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Appendix-A
Effect of Mixed Supports

Abstract

The development of efficient and stable catalysts for steam methane reforming (SMR) is
crucial for hydrogen production. In this study, a series of Ni-Co-La catalysts supported on
mixed Al>O3-CeO; supports with varying ratios (§0A1/20Ce, 50A1/50Ce, 75A1/25Ce) were
synthesized and evaluated for their catalytic performance in SMR. The mixed alumina-
ceria supports were designed to combine the thermal stability of alumina with the oxygen
storage capacity of ceria to enhance catalytic activity and resistance to carbon deposition.
However, the results showed that the catalytic performance of mixed supports was lower
compared to that of the Ni-Co-La catalyst supported solely on alumina.

Characterization studies revealed that the incorporation of ceria into the support matrix
affected the metal dispersion and altered the interaction between active metal sites and the
support. While ceria contributed to enhanced resistance against coking through its redox
properties, it also led to larger particle sizes and reduced active surface area compared to
the alumina-only support. Among the mixed supports, Ni-Co-La/80A1/20Ce exhibited the
best performance due to its relatively higher dispersion and balanced metal-support
interactions.

These findings suggest that while mixed Al,O3-CeOz supports offer advantages in terms of
coking resistance, the catalytic activity in SMR is more effectively sustained with alumina-
only supports due to their superior metal dispersion and stability. This study underscores
the need for further optimization of mixed support systems to fully realize their potential

in methane reforming reactions.
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Al. Introduction

The choice of support material is a critical factor in influencing the catalytic performance,
in addition to the metal composition. Although traditional alumina (Al2Os) supports have
strong thermal stability and mechanical strength, they frequently have drawbacks such
weak metal-support interactions and low oxygen mobility. [1-2] In order to get over these
restrictions, mixed support systems that combine ceria (CeO2) and AlOs; have been
investigated. With its special ability to store and release oxygen, CeO: improves the
catalyst's redox characteristics, assisting in the maintenance of a stable active phase and
reducing coke deposition. [3-4] Combining CeO: and AlOs as supports can have a
synergistic impact that enhances the overall performance of Ni-Co-La bimetallic catalysts
in SMR by creating a highly effective environment. [5-10]

The synthesis, characterization, and catalytic testing of Ni-Co-La/AlO:-CeO: catalysts for
steam methane reforming are the main objectives of this work, which also focuses on the
contribution of mixed supports to enhanced catalyst performance. The main goal is to
investigate the effects of the A10;-CeOs support system and the combination of Ni, Co, and
La on the catalytic activity, coke resistance, and long-term stability. Well-known
impregnation techniques will be used to create the catalysts, and a variety of
characterization methods, including temperature-programmed reduction (TPR), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray
diffraction (XRD), will be used to assess their characteristics. These methods will shed
light on the catalysts' electrical, morphological, and structural characteristics—all of which
have a significant impact on how well they work. The catalytic behavior will be evaluated
under typical SMR reaction conditions to assess the impact of the mixed support on activity,

stability, and selectivity.
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A2. Methodology

Table Al. Literature survey

Author Title Journal Catalyst Support Key findings
AJ de Ni catalyst on Fuel Ni (Nickel) CeO2—ZrO2, Investigates
Abreu  mixed support of Processing ALO; the impact of
et al, CeO>—ZrO; and Technology Ce02-ZrO2
2012 ALOs: Effect of composition
[6] composition of on the
Ce0—Zr0; solid performance
solution on the of Ni-based
methane steam catalysts in
reforming MSR,
reaction focusing on
activity,
stability, and
the
interaction
with  ALOs
support.
H Methane dry Internationa Ni (Nickel) Ceo.75Zr02502 Focuses on
Eltejaei reforming on | Journal of —MgAl>04, the effects of
, et al. Ni/Ceo.75Z102502 Hydrogen Ceo.75Z102502  support
2012 —MgAl,O4 and Energy —y-alumina composition
[11] Ni/Ceo.75Z10.2502 (Ceo.75Zr0.250
—y-alumina: » mixed with
effects of support MgAl,O4 or
composition and y-alumina)
water addition on the
performance
of Ni
catalysts for
methane dry

