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Abstract—The catalytic activity of the Rh-exsolved Sryq,Y0sT1,0;_5 perovskite catalyst (SYTRh5) was examined for
dry reforming of methane. The exsolution of the Rh nanoparticles over the SYT perovskite oxide surface was carried
out under various reducing environments where the extent of Rh exsolution was significantly determined by the reduc-
tion time (4, 12, 24 h) and temperature (800, 900, 1,000 °C). STYRh5 catalysts treated at a longer reduction time and a
higher reduction temperature revealed formation of larger metallic Rh nanoparticles on the perovskite oxide with
higher surface concentration. For dry reforming activity, the SYTRh5 catalysts reduced at 900 and 1,000 °C for 24 h
showed significantly higher methane conversion compared to others. The high catalytic performance of the SYTRh5
(900 and 1,000 °C, 24 h) catalysts was attributed to the high coke-resistance of the larger Rh-exsolved nanoparticles and
stronger anchoring sites resulted from the exsolution process. Post-analysis TEM images exhibited limited carbon
deposition and particle agglomeration of Rh over the SYTRh5 (900 and 1,000 °C, 24 h) catalysts. Lastly, in-situ H,S poi-
soning was conducted to examine the regeneration ability of SYTRh5. Although catalyst deactivation was observed, the
catalytic activity of SYTRh5 (900 and 1,000 °C, 24 h) was completely recovered to the original level once the H,S flow
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was interrupted, indicating facile desorption of sulfur species from the Rh-exsolved nanoparticles.
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INTRODUCTION

High-temperature fuel cells, such as solid oxide and molten car-
bonate fuel cells, have been extensively utilized for large-scale power
generation [1,2]. Owing to their increasing attention in the litera-
ture, the recent studies on high-temperature fuel cells have focused
not only on the development of novel materials to increase the
tuel cell performance [3-7] by kinetic modeling [8-10], but also on
their use in integrated power systems [11-14]. A main advantage
of the high-temperature fuel cells is their high operating tempera-
ture, which allows for the direct utilization of hydrocarbon fuels
that increases the total energy efficiency of the fuel cell. Among the
variety of products obtained from feedstocks, biogas, which mainly
consists of methane and carbon dioxide, can be directly fed at the
anode side of the high-temperature fuel cells to produce hydrogen
through dry reforming, eventually leading to power generation
[15,16).
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The utilization of biogas is considered environmentally friendly as
it reduces the carbon dioxide levels in the atmosphere due to the
closed carbon loop. Besides, in combination with the internal re-
former of the high-temperature fuel cells, the dry reforming pro-
cess could also be applied for on-board power generation. How-
ever, a major obstacle for dry reforming is the larger extent of carbon
deposition that severely deactivates the catalytic activity compared
to the steam reforming process [17]. This issue can be alleviated by
increasing the reaction temperature, but also increases the overall
operation costs. Furthermore, sulfur species is often present in the
biogas mixture at ppm levels. Although its concentration is extremely
low, the presence of the sulfur poison in the feed deactivates the
catalyst as well and ultimately deteriorates the fuel cell life cycle [18].
In recent years, metal-exsolved perovskite catalysts have attracted
considerable interest in the catalysis field, owing to their strong metal-
support interaction and the high dispersibility of their nanoparti-
cles on the perovskite oxide surface. The formation of exsolved nano-
particles results from a phenomenon where the B-sites of the per-
ovskite oxides (structure: ABO,) are first substituted by transition
metals (e.g, Ru, Rh, Ni, etc.) under oxidizing conditions, and then
released (exsolved) as metal nanoparticles when exposed to a reduc-
ing atmosphere [19]. These surface-exsolved nanoparticles have great
advantages over the conventional impregnated material-based cat-
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alysts. For example, Wei et al. [20] compared two different Ni sup-
ported on LaMnO;-based perovskite catalysts, one was synthesized
by the impregnation and the other by the exsolution method. It
was observed that the Ni-exsolved catalysts exhibited higher CH,
conversion and stability at a lower extent of coking, compared with
the Ni-impregnated catalysts. The high catalytic activity and stabil-
ity exhibited by the former was ascribed to the high dispersion of
the Ni particles, their uniform particle size distribution, and stron-
ger Ni-surface bonds. Similarly, Neagu et al. [21] demonstrated the
high coke resistance of Ni-exsolved nanoparticles supported on an
LST perovskite oxide by flowing 20% CH,/H, in the absence of
steam. The Ni-exsolved particles were more embedded in the oxide
support, and hence contained more anchoring sites connecting the
metal and the perovskite surface, which resulted in a lower tendency
to agglomerate or to coke. Besides, the metal-exsolved perovskite
catalysts have shown great potential for many real-world applica-
tions, such as CH, partial oxidation [22], electrolysis of CO, [23],
and O, transport membranes [24].

