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The dry reforming of methane (DRM) is a promising process for generating syngas (CO + Hz) while consuming
CO», but industrial applications have been limited due to the high temperatures required to prevent coke for-
mation. Microwave-assisted DRM (MW-DRM) is a promising approach to enable high temperature reactions
because it can utilize excess renewable electrons to rapidly and selectively heat the catalyst bed without wasting
time and energy heating the entire reactor. Here we demonstrate the MW-DRM reaction by modifying lanthanum

strontium cobaltite (LSC) to serve as both microwave absorber and catalyst. Catalyst doping studies revealed the
addition of oxophilic transition metals prevented over-reduction and stabilized the perovskitic phases under
reaction conditions. In situ, synchrotron-based x-ray diffraction revealed the catalyst becomes active once
metallic cobalt forms on a retained perovskitic support. The best performing Mn doped LSC catalyst showed
80-90 % single-pass conversions, stable operation for over 10 h, and easy microwave regeneration.

1. Introduction

CO2 and CHy are both considered greenhouse gases implicated in
climate change [1]. Carbon dioxide emissions from fossil fuel-based
energy production have long been a point of concern. However,
methane is an even stronger greenhouse gas, and is of growing concern
and declining cost due to it making up a large component of shale gas
[2], and it is frequently flared off at gas wells due to methane not being
valuable enough to transport. Potential future fuel sources, such as gas
hydrates, are expected to generate an even larger ratio of methane
relative to other hydrocarbons [3]. Unfortunately, both CO5 and CHy4 are
challenging chemical feedstocks due to their molecular stability, poor
reaction kinetics, and thermodynamics that generally favor methane
overoxidation to CO5 [4].

One potential way to utilize both COy and CH4 is by the dry
reforming of methane reaction (DRM). In this reaction, CO, and
methane are reacted over a catalyst to generate CO and H; (syngas) in a
1:1 ratio that is suitable for gas-to-liquids processing into longer-chain
hydrocarbons or aromatics via the Fischer-Tropsch reaction [5].

However, commercialization of the dry reforming reaction has been
limited due to the high temperatures required to drive the reaction and
prevent coke formation [6], and industrial DRM demonstrations have
generally been limited to niche applications such as in the direct
reduction of iron [7], although dry reforming is starting to be explored
for commercial scale up [8].

Microwave systems are a potential enabler for high temperature
reactions because they can selectively and efficiently heat the catalyst
bed without needing to heat the entire reactor volume [9,10]. From a
functional perspective, the catalyst bed can be kept hundreds of degrees
hotter than the surroundings and the necessary energy is efficiently
directed to where the chemistry occurs: at the surface of the heteroge-
neous catalyst. Direct microwave heating of the catalyst itself has the
additional benefit of greatly reducing the thermal mass of the system,
allowing for rapid heat up and cool down times compared to a con-
ventional thermal reactor. This contrasts with conventional indirect
heating methods where the temperature of the heat source must be
considerably above the catalyst temperature and in which heat transport
to the catalyst determines the startup and cooldown rates [11]. The
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rapid and selective microwave heating of the catalyst bed suggests this
approach could efficiently couple with excess or intermittent renewable
electricity for on-demand production of carbon neutral chemicals.

The temperatures achieved from microwave energy are a function of
both the applied power and the material’s microwave absorptivity
(susceptibility). Desirable MW-DRM catalysts must be designed for both
chemical selectivity and efficient microwave absorption, and this added
complexity has limited their application as most oxide materials used as
catalyst supports (e.g. SiOg, TiOg, AlyOs3, etc.) are not good absorbers.
Microwave absorptivity is largely determined by the loss tangent (tand)
of the material, defined as:

tand = (we’’ + o)/we’

X}

where ® is the angular frequency of the wave, ¢’ is the imaginary
component of permittivity, ¢ is the lossless (real) permittivity, and ¢ is
the free charge conduction of the material. One approach for improving
microwave absorptivity is to maximize the material’s conductivity. Pure
metal powders have good conductivities, but they are generally poor
MW catalysts because they can sinter under reducing conditions and
become non-conducting oxides under oxidizing conditions. Activated
carbon is a commonly used microwave absorber that has been heavily
explored for MW-DRM applications [10,12], but coke formation below
1173 K [6], carbon pyrolysis above 1173 K [10], and an inability to
regenerate the catalyst under oxidizing conditions limit its potential as a
suitable MW-DRM catalyst.