241



reforming,

including the

impact of
water
addition.
MS Aw Transition metal Catalysis Transition  Ceria- Investigates
et al., pairs on ceria- Science & Metal Pairs promoted, the use of
2016 promoted, Technology (e.g., ordered transition
[12] ordered Co) mesoporous  metal  pairs
mesoporous alumina on ceria-
alumina as promoted
catalysts for the mesoporous
CO2 reforming alumina
reaction of supports  for
methane CO2
reforming of
methane,
focusing on
catalytic
activity and
stability.
N Oxidative steam Catalysis Ni (Nickel) AlLOs— Studies  the
Mileti¢  reforming of Science & CeO-La;03  oxidative
et al. methane over Technology steam
2015 nickel catalysts reforming of

[13]

supported on
AlLO3— CeOx—
LaO3

methane over
Ni catalysts
supported on
a mixed
oxide
(ALOs—
Ce02—-Laz03)

system,
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focusing on
catalytic
performance

and the role

of  support

composition.
F Response Journal of Ni—-Co-Ce AlL0O3 Utilizes
Zarei-  surface the Energy (Bimetallic response
Jelyani methodology for Institute ) surface
et al. optimizing the methodology
2023 activity of (RSM) to
[14] bimetallic  Ni— optimize the

Co—Ce/AlL03
catalysts in the
steam methane

reforming

activity  of
bimetallic
Ni—Co—Ce
catalysts
supported on
AlO3 for
steam
methane
reforming,
focusing on
the effects of
process

parameters.

Several catalysts and supports for methane reforming processes are examined in this

literature. Research focuses on how various support materials, including CeO2-ZrOo,

Al0O3, and CeO2-La0s3, affect the stability and activity of Ni-based catalysts. [15-19] The

significance of support composition in improving catalytic performance for steam methane

reforming, dry reforming, and oxidative reforming is highlighted by key discoveries.
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Furthermore, bimetallic Ni-Co—Ce/Al;0O3 catalysts for steam methane reforming were
optimized using response surface methods, highlighting the impact of process variables on

catalytic activity.

A3. Catalyst Preparation

A continuous tubular packed bed reactor with an internal diameter of 11.7 mm and a length
of 60 cm was used to assess the catalyst activity. 0.769 grams of catalyst with a size range
of 180300 microns by mixing with same amount of inert was utilized throughout the entire
experiment. Quartz particles of the same size were combined with the catalyst in a 1:1 ratio
as inert. To get around the mass transfer restriction, the L/dp ratio was kept above 50 while
the D/dp ratio was kept above 35. The catalyst was first reduced for two hours at 850 °C in
an atmosphere containing 50% N2 and 50% H> at a flow rate of 110 ml/min. After that, the
reactor was kept at the appropriate operating temperature and flushed with pure nitrogen

for an hour to remove all of the hydrogen.

Nitrogen and a combination of methane and water were added to the reactor when the
temperature was stabilized and no hydrogen was found at the reactor's outflow. All
experiments were conducted with a methane to steam ratio of 1: 4. At a W/F of 26.8
kgeat.s/mol and a gas hourly space velocity (GHSV) of 10,739 hr'!, the experiments were
conducted. The liquid product was condensed by passing the output gas through a
condenser and gas-liquid separator. A TCD-equipped GC (Nucon GC) was then used to
evaluate the output gases utilizing a parallel column system of Porapak Q (1 m length, I.D.
2 mm) and Molecular sieve (3 m length, .D 2 mm). The CO selectivity, CO; selectivity,

and CH4 conversion were computed using the following formulas.
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A4. Catalyst Characterization

Certain catalysts were analyzed using a Transmission electron microscope (TEM),
scanning electron microscope (SEM), and in order to determine their physical and chemical
properties.

