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Abstract Chemical Looping Reaction is a key strategy to achieve both emission reduction and carbon utilization while
producing various value-added chemicals, through redox reactions. Here we study the effect of nanoshape ceria supported
Ru catalysts for plasma assisted Chemical Looping Reforming reduction step coupled with water splitting oxidation step
reactions in the temperature range 150 °C to 400 °C at 1 atm pressure. The oxygen carrier/catalyst combination materials
used are Ru/CeO; nanorods (NR), Ru/CeO; nanocubes (NC), Ru/SiO; nanospheres (NS), and Ni-based perovskite mixed
with CeO,. NRs and NCs showed the best catalytic performance followed by Ni-based perovskite and NS. Differences in the
selectivity and reactivity for the NRs and NCs were noticed. The NCs showed slightly higher selectivity towards H, formation
during reduction step and lesser carbon deposition. From the analysis of data and literature, it is proposed that the spillover
of species such as H adatoms and CHx radicals after activation at Ru sites into the CeO- supports and lattice O mobility may
be slightly faster in the case of NCs. During the oxidation step, the NR and NC materials showed increased H, production by

a factor of more than 4 when compared to Ni based perovskite material.

Keywords chemical looping reforming; water splitting; plasma catalysis; nanoshaped ceria.

1. Introduction

Carbon Capture and Utilization (CCU) [1] is the process of
removing CO, and CHy4 from sources like oil wells, power
plants and landfills, and further processing them into fuels,
fertilizers, and various value-added chemicals. Landfill gas
[2] mainly contains CO, and CH4, which could be processed
to yield syngas, a mixture of CO and H». The process is
known as Dry Reforming of Methane (DRM). DRM [3, 4] is
an endothermic process, and the product syngas is used for
the production of synthetic gasoline [5] and methanol [6].

Traditionally, Steam Methane Reforming (SMR)[7] has been
used to produce syngas from the reaction of CH4 with H>O,
and it could be further processed through the Water Gas Shift
(WGS) reaction to produce H, (CO + H,0 - CO, + H,).
CO; produced during the WGS reaction is extracted with
high energy penalties by pressure swing adsorption process
for CCU purposes. The external heat provided for
endothermic SMR is CO, emission intensive. Since, the
processes- DMR and SMR- involve numerous steps with
heavy capital investment, they are certainly not an energy
efficient way of producing H,, syngas or achieving CCU.

Producing H, and syngas through low-temperature
isothermal Chemical Looping (CL) reactions [8-10] is an
alternative option to improve both the efficiency and cost-
effectiveness with low energy penalty to achieve CCU [11].
The vital concern reported over CCU is the energy
consumption associated with the conversion from CO; and
CHj, to useful products [5] typically carried above ~850 °C
since the stable molecule CH4 is very difficult to activate
even catalytically. However, lower operation temperature
enables developing scalable efficient CL reactors which can
utilize renewable energy (solar and wind) and the advanced

chemical looping material structures are more durable. This
could be made possible by adopting two important
technologies: (1) fabricating advanced CL materials [12-14],
and (2) applying non-equilibrium plasma to OC [9, 15, 16].
Here, we study Chemical Looping Reforming with Water
Splitting (CLRWS) with application of these both
technologies.

CeO, supported metal catalysts have been demonstrated to
show prominent low-temperature catalytic performance,
such as Pt on CeO, nanorods (NRs) [17]. This is due to
several unique characteristics of CeO, supports such as rapid
redox cycling ability, high oxygen mobility and excellent
oxygen storage capacity [18-20]. The precise shape-
controlled synthesis at nanoscale level further pushed
forward the activity and selectivity of CeO,-based metal
catalysts to a new climax [21, 22]. Li et al. [23] used
Ru/CeO, NRs for testing CO oxidation and reported a
maximum CO conversion of 100% at temperatures below
400 °C.

Recently, several applications in plasma assisted catalytic
reactions or Plasma-Catalysis (PC) [24-26] and their
synergistic effects to enhance the performance of the catalyst
has been reported. In a previous publication [9], we applied
Dielectric Barrier Discharge (DBD) plasma over Ni-based
perovskite catalyst mixed with CeO,, to lower the operating
temperature of CL process to as low as 150 °C with high
yields of syngas and H, leading to a significant performance
improvement. A simple thermodynamic analysis using the
measured plasma power (2-6 W), showed that the operation
at 400 °C leads to the highest thermodynamic efficiency and
yield, which fully reap the benefits of PC-CL.

Here, we study PC assisted CLRWS (or PC- CLRWS) cycle
over chemical looping material containing nanoshaped
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catalysts in the temperature range 150 - 400 °C. We explore
the morphology-dependent CL performance of Ru metal
catalysts supported on various nanoshaped CeO; (NRs, NCs)
in a non-equilibrium electric discharge plasma environment.
Si0; (nanosphere or NS) supported Ru catalyst was also
included for comparing the effect of support reducibility
(reducible CeO, vs. irreducible SiO») on the catalytic activity
of Ru catalyst.

2. Experimental

2.1. Preparation

2.1.1. Chemicals

Cerium (III) nitrate hexahydrate (Acros Organics, 99.5%),
sodium hydroxide pellets (VWR, 99%), ammonia solution
(NH3-H,O, BDH, 28-30%), tetracthyl orthosilicate (TEOS,
Acros Organics, 98%) and Ruthenium(IIl) nitrosylnitrate
(Alfa, Aesar, Ru 31.3% min.) were used as raw materials
without further purification.