Various studies on CH, reforming have been reported in litera-
ture. Zubenko et al. [25] studied a perovskite (LaFeO5)-based cata-
lyst with exsolved Re-alloy nanoparticles that exhibited a stable and
efficient CH, conversion (more than 90% at an operating tempera-
ture of 900 °C). Chai et al. [26] investigated a Ni-exsolved nano-
particle perovskite (Lag4sSt)34TigoNi,O;) with a bimodal size dis-
tribution that exhibited better and more stable results compared to
the non-exsolved Ni-based catalysts, although the CH, conversion
was low. In a previous work [27], different LaCrO;-based catalysts
with Ir, Co, and Rh-exsolved nanoparticles were analyzed, which
exhibited a very promising performance; particularly, Ir produced
over 90% CH, conversion at an operating temperature of 900 °C.
The metal-exsolved nanoparticles were also found to be highly sul-
tur resistant. For instance, Papaioannou et al. [28] stated that their
perovskite-based catalysts with Fe-Ni-exsolved nanoparticles exhibit
higher sulfur resistance in the CO oxidation reaction compared to
the commercial Ni catalysts and achieve an almost complete recov-
ery once the poisoning is interrupted.

SYT (Sryo, Y005 T1,05_s5)-based perovskite oxides have been used
as anode constituent for solid oxide fuel cells attributed to its high
electronic conductivity as well as stability under high temperatures.
Recently; it was reported that facile exsolution of metal nanoparticles
is feasible over non-stoichiometric SYT-based perovskites. For exam-
ple, Gunsik et al. showed successtul exsolution of Ni, Ru and Rh nano-
particles from SYT perovskite structure to the oxide surface using
different metal loadings. Herein, we synthesized highly dispersed
Rh-exsolved nanoparticles supported on the SYT (Srq0,Y(0515,05_5)
perovskite and investigated the catalytic activity and stability of the
SYTRh5 (5% in moles of Rh) catalyst for the first time under dry
reforming conditions. The recovery characteristics of SYTRh5 from
sulfur poisoning were examined. Furthermore, the effect of the
reduction temperature and time on the extent of Rh exsolution
over the SYT perovskite was examined not only to understand
how the degree of Rh exsolution affects the catalytic activity of
SYTRh5 but also to identify the optimum reduction temperature
and time for dry reforming. Finally, the chemical and physical prop-
erties of the catalyst were examined by various techniques, such as
temperature-programmed reduction (TPR), X-ray diftraction (XRD),
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X-ray photoelectron spectroscopy (XPS), and transmission elec-
tron microscopy (TEM).

EXPERIMENTAL

1. Catalyst Preparation

The Sty9, Y0518 95Rhy 505 5 perovskite catalyst powders (SYTRh5)
were prepared using Pechinis method, which has been reported in
previous studies [29-31]. This is a type of sol-gel synthesis tech-
nique that is frequently employed to obtain well-dispersed metal
ions entrapped in a covalent polymer network through an esterifi-
cation of citric acid with ethylene glycol. Once the polymer matrix
was removed by thermal treatment, a highly homogeneous com-
plex metal oxide was obtained. The first step of the synthesis involved
the preparation of the following three solutions: 1) yttrium nitrate
[Y(NO;);-6H,0 (Junsei), 0.502 g] and strontium nitrate [Sr(NO),
(Sigma-Aldrich), 3.191 g] in 100 g of deionized water, 2) titanium
isopropoxide [Ti(OCH(CHs),), (Junsei), 9.085 g] dissolved in 100 g
of ethylene glycol, and 3) rhodium chloride hydrate [RhCl;-xH,0
(Alfa Aesar), 0.198¢g] and citric acid [CHgO, (Sigma-Aldrich),
100 g] dissolved in deionized water. The three solutions were then
slowly mixed in a beaker at 80 °C, resulting in the formation of a
precipitate. The resulting solution along with the precipitate was
dried at 110 °C overnight to facilitate gelation and was subsequently
calcined at 300 °C for 6 h under air to remove any remaining organic
species. After grinding, the solids were ground and subsequently
calcined once more at 650 °C for 10 h in air to obtain the SYTRh5
perovskite powder (5 g). For comparison, a reference SYT perovskite
was prepared without adding the Rh precursor during the synthe-
sis procedure. The exsolution of Ni [30], Ru [31], or Rh [29] over
the SYT support has been previously reported in the literature. In
this study, the exsolution of the Rh particles over SYTRh5 catalyst
was conducted ex-situ, at different reduction temperatures and
times, under a flux of H, : N, in the ratio 40 : 60 (80 mL/min) in a
heating furnace. The samples reduced at 800, 900, and 1,000 °C
for 24 h have been represented as SYTRh5 (800), SYTRh5 (900),
and SYTRh5 (1000), while the samples reduced at 900 °C for 4, 8,
and 12 h have been represented as SYTRh5 (4), SYTRh5 (8), and
SYTRh5 (12), respectively.
2. Catalyst Characterization
2-1. Brunauer-Emmett-Teller (BET) Surface Area, Pore Volume
and Pore Size