The Tecnai G2 20 TWIN equipment is used for TEM investigation in order to scan the
surface morphology of catalysts. A pinch of catalyst is suspended in ethanol and allowed
to sonicate for at least 30 minutes in order to create the TEM sample. Following that, a
single drop of the suspended solution is applied to the TEM copper grid's surface and
allowed to dry for a full day. To determine the alteration in surface morphology following
the reaction, TEM analysis is also performed on the wasted catalysts.

In order to identify the elements, the surface morphology and properties of selected sample
sections were analyzed using an X-ray energy dispersive spectroscopy (EDS) system and
a SEM (Nova Nano SEM 450). Using EDS mapping, the elemental composition was also
determined. The measurement indices for the SEM images varied from 5 pm to 500 pm.
N> adsorption desorption at 77 K (liquid nitrogen temperature) is used to assess the textural
qualities utilizing the BET and BJH desorption techniques on (Meso 112) equipment in
order to determine the surface and pore parameters. Using a BET surface analyzer, the
catalysts' surface area and pore size distribution were examined. The samples were vacuum

degassed for two hours at 200 °C to eliminate adsorption species before analysis.

AS. Catalyst Activity

In current work, trimetallic catalysts supported on mixed supports alumina and ceria are
synthesized for hydrogen generation using steam methane reforming that consists of a
prefixed ratio of metals Ni, Co and La loaded . All precursors salts supplied by Merck

Chemicals. Alumina and ceria is used as a support material. The total metal loading is
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varied from 5 to 15wt.%. Nickel ratio is 75wt%, Co:La ratio is 20:5 wt.% of the total metal
loading.

First of all, gamma alumina in powder form as a support is calcined in a muffle furnace at
970°C temperatures at a rate of 1°C/minute for 6 hours time to obtain the powder of theta
alumina as catalyst support. Then theta alumina support is mixed with the ceria support
using dry impregnation method. In this method, amount of distilled water is used as equal
to the pore diameter of theta alumina as represented in the BET table. Cerium (III) nitrate
hexahydrate is dissolved in this amount of distilled water and properly mixed. Then solid
powder is kept in oven for overnight at temperature 120°C. Then dried powder is calcined
in muffle furnace at 970°C. The prepared support is mixed Ce-Al>Os.

Nickel nitrate hexahydrate is used as a precursor salt for nickel whereas, cobalt nitrate
nonahydrate and Lanthanum nitrate hexahydrate are used as precursor for cobalt and
lanthanum metal loading respectively. All precursors are added into mixed support solution
with vigorous stirring at temperature 70°C. This solution is kept for 10 hours of time under
vigorous stirring in a trimetallic mixture solution. The pH is maintained between 6-8 to
obtain a slurry, and then this obtained slurry is kept for drying at 120°C temperature for
overnight. This is followed by crushing and calcination to turn the nitrates into oxides in
the presence of air at 970°C temperature for 6 hours in a muffle furnace to obtain a
trimetallic catalyst. Then this calcinated catalyst is crushed in a mortar pestle to get the

desired size of 180-300 microns. The same is used for characterization and testing.
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AG6. Results and discussion
Activity Results