2.1.2. Synthesis of Support Material

The CeO,NR and CeO,NC supports were synthesized using
a seed-mediated hydrothermal method [27]. Briefly, 88 mL
of 0.1 M Ce(NOs3); solution was added into a 200 mL Teflon
lined autoclave, followed by adding 8 mL of 6.0 M NaOH
solution. After stirring the mixture for ~15 s, the
autoclave was sealed tightly and then transferred into a
programmable box furnace. The hydrothermal reactions
were carried out at 90 °C for 48 h to obtain CeO,>NR and 150
°C for 48 h to obtain CeO,NC, respectively.The synthesis of
SiO,NS supports was based on a modified Stober method
[28]. A typical procedure involved introducing a mixture of
158 mL absolute ethanol, 7.8 mL ammonia solution, and 2.8
mL deionized water into a 250 mL round-bottom flask and
maintained at 50 °C while stirring. Then, 5.8 mL of tetraethyl
orthosilicate (TEOS) was added into the solution dropwise
with continued stirring at 50 °C for 24 h. SiO;NS supports
were finally obtained by drying the white solution at 70 °C
for 24 h.

2.1.3. Catalysts Preparation

All the supported ruthenium catalysts with a 1.0 wt.% Ru
loading were prepared by a precipitation-deposition method.
In detail, the as-synthesized CeO,NR, CeO,NC or SiO,NS
powders (1.0 g) were suspended in 100 mL of 1.0 mM
Ru(NO)(NO3); aqueous solution under magnetic stirring.
Then, 0.5 M NH3-H,O was added dropwise into the mixture
above until the pH achieves ca. 9. After aging at 80 °C for 4
h, the precipitates were filtered and washed with deionized
water and ethanol. The as-prepared catalyst powders were
kept in a drying oven at 80 °C overnight and calcined in a box
furnace at 300 °C for 5 h. Finally, all resultant powders were
further reduced in a tube furnace under 5 vol.% H/95 vol.%
He atmosphere at 300 °C for 5 h. The prepared catalysts were
named as 1Ru/CeO;NR, 1Ru/CeO,NC and 1Ru/SiO;NS,
respectively.

2.2. Characterization of Material

Powder X-ray diffraction (XRD) patterns were recorded at
20 = 10-90° on a Philips X’Pert MPD diffractometer with
Cu-Ka radiation (A = 1.5405 A) operating at 45kV and
40 mA. Step size of 0.01° and a dwell time of 1.0 s were used
for data collection. The recorded patterns were further
analyzed using PANalytical X'pert HighScore software for

phase identification and the average crystallite size was
calculated through the Scherrer equation.

Raman spectra were measured on a Horiba LabRam
HR800 microscope equipped with a 100x LWD objective
(Olympus) and an 1800 lines/mm grating system. Diode-
Pumped Solid-State (DPSS) laser system (Laser Quantum
MPC6000) tuned at A=532 nm was used for excitation. The
exposure time and the accumulation number were set to 100
s and 10 s respectively for recording each spectrum in the
range of 200 - 1200 cm™..

X-ray photoelectron spectroscopy (XPS) was carried out
using a Kratos Axis DLD spectrometer with monochromatic
Al Ka radiation under UHV, operating at a base pressure of
< 8x107!° Torr. The photoelectron emission spectra were
recorded using an Al-Ka (hv = 1486.6 ¢V) operated at 15 keV
and 10 mA. The carbonaceous C 1s line (284.6 eV) was used
as an internal standard to calibrate the binding energies. The
spectra were processed using the CasaXPS software.

Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) of the prepared and redox cycled
catalysts were performed on a FEI Tecnai F20 microscope
operating at 200 kV. All of the investigated samples were
sonicated in ethanol for 15 min and then dropped onto an
ultrathin carbon coated Cu grid (Ted Pella Inc.).

2.3. Experimental Layout

Details of the experimental setup and procedure are
described in Ranganathan et al. [9]. Briefly, experimental
layout used to run PC- CLRWS mainly consists of five parts:
(1) gas delivery system; (2) central quartz reactor tube; (3)
experimental control section; (4) flue gas analysis system and
(5) plasma setup. The gas delivery system consists of gas
cylinders, mass flow controllers and valves to control the
flow into the reactor tube. The central quartz reactor tube
consists of two concentric tubes: (1) inner tube and (2) outer
tube. The inner tube is a 0.25” tube with an expansion section
of diameter 0.5” and 2” in length where the material to be
tested is placed. The outer tube is a 1” tube closed on one
side. The entire setup is placed inside a split tube furnace
which can be heated to 1200 °C. Thermocouples are fixed to
the furnace at three points: top, center, and bottom. The
experimental control section consists of National
Instrumentation Data Acquisition (DAQ) card and
MATLAB program to control various valves and Mass Flow
Controllers (MFCs). The flue gas analysis system is the
Extrel Quadrupole Mass Spectrometer (QMS) which is used
to measure the temporal evolution of various species with a
time resolution of less than 0.3 s. The plasma setup contains
two co-axial electrodes in a Dielectric Barrier Discharge
(DBD) configuration. A ceramic tube enclosed inner
electrode is placed inside the inner tube passing through to
the expansion section. The outer electrode is wound around
the circumference of the expansion section of the inner tube.
Both the electrodes are connected to the PVM/DDR plasma
driver (PVM500-2400). High voltage probes are used to
measure the voltage in both the electrodes and used to
calculate the plasma power supply [9]. The CL material to be
tested is placed directly in the plasma, in the expansion
section of the inner tube.