A desirable inorganic MW-DRM catalyst should maintain excellent
conductivity at high temperatures, demonstrate stability under both
reducing and oxidizing conditions (for ease of regeneration), and readily
adsorb and activate both CO, and CHy4. Traditional thermal DRM cata-
lysts often contain a metal center for methane adsorption and dissoci-
ation, and a basic oxide support to adsorb acidic CO, molecules and
weaken the strong CO2 double bonds. Catalyst examples include Ni, Co,
Fe, Pt, Rh, Ru, Ir, or Pd particles [13-18] supported on irreducible ox-
ides, such as SiOj, Al;03, TiO3, CeO,, and LayO3 Basic promoters, such
as Ca", Mg?", Y3, or La®" also aid in CO; adsorption and assist in coke
oxidation [13]. However, oxides such as SiO, and LayO3 are
non-conductive and poor microwave absorbers that require high metal
loadings (~10 %) to create sufficiently large loss tangents for MW
heating, and only then if they are pre-reduced in a thermal reactor under
hydrogen so that the catalyst is metallic and conductive. For instance,
excellent MW-DRM performance has been demonstrated for high plat-
inum loadings on alumina catalysts (8% Pt: Al;03) when pre-reduced in
Hy with CH4 and CO4, conversions between 90-95 % at 130 W of applied
MW power [19]. Additionally, transition metals such as cobalt have
been explored as an alternative to platinum group metals with Al,O3--
supported Co-Mo alloys demonstrating 80 % CHy4 conversion and 93 %
CO; conversion at 200 W while producing Hy and CO at a 0.8:1 ratio
[20]. In both cases, oxidative conditions (such as when combusting off
coke) will cause the conductive metal to oxidize and necessitates
re-reduction in a thermal system with hydrogen as the oxides are
non-conductive.

Recently, perovskites such ruthenium doped strontium titanate (7%
Ru:SrTiO3) have been explored as promising MW-DRM catalysts [21].
Perovskites are a class of oxides taking the form of ABO3; where A is
generally an alkaline earth or rare earth element cation and B is a
transition metal. The use of Ru doped SrTiO3 allowed the in situ for-
mation of metallic Ru nanoparticles during the calcination step even
without hydrogen reduction. However, high ruthenium loadings are
undesirable for large-scale applications because it is an extremely low
abundance and expensive platinum group element.

Strontium doped lanthanum cobaltite (LaySr;xCoOs3) is a promising
perovskite-based MW-DRM catalyst candidate because it has one of the
highest conductivities among oxides at 4400 S/cm [22], it can exsolve
cobalt particles under high temperature reaction conditions [23], it
contains no platinum group elements, and it has a high melting point of
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~1700 °C. Recently, it has been found that exsolved metal nanoparticles
serve as excellent active sites with strong support interactions with the
remaining oxide support and are readily redissolvable back into the
perovskite lattice upon heating under oxidizing conditions [24,25]. In
fact, perovskite-based catalysts containing exsolved metal can be fully
regenerated, and coke formations can be removed by simply heating in
air, resulting in a return to the fresh parent perovskite oxide [25], a very
desirable property for a dry reforming catalyst. However, the strength of
the metal support interaction must be adjusted to the right level to
achieve highly dispersed metal sites, yet not so high as to be
non-reducible under reaction conditions [8]. The use of transition metal
dopants such as Fe in LaNiOs perovskites has recently been explored as a
method of controlling nanoparticle exsolution in thermally run dry
reforming reactions [26,27]. This control is particularly important for
microwave systems as the catalyst must serve double duty as the mi-
crowave absorber and phase changes can result in dramatically different
conductivities and resulting loss tangents.

Here we report the synthesis and activity of a family of transition
metal doped Lag gSrg 2Co03 (LSC) based perovskite catalysts for MW-
DRM. In our case, the use of transition metal dopants allowed us to
rationally tune the catalyst oxophilicity, which controlled the strength of
the exsolved metal-support interactions and allowed us to maximize
MW-DRM performance. More oxophilic dopants increased the stability
and activity for MW-DRM, whereas less oxophilic dopants lead to near
complete phase segregation and severe catalyst deactivation. X-ray ab-
sorption spectroscopy (XAS) and density functional theory (DFT) were
used to understand dopant-induced changes to the electronic structure
of the parent LSC material. Ex situ X-ray diffraction (XRD), scanning
electron microscopy (SEM), scanning transmission electron microscopy
(STEM), and energy dispersive X-ray spectroscopy (EDX) were utilized
to track phase changes in LSC structure as the catalysts became activated
for dry reforming under reaction conditions. In situ synchrotron-based
XRD (s-XRD) was used to monitor real time phase changes and iden-
tify the emergence of Co nanoparticles during the dry reforming reac-
tion. Crucially we found that the perovskite is not just a precursor to
form metal particles on a simple LayO3 support, but instead the perov-
skite reduced in steps with an onset of activity once Co particles formed
on a retained perovskitic support. The retention of a MW-absorbing
perovskitic support is essential for sustaining microwave activity as it
meant that temperature and catalytic activity stayed stable rather than
decreasing as the conductive perovskite support transformed to non-
microwave absorbing LapOs3. Understanding the effect of dopants on
the activation and stability of LSC allow us to rationally formulate LSC-
based microwave absorbing catalysts capable of 80-90 % single-pass
CO, and CH4 conversions at 90 W applied MW power, stability for
over 10 h of operation, regenerability in the same microwave reactor
under CO, or air, and with demonstrated conversions up to 24 Lg hr .