The structural information, including BET surface area, pore
volume and pore size of the SYTRh5 catalysts, was obtained using
N, physisorption technique in a Micromeritics ASAP2000 (accel-
erated surface area & porosimetry system) instrument. Depend-
ing on the expected surface area, a known amount of catalyst was
first measured and transferred to a sample tube. The sample tube
was exposed to a vacuum environment where the catalyst was
degassed at 70 °C for 2 hr and 250 °C for 12 hr to remove impuri-
ties on the catalyst surface. The sample tube was then moved to
the analysis port and N, physisorption was carried out at 77 K.
The Barrett-Joyner-Halenda (BJH) pore size distribution was con-
structed based on the desorption branch of the isotherm.
2-2. Temperature-Programmed Reduction (TPR)

The BELCAT-M chemisorption analyzer, MicrotracBEL Corp.,
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was used to conduct the TPR of the SYTRh5 catalysts. The sam-
ple was placed in a quartz reactor tube equipped with a thermo-
couple to monitor the temperature of the catalyst bed. Pure Ar ata
flowrate of 70 mL/min was introduced into the reactor at 25°C
and the reactor temperature was increased to 250 °C. The sample
was pretreated for 2 h to eliminate the adsorbed water on the cata-
lyst surface. The temperature of the reactor was then decreased to
room temperature while continuing the flow of pure Ar. For the
TPR, 70 mL/min of 5% H,/Ar was used and the temperature of
the reactor was increased from 50 to 900 °C at a ramp rate of 10 °C/
min. The outstream of the reactor was connected to a thermal con-
ductivity detector (TCD) to estimate the hydrogen consumed by
the catalyst.

2-3. X-ray Diffraction (XRD)

X-ray diffraction (XRD) patterns of the as-prepared SYTRh5
catalysts powders and of the samples reduced under different con-
ditions of time and temperature were collected using a MiniFlex II
diffractometer (Rigaku Co.) with CuK¢ radiation (wavelength A=
1.5418 A). The diffraction patterns were collected in the 26 range
of 20°-90° and the crystallographic phases were identified using
the PDXL software.

2-4. Transmission Electron Microscopy (TEM)

To analyze the morphology of the studied catalyst powders, TEM
images were recorded using a TEM Tecnai F20 (FEI Co.) equipped
with a high-brightness field-emission electron gun (FEG) operated
at 200kV. Before conducting the analysis, the catalyst powders
were suspended in ethanol and sonicated for 15 min to obtain a
homogeneous mixture. A single drop placed on a grid was used to
investigate the morphology of the powders.

2-5. X-ray Photoelectron Spectroscopy (XPS)

To confirm the presence of Rh on the surface of the catalyst pow-
ders, X-ray photoelectron spectroscopy (XPS) spectra were recorded
using a K-Alpha+ XPS System (Thermo Scientific Co.). The sam-
ples were loaded into the chamber using carbon tape and the cham-
ber was evacuated for 2.5 h. A survey scan was conducted for each
sample to identify all the elements present on the surface of the
powders. Subsequently; the spectra for the specific C 1s, O 1s, Ti
2p, Y 3d, Sr 3d, and Rh 3d regions were recorded. Prior to the
data analysis, the charging effect was corrected based on the C 1s
binding energy of 284.5 V.

3. Catalytic Activity under Dry Reforming Conditions

The dry reforming activity of the SYTRh5 catalysts was tested
under atmospheric pressure in a fixed-bed vertical quartz reactor.
The gas flow was fed into the top of the tube while the bottom served
as an exhaust line, which was directly connected to a gas chro-
matograph (GC). To ensure that no water could reach the GC, the
outlet stream was cooled to a temperature of 4 °C. The catalyst bed
was placed in the middle of the tube and 0.2 g of a catalyst sample
was used for each test. The composition of the dry off-gas was
measured using a GC with a TCD and two separation columns.
We plotted Q and molecular sieve (both 30 m in length), using He
and Ar, respectively, as carrier gases to determine the concentra-
tions of H,, CO, CO,, and CH,.

The feed consisted of a CH,: CO, : N, mixture at a ratio of 1:1:2
and a total flow rate of 80 mL/min. The gas hourly space velocity
was 1.2x10"h™". All samples of the reduced SYTRh5 catalyst pre-

pared as described in Section 2.1 were once more reduced in situ
using the same reduction procedure (catalyst preparation) prior to
the dry reforming reaction, except for the sample reduced at 1,000 °C
(as this exceeds the temperature limit of the reaction testing fur-
nace). Dry reforming of methane was carried out in the tempera-
ture range of 600 to 900 °C with temperature increments of 50 °C.
The reaction was carried out for 2h at each temperature, while
multiple GC injections were made. Once the prereduction was
complete, the reaction temperature was adjusted to 900 °C and the
reaction was carried out from 900 to 600 °C. Then, the activity
testing was repeated from 600 to 900 °C to investigate the thermal
cycling stability of the catalysts. Finally, for the H,S recovery test-
ing, a H,S 400 PPM calibration gas balance N, cylinder was used;
additional N, was added to the reactant to obtain 100 ppm of H,S.
Overall, a mixture of H,S, CH,, CO,, and N, was introduced into
the catalyst bed for a prolonged time over the SYTRh5 reduced at
different reduction temperatures and times. Once the H,S poison-
ing was completed, the inlet for H,S was closed to observe whether
the catalyst could recover its original activity.