The PC-CLRWS experiments were conducted with four
different CL materials: (1) 1%- Ru/CeO, NR; (2) 1%-
Ru/CeO; NC; (3) 1%-Ru/SiO2 NS; and (4) Lag9Ceo. 1 NiOs+
Ceria (50: 50 by mass). A redox cycle consists of (1)
reduction step for 3 min; (2) purge step for 4 min; (3)
oxidation step for 1 min, and; (4) purge step for 4 min. During
the reduction step, a mixture of 0.4 molar ratio CH4 and CO;
was used as reactant. The flow rates of CH4, CO; and Ar used
were 60, 150 and 140 standard cubic centimeter per minute
(sccm) summing up to a total flow rate of 350 sccm. During
the oxidation step, H>O and Ar were used (Total flow rate =
350 sccm). During the purge step, 350 sccm argon was
flowed. Two different cases were compared (1) CL material
without plasma (CL) and (2) CL material with plasma
(CL+PC). Negligible reactions were observed for
experiments with only plasma and no CL material. The
temperature range used for the experiments was 150 - 400 °C
at atmospheric pressure. 200 mg of CL material was used for
all experiments. For the PC experiments, the plasma was kept
on continuously during the experiments. Experiments were
also done for the cases (a) no plasma, no nanomaterials (b)
plasma only, and no nanomaterials. No significant
conversions or reactions of CH; were observed in the
temperature range 150-400 °C. Therefore, such results are not
reported here.

2.4. Parameters Investigated

Conversion, yield and selectivity were used as major
parameters to estimate the catalyst performance with and
without plasma. Conversion of a particular species is the ratio
of species that got consumed to the total input. The yield of
a particular species is the ratio of the amount of the formed
species to the total input. The selectivity of a particular
species is the ratio of the amount of the formed species to the
redox step input that got consumed. The reduction step input,
for both yield and selectivity calculations, would be CH4 and
CO; for CO formation and CH4 for H, formation. Eqns. 1-6
represent the conversion, selectivity and yield for different
species. The experimental data was tested for carbon
conservation. The integrated inflow of carbon in the form of
CHa, CO» during the reduction step is compared with the sum
of integrated carbon outflow as CO, CO,, CH4 during the
reduction step and the CO, during the oxidation step. The
carbon deposited during the reduction step is seen as CO»
generation during the oxidation step. Eqn. 7 was used to

Moles of CHy4 consumed

CH, Conversion (X =
4 ( CH4) Moles of CHy input

. Moles of CO; consumed
CO, Conversion (X Bl v r—
2 ( COZ) Moles of CO, input

Moles of CO formed

check for carbon balance, for one complete redox cycle. The
carbon deposited was also quantified by integrating the total
moles of CO, observed during oxidation step and
normalizing it with the total carbon inflow in the form of CO,
CO,, CH4 during the reduction step. Details of integrating the
total moles from QMS measured temporal mole fractions of
species are explained in Ranganathan et al. [9].

3. Results and Discussion
3.1. X-ray diffraction and Raman spectroscopy analysis
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Figure 1: (a) XRD patterns of CeO, and SiO, supported Ru
catalysts; (b) Raman spectra of CeO, and SiO, supported Ru
catalysts. (Color lines seen in online version only)
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The phase and crystal structure of the as-prepared catalysts
were investigated by X-ray diffraction (XRD) shown in Fig.
la. The XRD patterns of 1Ru/CeO,NR and 1Ru/CeO,NC
catalysts displayed the diffraction peaks at 28.5°, 33.0°,
47.6°, 56.3°, etc. that correspond well to (111), (200), (220),
(311), etc. lattice planes of face-centered cubic CeO, (JCPDS
#34-0394, space group Fm3m) with the fluorite structure.
However, no diffraction peaks of ruthenium containing phase
were detected from both CeO,NR and CeO,NC supported Ru
catalysts, which can be attributed to the low loading (1
wt.%Ru) content of the Ru species. In addition, other reasons
such as the small crystallite size or high-dispersion of the Ru
species can also help explain the absence of Ru related
characteristic X-ray peaks. The XRD pattern of 1Ru/SiO,-
NS catalyst showed a broad peak at around 26 = 23.0°,
indicating the amorphous feature of SiO,. Note that the
diffraction peaks at 38.3°, 42.2°, 44.0° and 69.4° correspond
to the Ru’ phase (JCPDS #06-0663, space group P63/mmc),
which was clearly visible over the SiO>NS support. This
observation excluded the possibility of the detection limit,
and in turn revealed that CeO, supports were favorable to
improve the dispersion of the Ru species by diffusing the
ruthenium into the CeO, lattice or forming a surface Ru-O-
Ce solid solution [23]. The mean crystallite size of the
1Ru/CeO,NR and 1Ru/CeO,NC catalysts were calculated by
the Scherrer equation, and found to be 6.3 nm and 24.9 nm,
respectively.