Effect of Alumina/Ceria ratio on conversion
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Fig. Al. Conversion vs time graph (a) 75A1/25Ce (b) 50A1/50Ce (c) 80ALI/20Ce
When steam methane reforming is carried out using a Ni-Co-La catalyst on mixed supports
of alumina (Al203) and ceria (CeQ3) at two temperatures, 500°C and 800°C. The graphs
show the methane conversion with time for 75% alumina/25% ceria, 50% alumina/50%
ceria, and 80% alumina/20% ceria are the three support compositions that are examined as
represented in Fig 1. In contrast to 500°C, all compositions show noticeably increased
methane conversion at 800°C, demonstrating the improved reaction kinetics at higher

temperatures. [20-22]
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At 800°C, the 80% alumina/20% ceria composition of the supports achieves the highest
and most stable conversion, suggesting that the redox characteristics of ceria and the
structural stability of alumina work in perfect harmony. At 800°C, the 75% alumina/25%
ceria support likewise functions effectively, sustaining constant conversion over time.
Conversely, the 50% alumina/50% ceria composition exhibits decreasing conversion at
800°C, indicating possible catalyst deactivation brought on by a lack of alumina to sustain
carbon removal and redox cycles. All supports exhibit decreased conversion at 500°C, with
the 80% alumina/20% ceria composition once more exhibiting the best consistent
performance. At this temperature, the 50% alumina/50% ceria support exhibits the lowest
conversion, with a discernible decrease with time, suggesting that this ratio is not ideal for
low-temperature reforming. Overall, the 80% alumina/20% ceria support emerges as the
most effective composition, offering the best balance of catalytic activity and stability,
particularly at high temperatures.

Temperature effect for the 8041/20Ce ratio

The graph illustrates the relationship between methane conversion and reaction time during
steam methane reforming at four different temperatures: 500°C, 600°C, 700°C, and 800°C.
At higher temperatures (700°C and 800°C), the methane conversion remains consistently
high and stable over time, indicating favorable reaction kinetics and minimal catalyst
deactivation. In contrast, at 600°C, the conversion starts high but decreases slightly over
time, suggesting some degree of catalyst deactivation or reaction inefficiency. At 500°C,
the conversion is significantly lower and exhibits a gradual decline over time, which could
be attributed to the slower reaction rates and increased susceptibility to low conversion at

lower temperatures.
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Fig. A2. Conversion vs time graph of 80Al/20Ce ratio for all temperatures

These trends emphasize the importance of maintaining a high reaction temperature to
achieve optimal methane conversion and sustain catalyst activity during steam reforming.
CO selectivity and CO; selectivity

The graph depicts the CO selectivity (left) and CO: selectivity (right) during steam methane
reforming at different temperatures (500°C, 600°C, 700°C, and 800°C) over time. At
700°C, CO; selectivity remains low and stable, while CO selectivity is consistently high,
reflecting favorable conditions for complete methane reforming and water-gas shift
reactions. At 800°C, a similar trend is observed, though with slightly higher CO selectivity
and marginally lower CO: selectivity compared to 700°C. At 600°C, CO; selectivity is
higher than at 700°C and shows a slight decrease over time, while CO selectivity is stable

but slightly increased, indicating incomplete conversion or reduced efficiency of the water-

gas shift reaction.
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Fig. A3. (a) CO selectivity vs time graph of 80A1/20Ce catalyst (b) CO: selectivity vs time
graph

At 500°C, CO2 selectivity is significantly higher and decreases over time, while CO
selectivity is lower and increases, suggesting inefficient reforming and a low tendency for
carbon monoxide formation due to limited reaction kinetics. These trends emphasize the
importance of low temperatures (500°C and 600°C) for achieving optimal CO: selectivity
and minimizing CO selectivity, which is crucial for efficient hydrogen production and

reduced carbon monoxide levels.

A7. Comparative analysis of mixed support with only alumina

Effect of Conversion

The graph as represented in Fig 5 shows the methane conversion over time during steam
reforming using Ni-Co-La/Ce-AL:Os (80A1l/20Ce) and Ni-Co-La/Al20s catalysts at 800°C
and 500°C. At 800°C, the Ni-Co-La/Al.Os catalyst exhibits near-complete and stable
methane conversion, outperforming Ni-Co-La/Ce-Al20s. Although incorporation of CeO-,
which enhances the catalyst's oxygen storage capacity, redox behavior, and active metal
dispersion but there is no such effect observed with the mixed support for conversion. At

500°C, both catalysts show reduced conversion due to slower reaction kinetics, but the Ni-
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Co-La/Al20s catalyst still maintains higher conversion compared to Ni-Co-La/Ce-AlL:Os.
The stability of methane conversion over time, especially at 800°C, indicates excellent
thermal stability for both catalysts under high-temperature conditions. The results
demonstrate that the addition of CeO. as a mixed support not improved catalytic

performance for this ratio and with this preparation method.