To examine the performance of the catalysts, we referred to the
conversion rate of CH, and CO,, and the ratio between the pro-
duced H, and CO. To evaluate these numbers, the following equa-
tions were used:

Ney ,— N
. CH,, in CH,, out
Methane Conversion = —+————

@
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Nep, i, — N
. . . CO,, in CO,, out
Carbon Dioxide Conversion = —2———2—
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n
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RESULTS AND DISCUSSION

1. In Situ Growth of Rh Nanoparticles on the SYT Surface
The SYTRhS5 catalysts must undergo a reduction process to exsolve
the substituted Rh from the perovskite structure such that Rh nano-

125

Hydrogen Consumption (TCD, a.u.)

0 100 200 300 400 500 600 700 800 900
Temperature (°C)
Fig. 1. TPR Profile of SYTRh5 catalysts (exsolution of Rh).
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‘ (a) SYTRh5

particles are homogenously dispersed on the surface. Initially, a TPR
experiment was conducted to understand the exsolution behavior
of SYTRh5 at different reduction temperatures. As shown in Fig.
1, multiple reduction peaks are observed, especially near the low
temperature region. The first peak was assigned to the surface RhOx
species that were not incorporated into the perovskite structure,
and therefore, remained on the catalyst surface. The intensity of
this peak reportedly increases with high Rh loading, indicating
that the substitution of the Ti sites to Rh is limited to some extent,
leading to the formation of non-exsolved surface Rh nanoparti-
cles [29]. The second peak of the TPR profile indicates the exsolu-
tion of Rh particles that are present in the vicinity of the catalyst
surface. The substituted Rh cations that are located near the sur-
face of the perovskite structure are considered to have lesser diffu-
sion restriction for moving toward the surface compared with the
bulk Rh species, thus exhibiting a high degree of exsolution at rel-
atively lower temperatures. On the other hand, a broad peak is
observed between 300 to 800 °C, which is linked to the bulk Rh
exsolution. The bulk Rh reduction takes place at much higher tem-
peratures and at a wider temperature range. This demonstrates
that higher temperatures and longer reduction times are possibly
required to completely exsolve the Rh species from the B sites of
the perovskite lattice structure. Incomplete exsolution of Rh due to
short reduction time and low reduction temperature can signifi-
cantly influence the catalytic activity of SYTRh5 for dry reform-
ing, resulting in inconsistent catalytic performance. Therefore, in
this study, the effect of the reduction temperature and time on the
extent of Rh exsolution and catalytic performance of the SYTRh5
was investigated to identify the most adequate reaction conditions
for dry reforming.
2. Effect of Reduction Time
2-1. Physical Properties of SYTRh5 Catalysts

The BET surface area, pore volume and average pore size over
SYTRh5 catalysts are shown in Table 1. Compared to the as-pre-
pared sample, all these values decrease significantly after the reduc-
tion process, possibly indicating that Rh exsolution well took place
at the inner pores of the SYT perovskite structure. With respect to
reduction temperature and time, similar surface area, pore volume
and pore size were obtained over the SYTRh5 catalysts reduced at
900 °C and 1,000 °C except SYTRh5 (800) due to lower reduction
temperature.
2-2. Particle Size of Rh and Extent of Exsolution

The TEM images of the SYTRh5 catalysts reduced at different
reduction times were collected to confirm the exsolution of the Rh
nanoparticles from the SYT perovskite oxide. Fig. 2 shows the
SYTRh5 sample before (a) and after the reduction performed for
4h (b), 12h (c) and 24 h (d), at the same temperature of 900 °C. The
following observations are made: First, as compared to the non-
reduced SYTRh5 sample, the sintering level of the SYT support

Number of Counts (#)
Number of Counts (#)
Number of Counts (#)

T B, B g BB o
Foratatatys

Particle Size (nm)

Particle Size (nm)

Particle Size (nm)

Fig. 2. TEM images of: (a) as-prepared SYTRh5 catalysts, and (b)
SYTRAh5 reduced at 900 °C for 4 h, (c) 12 h, and (d) 24 h for the
same scale bar. The red and blue circles on the image indicate
Rh-exsolved nanoparticles formed on the SYT oxide surface.

increases with the reduction time. The particle size of the SYT sup-
port increases from an average diameter of 18 nm (non-reduced)
to 50 nm for SYTRh5 (4). When the reduction time is increased
to 12 h, the final powders reach an average diameter of 80 nm that
almost remains constant up to reduction time of 24 h.
Furthermore, the exsolution of the Rh particles to the SYTRh5
surface is observed to be greatly time dependent. With respect to
the bare SYTRh5 sample, no formation of Rh particles was ob-
served, which indicates that most of the Rh species are incorpo-
rated inside the perovskite structure after catalyst synthesis. After
4h of reduction, the SYTRh5 (4) sample exhibits low extent of Rh
exsolution, leading to segregated Rh nanoparticles on the surface
with an average diameter of 2.6 nm (marked by the red circles on
the TEM images). The average diameter of the Rh nanoparticles
increases to 3.4 nm after 12 h of reduction, and finally reaches 5.1

Table 1. BET surface area, pore volume and pore size of the SYTRh5 catalysts reduced at X °C for Y h (X/Y)