The elemental coordination environment and lattice defects
of the supported Ru catalysts were examined by Raman
spectroscopy. As shown in Fig. 1b, the Raman spectra of both
1Ru/CeO,NR and 1Ru/CeO,NC catalysts showed the most
intense peak at 459 cm’!, which is the symmetric Fa,
vibration mode of the CeO; fluorite lattice. While the peaks
centered at 595 cm! for the 1Ru/CeO,NR catalyst and 597
cm! for the 1Ru/CeO,NC catalyst represents the defect-
induced mode of CeO,, arising from the presence of oxygen
vacancies. Worthy of mention is that the bands at 256 cm’!
due to the second-order transverse acoustic (2TA) mode of
Ce0,[29], can be clearly observed on the CeO,NR supported
Ru catalyst, whereas, it is unnoticeable on the CeO,NC
supported counterpart. This observation indicates that the
1Ru/CeO,NR catalyst showed higher oxygen vacancy
concentration and/or larger degree of structural disorder
caused by the metal loading (i.e. metal ion
incorporation/doping) [30-32]. Additionally, the peaks at 733
cm! and 970 cm! for the 1Ru/CeO,NR catalyst, as well as
705 cm! and 989 cm! for the 1Ru/CeO,NC catalyst merit
attention. Those Raman features cannot be assigned to either
CeO; or RuOy species, but have been widely observed and
accepted as the formation of the Ru—O—Ce bond attributed to
the interaction between Ru species and CeO» supports [33-
35]. In the case of the 1Ru/SiO,NS catalyst, the Raman
spectrum only shows two weak peaks at 390 cm™ and 475
cm’! that are attributed to the bending mode of oxygen in n-
membered rings (n>4) and the breathing mode of 4-
membered rings from SiO, supports [36].

The morphologies and microstructure of the supported Ru
catalysts were examined by TEM and HR-TEM. Fig. 2 (a)
shows that the 1Ru/CeO,NR catalyst have the rod-like shape,
and the typical diameter of CeO,NR support is ~6 nm, while
Fig. 2 (d) shows that the 1Ru/CeO,NC catalyst has the cubic
shape with a mean edge length of ~25 nm, which are in
accordance with the estimated crystallite sizes from the XRD

e

e i
Figure 2: TEM images of (a) 1Ru/CeO,NR, (d) 1Ru/CeO,NC, (g)
IRu/SiO,NS and HRTEM images of (b, ¢) 1Ru/CeO,NR, (e, f)
1Ru/CeO,NC, (h, i) IRu/SiO,NS catalysts.

results. Fig. 2 (g) depicts the spherical shape of the
1Ru/SiO,NS catalyst, in which the particle size of SiO>NS
support are around 80 nm in diameter. From the images of
Fig. 2 (b) and (c), it is observed that CeO,NR exposes the
(111)-oriented surfaces, but no apparent Ru was found on the
surface of the 1Ru/CeO,NR -catalyst, which confirms
speculation about the strong interfacial interaction between
Ru species and CeO,NR support from the XRD analysis. In
terms of the 1Ru/CeO,NC catalyst, it can be found from Fig.
2 (e) and (f) that the dominant facets of CeO,NC support are
(200). Interestingly, there are two distinct Ru species with
different sizes are anchored on the surface of CeO,NC
support. As for the 1Ru/SiO,NS catalyst (Fig. 2 (h) and (1)),
no lattice fringes of SiO,NS can be observed due to its
amorphous nature. However, large agglomerated Ru
nanoclusters loosely attached on the SiO,NS surface are
clearly noted, indicating the poor dispersion of the Ru species
over SiO,NS support and the “weak” Ru metal-SiOoNS
support interfacial interaction. Besides, the d-spacing of 0.23
nm with respective metallic Ru (100) surface agrees well
with the XRD results.

3.2. XPS Analysis

The composition and valence states of the surface elements
were examined by XPS. Fig. 3(a) shows the elemental survey
scan of each sample, which confirms the presence of oxygen,
cerium, carbon and ruthenium in CeO,NR and CeO>NC
supported catalysts surface, as well as oxygen, silicon,
carbon and ruthenium in SiO,NS supported counterparts.
Fig. 3(b) illustrates the O 1s spectra that were fitted with the
Gaussian-Lorenz feature and a Shirley-type background. For
the 1Ru/SiO,NS catalyst, only one peak located at 531.7 eV
can be identified, which corresponds to the oxygen
coordinated to Si [37]. The O 1s spectra of CeO, supported
catalysts can be fitted into two peaks that associated with the
primary lattice oxygen Op feature (529.0 eV for
1Ru/CeO,NR and 529.1 eV for 1Ru/CeO>NC) and the
additional oxygen vacancies Oy feature (530.8 eV for
1Ru/CeO,NR and 530.7 eV for 1Ru/CeO>NC). However, the
latter peak can be correlated to the surface adsorbed oxygen
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or hydroxyl groups as well [38]. The ratios of Ov/(Oy + Oc)
are typically used to estimate the surface oxygen vacancy
concentration, and as listed in Table 1, more oxygen
vacancies were generated on the 1Ru/CeO,NR catalyst

assigned to Ce*" state, while the peaks located at BE of
~882.9 eV (v) and ~901.2 eV (u) were characteristics of
Ce’* 3dsp and Ce’* 3ds2. Quantitative analysis of the relative
Ce*" concentration to the total Ce concentration were derived
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Figure 3: Experimental and fitted XPS spectra of all catalysts: (a) survey scan (b) O 1s (c) Ru 3d, (d, e) Ce 3d and (f) Si 2p. (Color lines seen