100 o R b - v 3
ot —— & -
. T —8— Ni-Co-La/Ce-Al,O,, 80AI/20Ce 800°C
$ —8— Ni-Co-La/Ce-Al,O,, 80AI/20Ce 500°C
= Ni-Co-La/AlLO,, Al 800°C
60 -
% |y Ni-Co-La/AlLLO,, Al 500°C
o
= T -
S 40+ — — @
o
20 -
0 T T T T T T T T T
10 20 30 40 50

Time (min)
Fig. A4. Conversion vs time graph of mixed support and without ceria support

Effect of CO and CO: selectivity

The graphs illustrate CO selectivity (left) and CO: selectivity (right) over time during steam
methane reforming for different catalysts: Ni-Co-La/Ce-Al20; (80A1/20Ce) and Ni-Co-
La/Al:0s at 800°C and 500°C. For CO selectivity, the Ni-Co-La/Al:Os catalyst at 800°C
shows consistently low and stable values, indicating efficient conversion of CO to CO: via
the water-gas shift reaction. At 500°C, CO selectivity for Ni-Co-La/Ce-Al-Os catalyst
starts slightly higher but decreases over time, reflecting slower reaction kinetics at lower
temperatures.[23-25] The Ni-Co-La/Ce-Al:Os catalyst at both temperatures exhibits higher

CO selectivity, especially at 500°C, suggesting less efficient CO. formation and potential
limitations in the water-gas shift reaction.
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In the CO: selectivity graph, the Ni-Co-La/Al2Os catalyst at 500°C demonstrates the highest
and most stable CO: selectivity, confirming its superior performance in converting methane
to H> while minimizing CO formation. At 500°C, CO: selectivity for this catalyst is high
and shows a stable trend. In contrast, Ni-Co-La/Ce-Al:Os at both temperatures displays
significantly lower COx: selectivity, particularly at 800°C, where the values decrease over
time, potentially due to catalyst deactivation or incomplete reaction pathways. Overall,
these results highlight the enhanced catalytic efficiency of Ni-Co-La/Al.Os (80A1/20Ce),

due to active site availability provided by the Al>O3 support.
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Fig. AS. (a) CO selectivity vs time graph (b) CO» selectivity vs time graph

Effect of W/F on reaction activity

The methane conversion, CO selectivity, and hydrogen yield at different weight flow rates
(W/F) are the represented in the graphs, which show the catalyst performance over time in
steam methane reforming. The first graph, which illustrates the conversion of methane,
shows that while lower W/F values, like 17 kgca's/mol, result in reduced conversion,

highlighting the significance of adequate catalyst contact time, higher W/F values, like 31
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kgcas/mol, consistently achieve high conversion rates, indicating efficient reforming. [27-

29]
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Fig. A6. Effect of W/F for Ni-Co-La/Ce-Al>O; catalyst
Lower W/F ratios show stronger CO selectivity, as shown in the second graph, which shows
CO selectivity. This is probably because of side reactions or incomplete methane
conversion. Increasing the W/F, on the other hand, decreases CO selectivity, promoting
hydrogen generation and reducing CO as a byproduct. The third graph, which displays
hydrogen yield, shows that while lower W/F values result in lower yields because of limited
methane conversion and increased CO production, higher W/F values continuously
produce higher hydrogen yields over time. With maximal methane conversion, low CO
selectivity, ,the catalyst functions best overall at higher W/F values, highlighting the
significance of W/F optimization for effective hydrogen production.
A8. Characterization results
SEM
The SEM images labeled (a), (b), and (c) show the surface morphology of the Ni-Co-La
catalysts supported on CeO2-Al.Os with varying compositions of ceria and alumina. These

images provide insights into the dispersion, particle size, and surface texture of the
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catalysts, which are critical parameters for their performance in steam methane reforming

