After the organometallic
nickel deposited onto Zr0>, Ni(II) (0.77-0.83 A depending
on coordination)’? was introduced onto the ZrO: surface.
The Ni(II) ion has a similar ionic radius to Zr(IV), therefore
the sharp increase in lattice strain for Ni/ZrO2 indicated in-
corporation of Ni(Il) into the ZrO: lattice, substituting
Zr(IV) ions.®> The Mn catalyst without Ni also exhibited sub-
stitutional behavior, shown by the significant increase in
lattice strain and changes in lattice parameters for Mn/ZrO-.
This was no surprise, as the Mn(II) ion (0.80-0.96 A, de-
pending on coordination)® has been well-studied for sub-
stitution into the ZrOz2 lattice.%3-6> When Mn was deposited
onto Ni/ZrOz however, the lattice became even more highly
strained (Table S4) and the unit cell volume increased, indi-
cating higher additive uptake. Substitution of Ni into the
ZrO2 lattice aided in highly dispersed Mn uptake, resulting
in better propylene yield (Fig. 2).

Crystalline materials with induced lattice strain have also
been shown to improve the solubility of ionic dopants. This
lattice strain effect has been studied by Ferrerra et al., who
predicted that Ca(Il) ions were more soluble in strained
LaNbO4.7* Additionally this phenomenon has been widely
studied in semiconductor research, with several studies
demonstrating that induced lattice strain on semiconductor
materials enhanced dopant solubility.”2-74

Catalyst Stability Following the screening at various tem-
peratures, the reaction was monitored for an additional 25
h at 500 °C for all the mono- and bi-metallic samples for
evaluating their stability (Fig. S8). Fig. 8a compares the in-
dividual activities of 0.05 Mn/V(50)/Al203 (12.9 %) in
terms of propylene yield as a function of time compared to
Mn alone and additive alone. Mn/V(50)/Al203 shows signif-
icantly higher activity and stability for the propylene yield
at 500 °Cin comparison with 0.05 Mn/Al.03 and V/Al203, as
shown in Fig. 8a. Additionally, the poor activity of V/Al203
cannot be attributed to particle agglomeration, as no nano-
particles were detected on the spent catalyst (Fig. S12) The
deactivation rate for Mn/V(50)/Al203,0.0009 h-1, is lower in
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Figure. 6. UV-Vis spectra for Al203, 0.05 Mn/AlLz03,
V/AlL203, and 0.05 Mn/V/Al203 at varying V loadings.
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Figure 7. (111) ZrO2 plane by X-ray diffraction of ZrOz,
Ni(25)/Zr0Oz, 0.05 Mn/ZrOz, 0.05 Mn/Ni(50)/ZrO; as-
prepared and 0.05 Mn/Ni(50)/ZrO: calcined at 500 °C.

comparison to that of V alone, 0.0219 h-! (Table S2) while
that for Mn/Al203 was negative (-0.0108) because of the in-
itial increase in yield.

In addition, the selectivity to CO over COz for Mn/V/Al203
isincreased compared to 0.05 Mn/Al20s (Fig. 8e), likely due
to competing reactions such as propane steam reforming
(3) and propylene steam reforming (4) considering that two
moles of H20 are formed for every one mole of propylene
(1). However, increased selectivity to CO makes the combi-
nation Mn/V attractive for processes with low CO2 emission.

Propane steam reforming

C3Hg+ 3H,0 3C0+ 7H, (3)
Propylene steam reforming

C3Hg+ 3H,0 3C0+ 6H, (4)

Fig. 8b shows the propylene yields over time for Mn/ZrO-,
Ni(25)/Zr02, Ni(50)/ZrOz, and Mn/Ni(50)/Zr0Oz at 500 °C.
The same trend is observed as described for Mn/V/Al:0s.
For 0.05 Mn/Ni/ZrO, the propylene yield increased from
1.3% for Mn/ZrO2 alone to 13.1% for Mn/Ni catalyst. Addi-
tionally, the TOF for Mn/ZrO2 upon addition of Ni improved
from 18 to 107 min-! (Table S2). The yield is stable over the
25-h tested (ka=-0.001 h-* while that of Ni(25)/ZrO2 decays
rapidly ka = 0.0179 h-1), and this decay cannot be explained
by nickel sintering (Fig. S14). Fig. 8d shows the propylene
selectivity vs propane conversion. While there is little effect
on the propane conversion for the Mn/Ni/ZrO2 compared to
the Mn or Ni alone at a similar Mn loading (0.05), the pro-
pylene selectivity is enhanced significantly to 85% at 500
°C. The selectivity towards by-products (CO and COz) is
shown in Fig. 8f, and in particular the selectivities towards
both COz and CO are lower for the Mn/Ni compared to the
Mn or Ni alone. The higher selectivity to CO observed on
monometallic Ni/ZrOz and 0.05 Mn/ZrO: could be due to
the propane or propylene steam reforming reactions (3,4).
With the introduction of Hz from steam reforming, the
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Figure 8. Propylene yields, propane conversion vs. propyl-
ene selectivity, CO selectivity vs. CO2 selectivity for
Mn/V(50)/Al:0s3 a, c and e) and Mn/Ni(50)/ZrOzb, d and f).
Manganese loadings: 0.05 (green), 0.25 (orange), 1.25 (blue)
and 2.5 (red) atoms/nm2 Comparison with V(25)/Al20s3,
Ni(25)/ZrO; (black symbols) and 0.05 Mn/Al:03 and 0.05
Mn/ZrO2 (dotted line, open symbols).

reverse water-gas shift (RWGS, 5) could further increase se-
lectivity to CO. The RWGS reaction has been shown to be
quite favorable at high temperatures on Ni-based and Mn-
based catalysts.”>76

Reverse water-gas shift
€0, + H, & CO + H,0 (5)

The observed propylene yields of up to 13% at reaction
conditions such as propane: 02=1:1 and 300-500 °C were
improved over state-of-the-art yields of 2-10% using sup-
ported Mn catalysts at similar temperatures but under non-
oxidative dehydrogenation.® For non-Mn compositions,
Hermans et al. have reported several studies involving bo-
ron-based catalysts, including boron nitride (87.4% selec-
tivity to propylene, 5% propane conversion) and acid-
treated, activated carbon-supported boron (87% propylene
selectivity, 5% propane conversion).”” For V-based systems,
Guo et al. reported a propylene selectivity of 70%, at a pro-
pane conversion of 20%, while Alasiri reported a 100% se-
lectivity at 4.8% conversion for a Mo/V catalyst at 500
°C.7879 More recently, catalysts and achieved 96% propyl-
ene selectivity and 47% propane conversion. In this study,
0.05 Mn/Ni(50%)/Zr0O2 showed high propylene selectivity
(85%) at a conversion of nearly 15%.

Mn(II) oxidation state, which enhanced propylene selectiv-
ity. The remarkably enhanced robustness of these bimetal-
lic catalysts against agglomeration were provided by stabi-
lization of atomically dispersed Mn enhanced by the addi-
tion of Ni and V additives.
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