in online version only)

surface compared with the 1Ru/CeO,NC catalyst, which is
consistent with the Raman results. Fig. 3(c) shows the Ru 3d
core-level spectra, as can be seen from the deconvoluted
curves, the existing form of the surface Ru species among
three catalysts are significantly different. The BE value of the
Ru 3ds; peak in 1Ru/SiOoNS catalyst centered at 278.8 eV
indicates a preferential metallic Ru® state, while the Ru
3dss; of both 1Ru/CeO,;NR and 1Ru/CeO,NC catalysts can
be divided into two different peaks at ~281.1 eV and ~282.0
eV corresponding to a mixed states of Ru®* and Ru** [39, 40].
A relative surface quantification of Ru®" and Ru*" over
CeO;NR and CeO;NC supported catalysts are shown in
Table 1. In contrast, the 1Ru/CeO:;NR catalyst possesses
higher contents of Ru*" than the 1Ru/CeO,NC catalyst.
According to the literature, the oxidation states of Ru have
been found to strongly influence the reaction mechanisms
and product formation. Rabe et al. [41] investigated the
reforming of methane to synthesis gas over the 5% Ru/y-
Al,Os catalyst and revealed that CO, formed over the
oxidized ruthenium sites while the reduced Ru sites yielded
CO. Sun et al. [42] also reported that the higher oxidization
states of the Ru can give rise to a syngas producing selectivity
and efficiency. In addition, the deconvolution of Ce 3d XPS
spectrum are shown in Fig. 3 (d and e). Typically, the
resolved three 3ds, peaks featured at around ~882.0 eV (v),
~888.5eV (v'), ~897.8 eV (v'") and associated three Ce 3d3
located at ~900.3 eV (u), ~906.8 eV (1), ~916.1 eV (u ") are

from the following equation using each integrated peak area,
AtA
[ce™]= u ®)

A A HAGFA A mtAGTA 1+A
A u A A u u

As listed in Table 1, the content of Ce** in the 1Ru/CeO,NC
catalyst surface is higher than the 1Ru/CeO,NR counterparts
(27.6% vs. 23.6%). In the case of the 1Ru/SiO,NS catalyst,
the Si 2p XPS spectrum in Fig. 3(f) is dominated by one
intense peak at the binding energy of 103.7 eV, which
corresponds to Si*" species.

Table 1. The composition and valence states of surface O (1s) Ce (3d) and
Ru (3d) species in 1Ru/CeO,NR, 1Ru/CeO,NC and 1Ru/SiO,NS catalysts
analyzed from XPS results. A = Ov/(Oy+Or), B = Ce*'/(Ce’* + Ce*").

A B Ru species (%)
Sample
%) | (@ | R | Re* | Ru*
1Ru/SiO,NS - - 100 - -
1Ru/CeO,NC | 29.7 | 27.6 - 47.2 52.8
1Ru/CeO,NR | 32.3 | 23.6 - 39.1 60.9

3.3. .Reduction step

Fig. 4 shows a sample data of PC-CLRWS cycle. The cycle
sequence is oxidation step (H2O + Ar flow for 1 min), purge
(Ar flow for 4 min), reduction step (CHs+ CO, flow for 3
min) and purge step (3 min). This cycle repeats periodically
in the experiments. During the oxidation step, the flow of
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water with argon leads to the formation of H, and CO,. The
CO; observed during the oxidation step is due to the carbon
deposition during the previous reduction step. During the
reduction step, the CH4 and CO; flow leads to the formation
of CO, H,, and H,O. In Fig. 4, the shaded area represents the
integrated area under a species profile, which is used to
calculate the number of moles formed during the reduction
cycle of that species.

Fig. 5 shows the QMS measured temporal evolution of CO
during the reduction step. Similar trends were found for the
H; evolution during reduction step. We find increasing extent
of reforming with temperature and with the application of
plasma. We observe reforming without plasma only at 400
OC. The NR and NC chemical looping materials show higher
levels of reforming to CO and Ho.
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Figure 4: PC-CLRWS cycle of Ru/CeO, NR at 400 °C.
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Figure 5: Measured temporal flow rate of CO during reduction step at
400 C. (Color lines seen in online version only)

In Fig. 6 (a), different materials are compared for CO Yield
vs. temperature. For case 1, with only CL material and no
plasma, all the Ru-based catalysts showed CO yield only at
400 °C and Ni-based perovskite showed no yield at all
temperatures below 400 °C. For case 2 (PC+CL), 1%
Ru/CeO,NC and 1%Ru/CeO; NR catalysts showed similar
yields at all temperatures with the presence of plasma, and
achieved a yield of ~19% at 400 °C. The 1%Ru/SiO,NS
catalyst showed a constant CO yield of 2~3% at all
temperatures with PC. The Ni-based perovskite catalyst also
showed a constant CO yield of 2~3% below 300 °C, but
increased to ~7.4% at 400 °C. The SiO, supported CL
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Figure 6: (a) CO (b) and H, yield vs. temperature for different
materials (PC- Plasma Catalysis case). (Color lines seen only in the
online version).

material showed ~5 times less reforming, showing the
importance of Strong Metal Support Interaction (SMSI)
effects between the support and catalyst in plasma
environment. The LCN91Ce material showed low level of
reforming similar to SiO,-NS, although it contained 50% by
mass CeO, which is an oxygen carrier, while SiO- is not an
oxygen carrier. This shows that the NR and NC materials
had stronger SMSI with the Ru nanoparticle catalyst.