2. Experimental
2.1. Catalyst preparation

Lag gSrg.2C00.9Mg.103 perovskite synthesis was conducted using a
conventional thermal method and described in detail elsewhere [28].
Briefly, stoichiometric amounts of strontium (II) carbonate [SrCO3, 99.9
%, Sigma-Aldrich], lanthanum (III) oxide [LazO3, 99.5 %, Alfa-Aesar]
and cobalt (ILIII) oxide [Co304, 99 %, Sigma-Aldrich] were mixed
with B-site dopants including, nickel (II) oxide [NiO, 98 %
Sigma-Aldrich], iron (III) oxide [Fe2O3, 99.9 %, Alfa-Aesar], manganese
(II1) oxide [Mn203, 99 % Alfa-Aesar], or copper (I) oxide [Cuz0, 98 %,
Alfa-Aesar]. Mixtures were ground in an agate mortar for approx. 10—15
min. until homogenized, added to a 13 mm pellet die assembly, and
pressed into pellets by applying a pressure of 4 metric tons for 15 min
using a Carver, Inc. Pellet Press (#4350. L). Pellets were removed from
the die assembly and heated to 1100 °C at a rate of 1.5 °C/min and held
for 64 h in an alumina crucible in air at ambient pressure. Upon


vashaee
Highlight

vashaee
Highlight


C.M. Marin et al.

completion, the sample was cooled in air to room temperature and
ground into a black powder with a mortar and pestle for later use.
Powder diffraction patterns for the synthesized samples were collected
on a PANalytical X'Pert Pro diffractometer in order to confirm phase
purity. Scans were performed from 5 to 80 degrees 2-theta with a step
size of 0.016° and a scan speed of 400 s per degree.

2.2. Microwave catalysis

Microwave catalysis was tested using a custom-built reactor housed
inside of a single mode microwave (CEM Discover SP) (Fig. S1). 350 mg
of catalyst was loaded onto a quartz wool plug inside of a 1.1 cm ID
quartz tube. The catalyst was tapped smooth to produce a loosely
formed bed with a thickness of approximately 0.2 cm. The catalyst
loaded quartz tube was then centered in a quartz round bottom flask in
the microwave cavity, and gas flow was directed from the top of the
quartz tube, passed through the catalyst bed, and back out the top. The
top of the reaction tube was fitted with a sapphire optical window
(Edmund Optics) and the catalyst bed temperature was measured with
an IR pyrometer (Process Sensors SSSL-3MH1-CF4). The pyrometer was
focused on 0.5 cm diameter (~0.2 cm?) spot on the center of the catalyst
bed to measure the average top surface temperature. In-line product
analysis was conducting via mass spectrometry using a residual gas
analysis system (Pfeiffer Vacuum, OmniStar), and the outlet gas was
passed through a water bubbler to keep the system pressure at ~1 atm
and isolated from air. For testing MW-DRM activity versus MW wattage,
a gas mixture of 4% CO5 and 4% CH4 in nitrogen was introduced into the
system shown in Fig. S1 at a 50 sccm flow rate. Dilute gases were used in
these studies to slow down catalyst transitions and activation steps
within the MW-DRM mechanism. Gases were initially flowed for at least
30 min until oxygen removal was verified by in-line mass spectrometry.
Product formation rates were quantified with gas chromatography (GC)
by collecting products into a Tedlar gas tight bag and manually injected
into a Perkin Elmer Clarus 600 GC with gas tight syringes (Vici Valco).
The GC was equipped with a ShinCarbon ST (Restek) packed column,
TCD and FID detectors for Hy and CO analysis, and the GC was calibrated
using a calibration gas mixture. The microwave was then set to a
delivered output of 20 W through 90 W for at least 15 min per step to
ensure stable temperature and RGA gas composition sampled. The last
step of each method was run for at least 20 min with the product gas
from the final 10 min analyzed by GC. Experiments with undiluted gases
used 0.5—1 g of catalyst, a 50:50 pre-mixed cylinder of CO2 with CH4
(Butler Gas), and a condenser to capture H,O vapor side-products
formed at low reaction temperatures. Gas flow was started at a rate of
50 sccm with 60 W power. Power was increased in 20 W intervals to
achieve >90 % conversions at each space velocity, and then the gas flow
rate doubled and the power was again adjusted until reaching a
maximum space velocity of ~24 Lg~'hr L.

2.3. Thermal catalysis

Thermal catalysis was performed using a commercial temperature
programmed gas analysis system (Micromeritics AutoChem 2950 HP)
equipped with an in-line mass spectrometer (Pfeiffer Vacuum). 350 mg
of catalyst was loaded onto the top of a quartz wool bed inside of a
quartz U-tube. A thin top plug of quartz wool was placed on top of the
loose catalyst bed with a thermocouple used for measuring the tem-
perature at the top of the catalyst bed. Reaction gas was 4% CO», 4% CHy4
with a balance of Ny (Butler Gas). Samples were ramped from room
temperature to 1000 °C at a rate of 5 °C/min with gas composition
analyzed continuously. After reaction, catalyst samples were analyzed
by XRD, SEM-EDX, and STEM.