As-prepared 800/24 900/4 900/12 900/24 1000/24
BET surface area (mz/g) 394 28.1 14.0 129 154 9.16
Pore volume (cm’/ g) 0.28 0.12 0.03 0.03 0.03 0.02
Pore size (A) 273 165 90.6 96.8 84.0 744
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Fig. 3. Powder XRD patterns of the as-prepared SYTRh5 catalysts
and SYTRhS5 reduced at 900 °C for 4, 12, and 24 h. The ref-
erence SrTiO; perovskite is shown at the bottom.

nm for the SYTRh5 (24) catalysts. Compared with the non-reduced
SYTRh5 samples, the presence of Rh particles on the surface of
the reduced catalyst samples indicates that exposing the catalyst to
a reducing environment is essential to exsolve the Rh species. Inter-
estingly; tiny Rh particles were also observed, especially on SYTRh5
(24) (Fig. 2(d), blue circles). This could be attributed to the differ-
ence between the exsolution rate of Rh in the bulk and surface
and/or immobile Rh particles that are significantly more stable under
high reduction temperatures compared with the others. Further-
more, the possibility of the existence of the Rh particles close to
single-atom size cannot be ruled out for all tested SYTRh5 cata-
lysts, since these sites are hardly visible in the TEM images. These
results indicate that longer reduction time is required to completely
exsolve most of the Rh nanoparticles to the catalyst surface.

Fig. 3 compares the XRD spectra of the SYTRh5 catalysts with
the reference spectra of SrTiO; (JCPDS 35-0734). The XRD pattern
of the as-prepared SYTRh5 does not show any major peaks related
to the formation of byproducts such as RhO,, except for a negligi-
ble amount of Sr,RhO,, suggesting that the Rh was successtully
substituted in the SYT lattice. The spectrum of SYTRh5 (4) shows
only the peaks related to the perovskite structure without any sec-
ondary peaks that could suggest the high stability of the perovskite
structure of the SYTRh5 under harsh reducing conditions. More-
over, although approximately 2 nm Rh particles were observed in
the TEM images for the SYTRh5 (4) catalyst, the size of the Rh
nanoparticles was too small to be detected using XRD due to short-
range ordering. On the contrary, the spectra of the SYTRh5 (12)
and SYTRh5 (24) catalysts clearly show peaks related to metallic
Rh and the intensity of these peaks increases as with the reduc-
tion time. This is in good agreement with the TEM results, explic-
itly suggesting that the extent of the exsolution is firmly dependent
on the reduction time.

2-3. Oxidation States of Rh-exsolved Particles

The electronic characteristics of the SYTRh5 treated under dif-

ferent reduction times was examined by XPS. Fig. 4 shows the fit-
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Fig. 4. XPS Rh 3d fitted spectra of the as-prepared SYTRh5 cata-
lysts and SYTRh5 reduced at 900 °C 4, 12, and 24 h.

ted Rh 3d XPS spectra of the as-prepared SYTRh5 and SYTRh5
(4, 12, 24) samples. Three doublet peaks are observed in the spec-
tra: the doublet at 306.5 and 311.5€V in the 3d,, and 3d;, orbit-
als indicates metallic Rh (Rh’), whereas the other peaks appearing
at higher binding energies are attributed to the oxidized Rh states
(Rh™) [32-34]. In the case of the as-prepared SYTRh5 samples,
most of the Rh species were oxidized and no formation of metal-
lic Rh was observed on the catalyst surface. However, with longer
reduction time, a significant increase was observed in the peak
intensity for metallic Rh, revealing the exsolution of the Rh parti-
cles to the surface of SYTRh5 catalyst. An analysis of the relative
areas shows that with increasing reduction time, the percentage of
metallic Rh increased compared with the one related to the oxide
(Rh metal/Rh oxide ratio is 38 : 62 after 4 h, 50:51 after 12 h, and
53:47 after 24 h) confirming its higher presence on the surface
due to exsolution. Note that the resolution of the XPS spectra en-
hances with increasing reduction time. This is ascribed to the increas-
ing surface concentration of Rh located on the catalyst surface,
again signifying the exsolution of Rh during the reduction process.
2-4. Dry Reforming Reactivity of SYTRh5 (4, 12, 24)

The SYTRh5 (4, 12, 24) catalysts were tested for dry reforming
of CH, in a fixed-bed reactor system by changing the operating
temperature from 900 to 600 °C and again back to 900 °C at con-
stant time intervals. The outlet gas was analyzed by GC to quantify
the CH, conversion, and the CO, CO,, and H, yield. The results
are plotted in the Fig. 5(a), and the averaged CH, conversion val-
ues obtained from the two temperature ranges are shown in Fig.
5(b). The catalytic activity data of all the samples tested in this
study are presented in Table 2. Among the catalysts reduced at dif-
ferent reduction times, SYTRh5 (4) exhibited significantly lower