In Fig. 6 (b), different materials are compared for H, Yield
against temperature. For CL material only with no plasma
case, all the Ru-based catalysts showed H» yield only at 400
°C and Ni-based perovskite showed no yield at all
temperatures. For case 2 (PC+CL), the 1% Ru/CeO,NC
catalyst showed the highest H, yield at almost all
temperatures except at 150 °C, and achieved a yield of
~18.4% at 400 °C. The 1%Ru/CeO; NR catalyst showed
relatively lower yield than the 1% Ru/CeO,NC catalyst, and
accomplished a yield of ~16% at 400 °C with the assistance
of plasma. The H, yield for the 1% Ru/SiO;NS catalyst
stabilized at 2~3% for all temperatures range in PC+CL case.
Ni-based perovskite showed almost similar H, yield when
compared with the 1% Ru/SiO,NS sample below 300 °C, but
raised slightly to ~4% at 400 °C. The values for rate of
production of CO and H, are found to be that of Liu et al.
[43] experiments without plasma.



In Fig. 7 (a), CH4 conversion for different materials is plotted
against temperature. For CL material only with no plasma
case, Ru-based catalysts showed conversion less than 7% at
400 °C and Ni-based perovskite had no CH4 conversion. For
case 2 (PC+CL) experiments, the 1%Ru/CeO, NR catalyst
exhibited the highest CHs conversion efficiency at all
temperatures, and reached a maximum of ~27% at 400 °C.
By comparison, the CHs4 conversion of 1%Ru/CeO, NC
catalyst was slightly lower than the CeO, NR supported
counterpart at all temperatures with plasma supply, and
showed a maximum yield of ~22% at 400 °C. The
1%Ru/SiO,NS catalyst and Ni-based perovskite showed ca.
5~7.5% and ca. 5~13% CH4 conversion rate over the range
of temperature, respectively.

In Fig. 7 (b), CO> conversion performance of different
materials are plotted against temperature. For case 1, with
only CL material, Ru-based materials showed no conversion
but at 400 °C, while no CO; conversion was observed for Ni—
based material. However, when plasma was applied (case 2,
PC+CL), the 1%Ru/CeO, NC catalyst showed the best CO,
conversion at 300 and 400 °C although the 1%Ru/CeO, NR
catalyst converted slightly more CO at 150 and 200 °C. The
highest CO, conversion rate that the 1%Ru/CeO> NC catalyst
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Figure 7: Conversion CHy4 (a) and CO, (b) vs. temperature for
different materials (PC- Plasma Catalysis case). (Color lines seen
only in the online version).

attained was ~20.6% at 400 °C. The 1%Ru/SiO2NS catalyst
showed low CO; conversion of ~2-3 % at all temperatures.
Ni-based perovskite showed similar CO, conversion

performance to the 1%Ru/SiO,NS catalyst below 200 °C, but
surged to a maximum of ~12% at 400 °C.

In Fig. 8 (a), CO selectivity is plotted against temperature for
different materials. For case 1 CL material only experiments,
although the conversion and yield were low, the CO
selectivity was very considerable for all Ru-based catalysts,
which is ca. 70~80 % at 400 °C. For case 2 with the presence
of plasma (PC+CL experiments), the CO selectivity of
1%Ru/CeO, NR and 1%Ru/CeO, NC catalysts got further
promoted, and reached to ca. 95% and 93% at 400 °C. The
1%Ru/SiO,NS and Ni-based perovskite catalysts showed a
CO selectivity of ~61-69% and ~43-60%, respectively, in the
whole temperature range. In Fig. 8 (b), H, selectivity for
different materials is plotted against temperature. For both
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Figure 8: Selectivity CO (a) and H, (b) vs. temperature for

different materials (PC- Plasma Catalysis case). (Color lines seen

in online version only)
case 1(CL) and case 2 (PC + CL) experiments, the
1%Ru/CeO,NC catalysts exhibited the best hydrogen
selectivity above 200 °C, and achieved a maximum of ~77%
(without plasma) and ~83% (with plasma) at 400 °C.
Comparatively, the H, selectivity for 1%Ru/CeO, NR
catalyst was inferior, which is ~28% without plasma but
soared to ~58% with plasma. There was almost no H, yield
below 400 °C for the 1%Ru/SiO>NS and Ni-based perovskite
catalysts without plasma at all temperatures, for which the H
selectivity was negligible and not plotted. In Fig. 9, the
carbon balance for different materials is plotted against
temperature. The carbon balance is found to be between 95
to 100%, indicating the good accountability for carbon
conservation in our experiments.