2.4. In situ XRD

In situ synchrotron X-ray diffraction (s-XRD) experiments were
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carried out at the Advanced Photon Source (APS) beamline 17-BM-B,
Argonne National Laboratory. A quartz micro-capillary tube was
packed with quartz wool and ~1 cm thick loose packed plug of catalyst
with a thermocouple placed adjacent to the downstream end of the plug.
The reactant gas stream was a pure mixture of 4 sccm CO; and 4 sccm
CH4. The catalyst was continuously heated at 20 °C/min from room
temperature to 400 °C, and then heated at a slower rate of 10 °C/min
between 400-900 °C. The catalyst was held for 10 min at 900 °C before
being allowed to cool back to room temperature. Experimental limita-
tions with the nichrome heating element prevented operating the
reactor above 900 °C. Reaction products in the gas stream were
measured using in-line mass spectrometry with a Pfeiffer PrismaPlus
QMG 220. S-XRD measurements were collected during heating and
cooling cycles using an X-ray wavelength of 0.24136 A and a Perki-
nElmer amorphous silica area detector at a diffraction distance of 0.7 m.
Image acquisition lasted 10 s with the shutter closed to recover the
detector for 50 s for an overall s-XRD acquisition rate of 1 scan/min.
Gathered image data was integrated using GSAS-II to a 2-theta vs in-
tensity format [29].

2.5. X-ray absorption

Oxygen K-edge soft X-ray absorption spectroscopy (s-XAS) was per-
formed at beamline 23-ID-2 (IOS) at National Synchrotron Light Source-
IT (NSLS-II) of Brookhaven National Laboratory. Powder samples were
mounted on the sample holder with carbon tape and loaded into the
analysis ultra-high vacuum chamber. Oxygen K-edge spectra were
collected using total electron yield (TEY) detection mode by measuring
the drain current of the sample. The spectra were normalized and
analyzed using the Athena module of IFEFFIT software package [30].

2.6. Electron microscopy

Scanning electron microscopy (SEM) was performed using an FEI
Quanta 600 F SEM equipped with an Oxford Inca X-act detector for
energy-dispersive X-ray spectroscopy (EDX) characterization. Surface
EDX maps were performed using a 10 kV beam to minimize electron
penetration with a total acquisition time per scan of 1800s. Scanning
transmission electron microscopy (STEM-EDX) characterization was
performed using an FEI Titan Themis G2 200. STEM samples were
prepared using dilute solutions of catalyst sonicated in methanol and
were drop cast onto holey carbon coated copper TEM grids and allowed
to air dry overnight.

2.7. Computational

First-principles simulations were performed using VASP 5.4 code
[31] within  the augmented-wave approach and  with
exchange-correlation effects described by the generalized gradient
approximation density functional of Perdew, Burke, and Ernzerhof
(PBE) [32]. The LSC and LSC-M electronic structures were modeled with
spin-polarized DFT + U theory to account for the on-site Coulomb in-
teractions of localized electrons of transition metals. The U parameters
used in this work were fitted from oxide formation enthalpy by Wang
et al. [33]. The U values used were 3.3, 3.9, 4.0, 4.0, and 6.0 for Co, Mn,
Fe, Cu, and Ni, respectively. The LSC system was modeled usinga 3 x 1
x 1 rhombohedrally distorted perovskite structure (R-3c) consisting of
90 atoms. Lag gSrg 2C0p.9Mg.1O3 was modeled by substituting 2 Co with 2
M atoms (M = Fe, Mn, Cu, Ni) in the 90 atom supercell of LSC. We used 2
x 6 x 2 Monkhorst-Pack grids where we set a 500 eV cutoff for the
energy. For all compositions, optimized structures were obtained by
relaxing both the ion positions and cell volume until the total force on
each atom was less than 0.03 eV/A. Topological analysis of the electron
density was determined using the Bader approach.
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3. Results and discussion
3.1. Phase stability of LSC under MW-DRM

The scheme in Fig. 1A shows that LSC crystallizes as a rhombohe-
drally distorted perovskite structure (space group R-3c). Like any
perovskite structure, the crystal takes the general form ABOs, where A
and B are cations. The A site is typically an alkaline or rare earth
element, the B site is generally a transition metal, and the cations adopt a
total charge of +6. The LSC structure is maintained by a network of B—O
—B bonds formed by the vertex sharing of oxygen octahedra coordi-
nated around the B site metals with A-site atoms found in the resulting
holes. Under reducing conditions, LSC goes through a series of known
phase changes as the fully oxidized perovskite releases oxygen [34].
Initially, the release of oxygen generates perovskitic Ruddlesden-Popper
(An+1BnOsn41) and periclase cobalt oxide (BO) phases (Fig. 1A, 1st
reduction). Although not a true perovskite, the Ruddlesden-Popper
phase maintains a layered network of B—O - B bonds. The LaSrCoO4
Ruddlesden-Popper phase is reported to maintain a considerable con-
ductivity of ~100 S/cm [35] and is expected to remain an effective
microwave absorber. Further reduction forms metallic Co from the
periclase phase (Fig. 1A, 2nd reduction). Additional reduction results in
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the separation of the perovskitic Ruddlesden-Popper phase into addi-
tional Co and microwave-inactive lanthanum and strontium oxides
(shown as A5O3 in Fig. 1A, Over Reduced). This final mixture of phase
separated oxides was found to heat poorly under microwave radiation,
and the loss of microwave absorbing perovskitic phases limited the
maximum temperature effectively achievable by pure LSC under
reducing dry reforming conditions.