Korean J. Chem. Eng.(Vol. 37, No. 8)
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Fig. 5. Catalytic activity of SYTRh5 (4, 12, 24) catalysts under dry
reforming conditions. (a) CH, conversion at different oper-
ating temperatures, (b) averaged CH, conversion obtained
from thermal cycling (from 900°C to 600°C and back to
900 °C). It should be noted that the SYTRh5 (4) sample does
not recover its original catalytic activity.

catalytic performance in the CH, conversion; moreover, its cata-
lytic stability was also observed to be low. As shown in the figure,
lower methane conversions are achieved over SYTRh5 (4) when
the reaction was repeated at equal reaction temperatures. The
deactivation of the catalyst is predominantly attributed to the sig-
nificant carbon formation on the catalyst surface, which was veri-
fied in the post-catalysis analysis. Comparatively, SYTRh5 (12)
exhibited a slightly better catalytic performance at all reaction tem-
peratures; moreover, similar CH, conversions were obtained with
increasing reaction temperature, demonstrating the high stability
of the catalyst. Finally, SYTRh5 (24) exhibited the best performance,
achieving close to 100% conversion at 850 °C, and exhibited com-
plete repeatability of these results between the 600 °C and 900 °C
temperature range.

The observed order of reactivity (4<12<24 h) under dry reform-
ing conditions indicates that catalytic activity is closely related to
the extent of exsolution of Rb, ie., higher catalytic activity results
in higher extent of exsolution. This is partly because dry reform-
ing is generally operated under strong diffusion limited conditions.
Therefore, with the increase in Rh concentration on the exterior
surface of the SYT support, faster kinetics of the reaction is expected
leading to higher conversion of CH,. Thus, a longer reduction time
results in higher surface concentration of Rh leading to increased
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Table 2. Summary of dry reforming reactivity of the SYTRh5 cata-
lysts tested in this study

SYTRh5 reduced at X °C for Y h (X/Y)
Temperature (°C) 900/4 900/12 900/24 800/24 1000/24

(a) CH, conversion (%)

600 20.7 29.2 43.8 194 49.1
650 27.1 41.1 57.6 25.1 66.2
700 36.9 58.8 713 345 80.6
750 50.1 73.6 833 49.1 90.0
800 66.5 83.9 91.5 64.6 94.9
850 81.2 91.1 96.2 81.1 97.3
900 90.8 95.8 98.4 91.6 98.3
(b) CO, conversion
600 19.2 30.3 44.5 16.5 58.1
650 27.8 45.2 61.0 24.5 73.0
700 40.2 65.0 76.0 36.7 86.4
750 54.8 79.8 874 535 94.2
800 713 89.0 94.4 70.9 98.0
850 85.2 95.1 97.9 859 99.7
900 94.1 98.8 99.5 94.3 99.8
(¢) H,/CO ratio
600 0.49 0.70 0.73 040 0.72
650 0.60 0.88 0.78 0.52 0.80
700 0.67 0.86 0.84 0.61 0.86
750 0.75 0.87 0.88 0.71 0.90
800 0.82 091 0.92 0.80 0.92
850 0.87 0.93 0.93 0.87 093
900 091 0.95 0.94 091 0.94

number of active sites, whereas a shorter reduction time results in
lower surface concentration of Rh on the catalyst surface indicat-
ing lower catalytic activity. Another factor that should be consid-
ered is the effect of the Rh particle size. Zhang et al. [35] studied
the effect of the Rh particle size on the catalytic activity of Rh on
various supports such as YSZ, ALO;, TiO,, SiO,, La,0;, and MgO
under dry reforming conditions. The results showed a significantly
faster deactivation rate as the particle size of Rh decreased from 6
to 1 nm. Particularly on Al,O; and SiO, supports, the deactivation
rate rapidly increased from a point of 2.5nm. A similar conclu-
sion was drawn by Ligthart and co-workers [36] who reported
that Rh nanoparticles smaller than 2.5 nm deactivate faster in a
steam-methane reforming reaction compared with others having
4-9 nm particles. This was attributed to the small particle size of
Rh, which results in lower density of the step-edge sites; these sites
are predominantly responsible for the C-O recombination that
removes the deposited carbon from the catalyst surface during a
methane reforming reaction. In case of the SYTRh5 (4) sample,
which was fairly unstable over the thermal cycling process, the par-
ticle size of Rh was close to 2nm. Therefore, these results are in
good agreement with the previous studies, suggesting that the higher
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catalytic activity of SYTRh5 reduced at higher temperatures is
attributed to the higher surface concentration of the Rh particles
and to their larger particle size.
3. Effect of Reduction Temperature
3-1. Results of TEM, XRD, and XPS