3.4. Oxidation step

In Fig. 10, the total number of moles of H, formed during the
oxidation step is plotted for different materials. For case 1
(CL materials only) experiment, the 1%Ru/CeO, NC catalyst
showed H» formation by water splitting starting from 150 °C,
while the 1%Ru/CeO; NR catalyst could generate H, starting
at 200 °C. In addition, the 1%Ru/CeO, NR manifested better
catalytic performance toward water splitting reaction during
the oxidation step. The 1%Ru/SiO,NS and Ni-based
perovskite catalysts showed no H, formation. For case 2
PC+CL experiments, the low-temperature catalytic water-
splitting performance for both the 1%Ru/CeO, NR and
1%Ru/CeO; NC catalysts were promoted greatly. The
1%Ru/CeO; NR catalyst still exhibited the highest hydrogen
formation among the as-discussed catalysts with plasma
assistance, which even achieved a maximum of ~337
umole/g at 300 °C. By contrast, the 1%Ru/CeO, NC catalyst
showed lesser hydrogen formation than the CeO,NR
supported counterpart, which reached a maximum of ~293
pmole/g at 400 °C. The Ni-based perovskite catalysts was
even less active, and showed H; formation of ~44-87
pmole/g over the temperature range. 1%Ru/SiO;NS is not
plotted in Fig. 10, as it did not show water splitting H, due to
lack of oxygen carrier.
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Figure 9: Carbon balance vs. temperature for different materials (PC-
Plasma Catalysis case). (Color lines seen in online version only)
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Fig. 11 shows the HRTEM images of the materials after
experiments, with more than 50 redox cycles. No structural

changes in the materials is observed showing them to be very
stable.

Figure 11: HRTEM images of (a) IRu/CeO,NR, (b) 1Ru/CeO,NC, (c)
1Ru/SiO,NS CL materials after experiments.

Fig. 12 shows the calculated Energy Conversion Efficiencies
(ECE) for the different nanomaterials with and without
plasma, using Eqn. 9 [9].
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Figure 12: Energy Conversion Efficiencies (ECE) for the different
nanomaterials with and without plasma. (Color lines seen in online
version only)

nco and ny, are the molar outflow rates of CO and Ho,
respectively, Mo, Mcy, and My, are the molar masses of
CO, CH4 and Ha, respectively, ¢y, iy is the molar inflow rate
of CHa, Ccy,is the measured steady state CHs conversion
fraction. LHVy is the LHV of species X, Ppma, is the
measured plasma input power using Lissajous curve, P ., is
the power required to heat the gas to the reactor inlet
temperature. The ECE values are higher for the PC case and
reach almost 100% for the NR and NC materials. Again NC
materials show slightly better ECE than NR materials
starting at 200 °C, the difference narrows down with increase
in temperature.

3.5. Carbon deposition

The carbon deposited during the reduction step is seen as
CO; and CO generation during the oxidation step. Fig. 13
shows the integrated total carbon deposited during the
reduction step normalized with the total carbon flow during
the reduction step. It is found that carbon deposition is in the
range 0.05 % - 0.35 %. The Gibbs free energy of 7 reactions
leading to carbon deposition, are plotted vs. temperature in
Fig. 14. We find that only two reactions (Eqns. 10 & 11
below) are active below ~600 °C for carbon deposition
involving CO. These reactions have an exothermic enthalpy
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of reaction of -133 kJ/mole and -173 kJ/mole, respectively.
Since there is greater extent of reforming to CO with plasma,
carbon deposition due to these reactions is found to increase
with the application of plasma. We find slightly higher
carbon deposition for the NR as compared to NC materials
for both with and without plasma cases.

CO(g) + Ha(g) — H20(g) + C(s) (10)

2C0O(g) — COx(g) +C(s) (11)

4. Discussion

Plasma-catalytic chemical looping reforming and water
splitting over NR, NC, NS, and Ni-based perovskite catalysts
was investigated from 150 °C to 400 °C. These materials
represent different nanoshapes, and levels of oxygen
mobility. The molar ratio of the catalytic active components
such as Ni and Ru in 200 mg of the tested CL materials — Ni
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Figure 13: Carbon Deposition vs. Temperature for different materials
(PC- with Plasma). (Color lines seen in online version only)

based perovskite, NR, NC, NS, are in the ratio 17.2: 1: 1: 1.
The surface area per unit volume of NR and NC are
approximately in the ratio 3:1 based on HRTEM and TEM
imaging.

Without plasma, the redox reaction activity was only
observed at 400 °C for most materials. However, for PC-
CLRWS, significantly enhanced conversion and yields was
observed for the NR and NC samples compared to other
materials during the reduction step at all temperatures.

The NR and NC samples exhibited slightly better CHs4
reforming activity than other materials. For example, NR and
NC materials showed CO, H» yield in the range of 3-18%
while the Ni based perovskite showed yields in the range of
2-7% showing significant enhancements due to nanoshape
effects of CeO, Oxygen Carrier (OC). Application of non-
equilibrium plasma creates additional highly reactive
unstable species and radicals. For example, in our case (see
Fig. 15), plasma can dissociate CO; to form CO and O atoms,
H,0 to OH and H radicals, CH4 to CHx and H radicals. This
can accelerate the heterogeneous mechanisms while inducing
many more pathways towards final products. The high
concentrations of reactive radicals with plasma can take
complete advantage of higher surface area nanoshape
materials for synergistic effects. Slight differences in

reactivity and selectivity are noticed between the NR and NC
materials. We find that the NC material leads to slightly
higher H, yield (Fig. 6b), CO, conversion (Fig. 7b) than NR
material during the reduction step. The NR material has
slightly higher carbon deposition compared to NC (Fig. 13).