LSC demonstrated these phase transitions during MW-DRM reactions
performed using the reactor shown in Fig. S1. LSC displays an initial self-
activation step [36,37] within the first 15 min of microwave heating
under CO, and CHy4, and no separate pre-treatment steps were required.
This can be readily observed by the rapid and erratic heating (briefly
spiking to ~1000 °C at 11 min into the run shown in Fig. 1B), CHy4
consumption, and generation of CO2 (and H»0) that are all consistent
with methane combustion using lattice oxygen as the perovskite was
reduced. Ex situ XRD during this activation period (Fig. 1C, 5 min.
MW-DRM) indicated reduction of the LSC perovskite phase into
Ruddlesden-Popper (A2BO4) and periclase (CoO) phases.

The catalyst temperature stabilized after approximately 15 min and
the onset of MW-DRM was evidenced by the consumption of both CH4
and CO, (Fig. 1B). After this initial activation, the catalyst could be
cooled to ambient temperature and brought straight back to reaction

Initial Perovskite

A)

oPoe
&

2 ABO,

1t Reduction 2" Reduction

At 0o

A,BO, + BO

Over Reduced

A,BO, +B A,O;+2B

A site B site Oxygen
(La or Sr) (Co, Mn, Fe, Ni, or Cu)
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Fig. 1. LSC structure changes. (A) Scheme showing known phase changes upon reduction of the initial rhombohedral perovskite structure. [49] (B) Apparent
temperature measured by pyrometer (black), CO, conversion (blue) and CHy4 conversion (red) versus time during MW-DRM at a constant 70 W power. (C) Ex situ
XRD patterns taken of LSC after various MW-DRM reaction times at 70 W applied power.
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temperature without requiring further activation periods if the system
was not exposed to air. Cycling between on and off states, the microwave
catalyst could be rapidly cycled between 150 and 700 °C with heating
and cooling rates at 100—300 °C/min (Fig. S2). Ex situ XRD during
steady state MW-DRM (Fig. 1C, 60 min. MW-DRM) identified a mixture
of the perovskitic LSC (ABOs), Ruddlesden-Popper (A2BO4), LagOs,
Cosec, and minor SrCO3 phases in the active catalysts. Despite stable
temperatures, CO, and CHy4 conversions were below 20 % and gradually
decreased with reaction time (Fig. 1B). We observed a gradual decrease
in perovskitic phases with reaction time and a buildup of separated
Lay03 and Co (Fig. 1C, 120 min. MW-DRM). Increasing the microwave
power did not further increase temperature or conversions for LSC
(Fig. 2 black points) but was found to accelerate the phase separations.
Varying the concentration of strontium on the A site had no significant
effect on catalytic performance for LSC (Fig. S3).

3.2. LSC performance with B site dopants

As the overall LSC structure is maintained by the network of B—O—
B bonds, we expect that introducing more oxophilic dopant atoms into
the B site can reduce oxygen release and sustain the perovskitic catalyst
structure at higher temperatures. To understand the role of the LSC-
dopants, we fixed the strontium A site composition at 20 % and
substituted the B site at fixed 10 % loadings. Transition metals decrease
in oxophilicity across a period [38], so we prepared a range of LSC-M
catalysts with transition metal dopants for a composition of Lag gSrg 2.
Cog.9My 103 where M = Mn, Fe, Co, Ni, or Cu. All LSC-M catalysts took
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the same initial perovskite structure (Fig. S4), which was expected due
to their similarity in ionic radii and low elemental loading.

Despite their structural similarity, the prepared doped LSC catalysts
demonstrated dramatically different MW-DRM performance (Fig. 2). For
these tests, a fresh catalyst was loaded before each run with wattages
varied from 20 to 90 W in 10 W increments under a 50 sccm flow of 4%
CO; and 4% CHy4. As seen in Fig. 2a, all catalysts showed MW heating,
with Fe and Mn dopants increasing the maximum achievable apparent
temperature at high wattages. The reported apparent temperatures
represent an optically-measured, surface average over a ~0.2 cm? area
at the top of the catalyst bed, and we acknowledge that localized hot-
spots formed during microwave heating may be hotter than the
optically-measured average apparent temperature [39]. However, the
trend of higher apparent temperatures with more oxophilic dopants was
consistent. A short self-activation period occurred at each wattage as the
perovskite became further reduced at higher temperatures. At least 15
min were given at each wattage until stable temperature and DRM
product concentrations were observed, with Fig. 2 showing the steady
state temperature and conversion values at each wattage. Specifically,
LSC, LSC-Cu and LSC-Ni were unable to maintain apparent temperatures
above ~700 °C, whereas the addition of Fe or Mn enabled higher tem-
peratures compared with pure LSC (Fig. 2A). Despite not achieving
meaningfully higher temperatures, LSC-Ni did achieve higher conver-
sions of CO, and CHy, likely due to the higher catalytic activity of Ni and
Co-Ni catalysts for dry reforming relative to Co [40].