In addition to the reduction time, the effect of the reduction
temperature on the catalytic activity of SYTRh5 was examined.
For this study, the reduction time was fixed at 24 h to ensure that
most of the Rh atoms exsolved to the catalyst surface. The TEM
images of the as-prepared SYTRh5 catalysts and samples reduced
at 800 °C (b), 900 °C (c), and 1,000 °C (d) are shown in Fig. 6. Based
on the TPR results, reduction temperatures lower than 800 °C have
not been considered. As shown in Fig. 6, the increase in the reduc-
tion temperature significantly affects the particle size and number
of nanoparticles exsolved to the catalyst surface. Furthermore, the
average diameters of the SYT support vary from 40 nm (at 800 °C)
to 50 nm (at both 900 °C and 1,000 °C), while the size of the Rh
nanoparticles increases from an average of 2.6 nm for SYTRh5
(800) to 5.2 nm for those reduced at 1,000 °C. The particle sizes of
SYTRh5 (900) and SYTRh5 (1000) are comparable, which indi-
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Fig. 6. TEM images of the (a) as-prepared SYTRh5 catalysts, and
(b) SYTRh5 reduced for 24 h at 800 °C, (c) 900 °C, and (d)
1,000 °C at the same scale bar. The red circles on the image
indicate the Rh-exsolved nanoparticles formed on the SYT
oxide surface. Particle size for (c) 900 °C, 24 h can be found
in Fig. 2(d).

Particle Size (nm)

cates that the Rh-exsolved particles with sizes close to 10 nm are
reasonably stable at this temperature range, although a higher num-
ber of Rh particles were observed in the same region of the TEM
images over the SYTRh5 (1000) catalyst. These results again clearly
indicate that the temperature of the reducing environment is im-
portant in order to improve the extent of the Rh exsolution as well
as to control the sintering level of the Rh particles.

The XRD spectra of the SYTRh5 reduced at different tempera-
tures are shown in Fig. 7. As expected, SYTRh5 (800) shows only
the peaks related to the perovskite structure, owing to the extremely
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® Rh
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Fig. 7. Powder XRD patterns of the as-prepared SYTRhS5 catalysts
and SYTRh5 reduced for 24 h at 800, 900, and 1,000 °C. The
reference SrTiO; perovskite is shown at the bottom.
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Fig. 8. XPS Rh 3d fitted spectra of the as-prepared SYTRh5 cata-
lysts and SYTRh5 reduced for 24 h at 800, 900, and 1,000 °C.
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small size of its Rh nanoparticles, while the SYTRh5 (900, 1000)
catalysts reveal peaks assigned to metallic Rh, indicating the exso-
lution of Rh from the bulk perovskite structure in the form of Rh
nanoparticles on the surface, as shown in the TEM images. A sim-
ilar conclusion can also be drawn from the XPS spectra. The fit-
ted Rh 3d XPS spectra of the SYTRh5 catalysts after reduction at
800, 900, and 1,000 °C are shown in Fig. 8. As mentioned in the
previous Section 3.2.2, the binding energies of 306.5 and 311.5eV
can be attributed to metallic Rh [34]. An analysis of the relative
areas shows that with increasing reduction temperature, the per-
centage of metallic Rh increases, confirming its higher concentra-
tion on the surface due to exsolution. Furthermore, the intensity of
the Rh 3d XPS spectra significantly increases, as observed previ-
ously in the section 3.2, indicating that a higher surface concentra-
tion of Rh is observed when reduced at higher temperatures.

3-2. Dry Reforming Activity of SYTRhS5 (800, 900, 1000)

Dry reforming of methane was carried out to investigate the
effect of reduction temperature on the catalytic activity of the
SYTRh5 samples. The reaction conditions and procedures are de-
scribed in Section 3.2.4, and the following observations were made:
First, as shown in Fig. 9(a), higher CH, conversions are obtained
by SYTRh5 catalysts that have been reduced at higher tempera-
tures. For example, the SYTRh5 (900, 1000) catalysts exhibit con-
siderably higher CH, conversions compared with SYTRh5 (800)
at the same temperature (600 °C). As the operating temperature
increases, this difference of CH, conversion decreases, and close to
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Fig. 9. Catalytic activity of SYTRh5 (800, 900, 1000) catalysts under
dry reforming conditions. (a) CH, conversion at different oper-

ating temperatures, (b) averaged CH, conversion obtained
from thermal cycling (from 900 to 600 °C and back to 900 °C).
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complete conversion of CH, is achieved by all catalysts. The greater
catalytic activity of SYTRh5 (900, 1000) is due to the higher sur-
face concentration of Rh through exsolution from the perovskite
oxide. This indicates that not only the reduction time but also the
reduction temperature determines the performance of the cata-
lysts from the following aspects: 1) surface concentration of Rh
nanoparticles, 2) particle size of Rh, and 3) metal-support interac-
tion by facilitating exsolution of Rh. Finally, thermal cycling tests
were carried out to examine the stability of these catalysts by vary-
ing the reaction temperature from 900 to 600 °C and repeating the
experiment from 600 to 900 °C. Both the SYTRh5 (900, 1000) cat-
alysts showed excellent stability, whereas SYTRh5 (800) reached to
slightly lower CH, conversion when the reaction was repeated at
identical temperatures.