Several studies on surface chemistry of NR and NC materials
have been done in literature (see reviews [44, 45]) using
probe molecules such as CO, H,O, CO,, methanol,
acetaldehyde, toluene, ethanol, Water Gas Shift (WGS)
reactions etc. It is generally observed that the NRs expose
more stable and less reactive (111) planes, while the NCs
expose less stable and more reactive (100) planes. However,
the NRs can have higher density of oxygen vacancies. The
oxygen vacancy formation energy is lesser for the NCs
exposing (100) planes. The surface orientation along with the
defects, enhanced oxygen transport, Oxygen Storage
Capacity (OSC) together play an important role in catalytic
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Figure 14: Gibbs free energy calculation of reactions leading to
Carbon deposition at different temperatures. (Color lines seen in online
version only)

selectivity and reactivity. The interaction between OH and
CO radicals was found to be stronger per m? for NCs, leading
to formation of more formates and carbonates on the surface,
through interaction with the oxygen vacancies. The
carbonates formed on surface include unidentate, bidentate,
bridged and polydentate species [46]. WGS reaction of CO
with surface hydroxyl groups accounted for 50% of the CO>
produced at lower temperatures [47]. The O atom transfer
from CeO; to the metal catalyst interface played an important
role in oxidation of surface carbon deposition, especially at
temperatures above 300 °C [48].

CHy4 is found to be activated at the Ru-O-Ce interface [43]
followed by oxidation of CH, by H abstraction reactions due
to O atom transfer from CeO; support to the interface. The
produced H atom can spillover to the support CeO; and react
with CO; leading to CO+ OH or it can take an O atom from
support to form highly reactive OH radicals. The OH can in
turn diffuse towards CHy radicals and participate in H
abstraction [49] reactions leading to combustion of CHx
radicals to CO or CO; products.

During reduction step, the availability of H radical from
plasma and the spillover effect of CHy radical reacts with
remaining CO,, which gets adsorbed to the surface. The
reaction produces CO(s) and OH(s) as reported by Liu et
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al.[43] and Guo et al.[48]. Further, OH(s) reacts with H(s) to
produce H»O(s), which desorbs to gas phase H,O. The
adsorbed H(s) can react together to produce Hx(s), which
desorbs as H» gas.

Based on this analysis of literature studies on hydrocarbon
reactions, a heterogeneous reaction mechanism is proposed
in Fig. 15 for both reduction and oxidation steps. The higher

Reduction
Co,Co
H.0 * HO
y R ¥ K
: «. _OH, OH,H
a T JOH | !

Oxidation

Figure 15: Schematic of possible plasma-catalysis heterogeneous
reaction mechanisms. Red lines show plasma generation of species,
green lines show formation of gas phase and adsorption ready
species, black lines show adsorption interaction, surface reactions
and oxygen ion diffusion. (Color lines seen in online version only)

H, production during reduction step, in the case of NC
materials may be because of better activation of CHs, faster
H spillover effects. The slightly higher carbon deposition
with NR materials may be because the SMSI for O atom
mobility and H spillover is lower in these materials. One of
the important effects that catalyst can have on plasma is the
formation of enhanced local electric fields due to the fine
corners and edges of nanoshaped catalysts, which can also
result in the improved performance [50]. The combined
effect of nanoshaped catalyst, SMSI and plasma may have
resulted in the improvement of the reforming process using
Ru/CeO; in comparison to Ni-based perovskite. 1Ru/SiO;
NS is known [51] to produce CO, as a primary product
during partial oxidation of CHa. This could also be a reason
for producing less CO in the dry reforming process in our
case. Besides, it is neither an oxygen carrier nor possesses
oxygen mobility.

The LCN91Ce material showed low level of reforming
similar to SiO,-NS, although it contained 50% by mass CeO»
which is an oxygen carrier with fast oxygen ion diffusion
capability, while SiO; is not an oxygen carrier. This study
demonstrates the advantageous role of nanoshape specific
reactivity, SMSI with nanometal catalysts and selectivity in
PC chemical looping reactions.

During the oxidation step, enhanced H, production by water
splitting was observed with PC-CLRWS in the 150-400 °C
temperature range, with the NR and NC samples showing the
highest H, production. For example, the NR and NC
materials showed increased H, production by a factor of
more than 4 when compared to Ni based perovskite,
throughout the temperature range of interest. In the oxidation
step, the plasma dissociates H,O to produce H and OH which
adsorb on the surface. The surface carbon, which remains
during the reduction step, reacts with OH to produce CHO(s),
which further reduces to CO(s) and H(s). The H(s) reacts
with another adsorbed H to produce Hx(s), which desorbs.

5. Conclusion

It is found that the different nanoshaped ceria and SiO;
supported Ru catalysts perform differently with respect to
chemical looping reforming coupled with water splitting. In
the presence of non-equilibrium plasma, significantly higher
CHj4 reforming is noticed at low temperatures (150-400 C)
for ceria nanoshapes. There are some differences noticed in
the reactivity and selectivity between the NR and NC
materials due to different SMSI behavior of the materials, the
crystal facets exposed, vacancy density and the specific
surface area. It is proposed that the higher H, production in
the case of NC materials may because of better activation of
CH4 and faster H spillover effects on NC materials. The
slightly higher carbon deposition with NR materials may be
because the SMSI enabling O atom mobility and H spillover
is faster in the case of NC materials. The materials are found
to be very stable after over 50 redox cycles.
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