LSC-Mn demonstrated the highest MW-DRM conversions (Fig. 2B
and 2) despite apparent temperatures similar to LSC-Fe. LSC-Mn

A] 56 Temperature B) CO, Conversions
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5 800 & -8-L5C-Mn
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Fig. 2. Doped LSC-M performance versus applied MW wattage. (A) Apparent, pyrometer measured catalyst temperature versus applied microwave power. (B)
Steady-state single-pass CO» and (C) CH,4 conversion versus microwave power. All runs were performed at least in triplicate with error bars showing one standard
deviation. (D) Gas chromatograph measured CO and H, % yields at a constant 90 W. The system was shut down at the 6-h mark and resumed the following day

(indicated with broken x-axis symbol).
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converted 90 £ 10 % of CO5 and 83 + 7% of CH4 while producing H and
CO at a 0.93:1 ratio at 90 W applied MW power. This represents a
roughly 9-fold improvement in conversions compared with pure LSC. All
catalyst runs were at least in triplicate, and the data for LSC-Mn repre-
sents 5 separate runs with 4 independently synthesized batches. LSC-Mn
also showed drastically improved stability compared with pure LSC and
demonstrated over 10 h of sustained MW-DRM (Fig. 2D). Importantly,
the system was powered down overnight after six hours of runtime and
kept under 4% CO, and 4% CH4 gas, and we did not observe any obvious
decrease in catalytic activity upon resuming MW irradiation. This ability
to shut down and resume indicates clear potential for on-demand
chemical production using excess or intermittent renewable electricity
without the long cooldown and warm up periods needed for high tem-
perature thermal reactors. However, a gradual decrease in product
formation was observed over 10 h of operation. CO, conversions drop-
ped at a slower rate, suggesting CHy4 active sites were lost at a faster rate
than CO;, active sites due to potential coking or metal site sintering. We
found that microwaving the catalyst under pure CO, regenerated per-
formance to that of a fresher catalyst (Fig. S5), which provides a
convenient method for reactivating catalysts.

3.3. Post reaction characterization

Post-reaction XRD and SEM-EDX were used to analyze structural
changes and quantify the degree of phase separation after the MW-DRM
runs (Fig. 3). LSC-Cu showed the most dramatic phase separation as
metallic Cu visibly leeched out of the powder and SEM-EDX showed
micrometer-sized Cu (yellow) particles and surface enrichment of Sr
(red). LSC-Ni, LSC, and LSC-Fe all exhibited large >300 nm cobalt
particles (blue) and extensive La (green) and Sr (red) phase separations,
consistent with the problematic Sr phase separation that has been re-
ported for LSC surfaces [41]. On the other hand, LSC-Mn showed much
less phase separation. Post-reaction XRD was used to observe the degree
of phase separation for each catalyst. As seen in Fig. 3F and G, LSC-Mn
maintained the most A;BO,4 phase with the smallest Cog,. and LasO3
features after running the MW-DRM reaction from 20—90 W while

XRD Post MW-DRM 20-50W

m 0 (N v
Mww —LSC-Cu AB50,
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LSC-Cu had the least remaining A2BOj4.

STEM-EDX (Fig. 4) characterization of post reaction LSC-Mn
revealed the formation of exsolved Co nanoparticles with a diameter
distribution centered around 100 nm. The catalyst surface appeared
generally well mixed with Co, Mn, La, and Sr, which is consistent with
SEM results in Fig. 3 and indicates retention of the perovskitic phase.
STEM-EDX of unsubstituted LSC (Fig. S6) largely replicated SEM results
in Fig. 3 and showed the formation of ~350 nm cobalt particles and
surface areas that were severely depleted of cobalt and predominantly
composed of LapOs3 or Sr oxides.

3.4. Bader charge analysis

DFT calculations and Bader charge analyses were performed to
investigate dopant-induced modifications to the LSC electronic struc-
ture. As expected, less electronegative dopant atoms (e.g. Mn) redis-
tributed electron density towards oxygen and resulted in a larger
magnitude of the oxygen charge (i.e. more ionic bonding). The LSC-M
oxygen Bader charge corresponded linearly with perovskite reduc-
ibility as determined from temperature programmed reduction (TPR) in
10 % Hy (Fig. 5 A, S7, S8), and inclusion of less electronegative dopants
increased the LSC-M reduction temperature. This result confirms that
less electronegative dopants increased LSC-M oxophilicity and produced
a perovskite that is better able to retain its oxide structure under
reducing conditions. Worth noting, an increase in Mn content from 10 %
was found to further increase the reduction temperature of LSC-Mn
perovskites, allowing additional control over the oxophilicity of the
catalyst. However, additional Mn did not significantly affect catalyst
performance in our reaction conditions (S9).