Lastly, TEM imagining was conducted on the SYTRh5 cata-
lysts that were collected after dry reforming to identify the primary
cause for catalyst deactivation over time in a qualitative manner. In
Fig. 10, the TEM images of the post-catalysis SYTRh5 samples
after 4h (a), 12h (b), and 24 h (c) reduction at 900 °C, and after
24 h reduction at 1,000 °C (d) are presented. To increase the ran-
domness of the experiment, the images were taken at multiple
spots across the sample specimen. The formation of carbon spe-
cies is observed in all four cases; however, with increasing reduc-
tion time and temperature, the carbon coking was significantly
limited. The high resistance to coke formation could be attributed
to the stronger metal-support interaction of the exsolved SYTRh5
catalyst, which is not easily achievable over the conventional metal-
deposited catalysts. Neagu et al. [21] reported nano-socketed Ni
particles grown through exsolution, which are highly coke-resis-
tant under methane reforming conditions. The authors stated that
because these nickel particles are socketed into the perovskite sur-

(a) 900 °C (4 hr) (b) 900 °C (12 hr) *

R -

%O - &

(c) 900 °C (24 hr)

Fig. 10. TEM images of the SYTRh5 catalysts after dry-reforming
activity tests (a) SYTRhS5 (4, 900), (b) SYTRh5 (12, 900), (c)
SYTRhS5 (24, 900), (d) SYTRh5 (24, 1000).
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face, “base growth” carbon coking is preferred. This growth mech-
anism, instead of lifting the metal particles upwards, leads to a
carbon formation that is horizontal to the surface; this is due to
the significantly strong adhesion between the metallic phase and
the support. Regarding the SYTRhS5 catalyst, the high coke resis-
tance of the SYTRh5 (24, 900) and SYTRh5 (24, 1000) catalysts is
therefore possibly attributed to the formation of larger Rh-exsolved
particles whose Rh particles are significantly more attached to the
SYT support, leading to a stronger metal-support interaction. Fur-
thermore, limited agglomeration of the Rh-exsolved particles was
observed over the SYTRh5 (24, 900) and SYTRh5 (24, 1000) cata-
lysts, whereas for SYTRh5 (4, 900) and SYTRh5 (12, 900), the size
of the Rh-exsolved particles increased after dry reforming.
4. Recovery of Catalytic Activity of the SYTRh5 after Sulfur
Poisoning

The recovery characteristics of SYTRh5 from sulfur poisoning
was investigated by flowing a mixture of H,S, CH, and CO, into
the reactor at 900 °C. The following three samples were subjected
to the testing: SYTRh5 (24, 800), SYTRh5 (24, 900), and SYTRh5
(24, 1000). For this experiment, the reduction time was fixed at
24N for comparison. As displayed in Fig. 11, the CH, conversion
by catalysts reduced at different reduction temperatures signifi-
cantly decrease on the introduction of H,S into the reactant stream.
This was fairly expected considering the high concentration of
H,S. Although, all three catalyst were severely deactivated under
H,S conditions, the SYTRh5 (24, 1000) showed slightly higher CH,
conversion of 29%. When the H,S feed was interrupted, a com-
plete regeneration of the catalyst was achieved in both cases of
SYTRh5 (24, 900), and SYTRh5 (24, 1000), and the CH, conver-
sions quickly returned to the original level. On the other hand, the
SYTRhS5 (24, 800) catalyst could not recover its original activity
even after a few hours of reaction revealing limited recovery, pro-
ducing a conversion of about 75%. Note that all three catalysts
deactivated under H,S conditions. The remarkably high recovery
rate of the SYTRh5 (900, 1000) catalysts is attributed to the higher
degree of exsolution of the Rh particles, which is a result of the
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Fig. 11. H,S poisoning and recovery test results of SYTRh5 (800,
900, 1000 reduced for 24 h) catalysts at operating tempera-
ture of 900 °C for dry reforming.

higher reduction temperature, that are strongly anchored to the
SYT catalyst support. This strong synergy effect between the metal-
lic Rh and SYT support possibly increases the electron deficiency
of the active sites, thereby lowering the desorption energy of the
sulfur species to the metal.

CONCLUSIONS

Rh-exsolved nanoparticles on a Sryg, Y05 11,0;5_s perovskite oxide
were synthesized (SYTRh5) and their catalytic activity was investi-
gated for dry reforming. It was found that the extent of exsolution
of the Rh nanoparticles from the SYT perovskite framework was
strongly dependent on the reduction time (4, 12, 24h) and tem-
perature (800, 900, 1,000 °C). The SYTRh5 catalyst pre-treated at a
longer reduction time and a higher reduction temperature revealed
greater extent of in situ Rh exsolution that resulted in larger Rh-
exsolved nanoparticles on the catalyst surface, and higher surface
concentration of metallic Rh. The SYTRh5 catalysts reduced at
900 and 1,000°C for 24h exhibited significantly better catalytic
performances under dry reforming conditions compared to oth-
ers. This was attributed to the larger Rh-exsolved nanoparticles
that were partially embedded into the perovskite framework, lead-
ing to a stronger metal support interaction with higher coke resis-
tance. The TEM images of the post-catalysis SYTRh5 (900 and
1,000°C, 24h) confirmed limited carbon growth over the per-
ovskite oxide surface under dry reforming conditions. Lastly, com-
plete recovery of SYTRh5 (900 and 1,000°C, 24 h) activity was
achieved after exposing the catalysts to 100 ppm of H,S, indicating
the facile desorption of sulfur species from the Rh-exsolved nano-
particles.
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