3.5. Oxygen k-edge X-ray absorption

We directly measured the electronic structure changes in LSC-M
using oxygen K-edge X-ray absorption spectroscopy (Fig. 5B). The pre-
edge doublet structure (peaks A and B) around 530 eV are attributed
to excitation from the O 1s ground state to the hybridized Cosq-O2,, state,

G) A,BO, Co
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Fig. 3. LSC-M structure changes after MW-DRM. (A-E) SEM-EDX images of post-reaction LSC-Mn, LSC-Fe, LSC, LSC-Ni, and LSC-Cu (respectively) catalysts after the
MW-DRM studies shown in Fig. 2. For all the images: blue = cobalt, green = lanthanum, red = strontium, and yellow = dopant element. The LSC-Cu sample is shown
at lower magnification to capture the large-scale phase separation and micron-sized Cu particles. (F) Corresponding XRD patterns of LSC-M catalysts after MW-DRM
experiments. Note that A;BO4 and A4B301¢ are both perovskitic Ruddlesden-Popper (A, ;1B,O3n1) phases. (G) Magnified XRD patterns showing increased retention
of the Ruddlesden-Popper A,BO,4 phase and smaller amount of Co with LSC-Fe and LSC-Mn.
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Oxygen K-edge X-ray absorption spectra of the as-prepared LSC-M catalysts.

meaning that completely ionic oxides are expected to not exhibit these
O-K pre-edge structures at around 530 eV [42-44]. As shown in Fig. 5b,
all five LSC based catalysts display peaks around 530 eV and show
varying degrees of Co-O covalency. The presence of feature A has been
experimentally found to indicate oxygen vacancies in LSC perovskites
[45]. As the pre-edge feature A was found to be nearly absent from
LSC-Mn and increase across the period, this suggests that the addition of
Mn and Fe increased the oxophilicity of the perovskite and decreased the
amount of oxygen vacancies in the material. Conversely, the addition of
Ni and Cu decreased the oxophilicity leading to a less fully oxidized
material even at room temperature. Taken together, the stability trends
from TPR, electronic structure calculations, and XAS results indicate

that the key to improving catalyst stability is an oxophilic and difficult to
reduce perovskite catalyst.

3.6. In situ XRD of LSC-Mn

We conducted in situ s-XRD of the LSC-Mn catalyst during thermal
DRM to study the real-time phase transformation and determine the
active catalyst structure. In situ s-XRD experiments were conducted
using a quartz microcapillary packed bed reactor with in-line mass
spectrometry. Control experiments confirmed both thermal and MW-
DRM produced consistent products and structural changes (Fig. S10),
although somewhat higher thermal reactor temperatures were required



C.M. Marin et al.

to initiate DRM product formation (>800 °C) compared with the
optically-measured apparent temperatures recorded during MW-DRM
reactions (600—700 °C). This observation is likely due to local hot-
spots that form at the center of the catalyst plug below the top surface as
has been observed previously in microwave systems [39], but the un-
derlying reaction and catalyst structural changes remain the same dur-
ing both thermal and MW-DRM. It is worth noting that we observed a
tighter particle size distribution after thermal DRM (70 + 20 nm), likely
due to the absence of localized hot-spots associated with MW heating
(S11).

Fig. 6 presents in situ s-XRD patterns of LSC-Mn during thermal DRM.
In situ s-XRD trends largely mimicked those observed for ex situ MW-
DRM in Fig. 1B during the initial activation region. LSC-Mn under-
went a first phase transition starting at ~720 °C where the perovskite
ABOg structure changed into to BO (CoO) and ApBO4 (LaySrpxCoOy).
CoO was then reduced into metallic Co at 820—840 °C. Fig. 6C high-
lights the emergence of the Co (002) peak, which coincides with the
second reduction step in Fig. 1A. The formation of metallic Co was
strongly coupled with the loss of the CoO periclase phase, but the
Ruddlesden-Popper LaySrs.xCoO4 remained stable. This result strongly
suggests that the metallic Co formed through CoO reduction, rather than
continued exsolvation of Co from LaySry 4CoO4. Online gas analysis
identified the onset of Hy and CO production coincided with the for-
mation of metallic Co at 820 °C (Fig. 6D). This result strongly identifies
the newly formed Co metal sites as key reaction centers in the DRM
reaction. Small SrCOj3 features were also observed at temperatures
above 760 °C (Fig. 6B), but this feature gradually decreased above ~860
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°C as SrCO3 was likely reincorporated back into the La,Sry CoO4 phase.
This observation explains why widespread SrCOs deposits were not
visible on the LSC-Mn surface post reaction (Fig. 3A), and it also suggests
that improved La,Sry xCoO4 phase stability in LSC-Mn prevented SrCO3
from poisoning the catalyst surface.

Previous thermal studies on La perovskites have suggested that fully
phase separated metallic particles on La;O3 are the active catalyst for the
dry reforming reaction with COy activation occurring through a
Lay0,CO3 intermediate that forms on LayO3 [16,46-48]. This structure
corresponds to the third reduction step in Fig. 1A. Notably, our in situ
s-XRD results did not identify complete phase separation of LSC-Mn into
metallic Co and LayO3 in our active catalyst at the maximum experi-
mental temperature (900 °C). Rather, our experimental results identify
that metallic Co formation (but not La;O3) is crucial for the DRM activity
of the LSC-Mn catalyst. This means that the catalyst must readily reduce
through the first and second reduction shown in in Fig. 1a but should not
over-reduce to phase separated metals and oxides for ideal MW-DRM
activity. Finally, we tracked the regeneration of the initial LSC-Mn
catalyst structure after thermal DRM by heating in 20 % Oy and
observed that Co was reabsorbed as the catalyst re-oxidized and ulti-
mately reformed the initial perovskite structure at 880 °C (Fig. S13).
This result further confirms the catalyst’s ability to be regenerated under
oxidizing conditions and provides a simple way to remove coke
formations.

Fig. 6. In situ s-XRD of LSC-Mn during DRM. (A) In situ s-XRD

A) ® A,BO, BO ® B ® ACO, patterns of LSC-Mn as it became active for the DRM reaction in
b (La,sr, Co0,) (Co0) (Cog.) (SrCO,) the presence of CO, and CH,. Simultaneous mass spectrometry
& c data shown in Fig S12. (B) Magnification of area shown above
- LS \ ’Q. * & Py showing strontium carbonate beginning to separate before
;i | ¢ ,i I ® o0 * oA reincorporating during DRM. (C) Magnified area of above
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3.7. Performance of LSC-Mn under pure gases

LSC-Mn was found to be able to achieve ~80 % or higher single-pass
conversions of undiluted (50:50) CO2:CH4 gas mixtures up to a space
velocity of ~24 Lg~thr~! (Figure S14). Higher space velocities generally
required higher microwave powers with peak conversion efficiency in
our tests at ~12 Lg~'hr ™. Running at 10 Lg*hr~! and 140 W, we found
that LSC-Mn readily could sustain >80 % conversion of undiluted gas for
over 3 h with a 0.94:1 H:CO ratio (Fig. 7). In comparison, Gangurde
et al. [21] demonstrated similar performance with Ru/SrTiO3 micro-
wave catalysts that required 150 W to sustain conversion at 9 Lg"thr !,
However, the LSC-Mn catalyst reported here eliminates the need for
platinum group metals. Ongoing efforts will optimize catalyst prepara-
tion (monolith, pellet, etc.) and reactor design for high flow operation
and scaling studies.

4. Conclusions

We have demonstrated the use of LSC-M as catalysts for MW-DRM
applications. Our results identify important design principles for MW-
DRM catalysts and suggest that the active sites on LSC-Mn catalysts
are cobalt particles on a Ruddleden-Popper (La,Sry.xCoO4) support that
form after the initial perovskite has partially reduced during the initial
combustion of methane with lattice oxygen. Effective microwave dry
reforming LSC based catalysts must be reducible enough to exsolve
metal active sites at the surface yet resist over-reduction and complete
phase separation under reaction conditions. The oxophilicity of the B
site element was identified as a key parameter for this balancing act.
Incorporating Mn atoms into the perovskite lattice reinforced the
B—O— B bonds and made the structure less susceptible to oxide over-
reduction, structural rearrangement, and phase separations. This had
the dual benefits to MW-DRM performance of 1) extending the tem-
perature range at which the microwave absorbing perovskitic phase was
stable, and 2) sustaining small, catalytically active cobalt nanoparticles
on a stable perovskitic oxide support by preventing complete phase
segregation. In-situ reaction of 20 % oxygen showed this process to be
reversible with the metallic cobalt phases reabsorbed back into the
initial ABO3 perovskite structure. Our results show that over-reduction
can be controlled to a large extent through catalyst composition, and
that regeneration from over reduction, carbon, and sintering are
accomplished simultaneously by microwaving or heating in oxidative
conditions, which returns the sample to that of the original perovskite,
without requiring a separate regeneration unit. Tests with undiluted
(50:50 CO4:CHy) also show LSC-Mn can achieve at least 80 % conver-
sions at space velocities up to ~24 Lg 'hr~! and can readily sustain
conversions at 10 Lg~*hr~ for over 3 h at 140 W. Ongoing efforts will
optimize catalyst structure (pellet, monolith, etc.), reactor parameteri-
zation (higher flow rates, thermal insulation, etc.) for scaling studies to
further evaluate MW-DRM for on-demand syngas production from
captured CO, and CHy.
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