(SMR).[30-31]

75A1/25Ce: This composition seems to exhibit relatively larger particles with a
rough surface texture. The aggregates are loosely packed, which may indicate a
lower degree of ceria dispersion on the alumina surface. This could lead to fewer
active sites being available for SMR.

80A1/20Ce: The particles in this composition appear to be more homogeneously
distributed, with a denser and more uniform texture. This suggests improved
interaction between ceria and alumina, enhancing the catalyst stability and
providing a larger active surface area for SMR.

50A1/50Ce: This composition shows finer particles and a relatively smooth surface
compared to the other images. The uniformity in particle size indicates a high
degree of ceria dispersion, which is beneficial for catalyst activity. However,
excessive ceria content may hinder optimal alumina interactions, potentially

affecting catalyst performance.

High-vaé. SED »P@std! TSKkV

Fig. A7. SEM images of (a)75A1/25Ce (b) 80A1/20Ce (c) S0AL/50Ce
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In summary, these SEM images reveal how the variation in ceria and alumina compositions
influences the morphological features of the catalysts. The balance between ceria and
alumina is crucial to optimize the active surface area, particle dispersion, and thermal

stability, all of which are key to achieving high efficiency in steam methane reforming.

TEM

The TEM images provided depict the morphology of catalysts prepared with varying ratios
of Al2O; (alumina) and CeO: (ceria) as support materials for steam methane reforming.
The images on the left show the nanoscale dispersion of catalyst particles, while the
corresponding SAED (Selected Area Electron Diffraction) patterns in the middle reveal the
crystalline nature of the materials. The histograms on the right illustrate the particle size
distributions, highlighting the average particle sizes for each catalyst formulation. [32-33]
80A1/20Ce sample, likely with a higher alumina content, shows a relatively fine dispersion
of particles with an average particle size concentrated around 10—12 nm. The SAED pattern

indicates well-defined diffraction rings, suggesting a polycrystalline structure.

75A1/25Ce: In this sample, with a more balanced alumina-to-ceria ratio, the particle
distribution appears slightly broader, with an average particle size of approximately 15-18
nm. The SAED pattern retains clear diffraction rings, indicating good crystallinity while
potentially reflecting an intermediate phase contribution from both alumina and ceria.
50A1/50Ce catalyst, likely with a higher ceria content, displays a further increase in particle
size, averaging around 20-25 nm, as reflected in the histogram. The SAED pattern shows
slightly more intense diffraction rings, indicative of increased ceria crystallinity and
potentially reduced alumina dispersion.

The results demonstrate that the alumina-to-ceria ratio significantly influences the particle

size and dispersion, which are crucial parameters for catalytic activity in steam methane
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reforming. Smaller, well-dispersed particles with balanced crystalline features generally

enhance the catalyst's active surface area and stability.
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Fig. A8. TEM images of mixed supports(a) 80A1/20Ce (b) 75A1/25Ce (c) S0AL/50Ce

A9. Conclusions

This study examined the effects of mixed alumina-ceria supports with different ratios
(80AL/20Ce, 50A1/50Ce, and 75A1/25Ce) on the catalytic performance of Ni-Co-La
catalysts in steam methane reforming. Particle size, dispersion, and crystalline features are
among the properties of the catalyst that are mostly determined by the alumina-ceria ratio,
according to structural, morphological, and catalytic activity assessments. The Ni-Co-
La/80A1/20Ce catalyst performed the best overall out of all the compositions that were

examined.
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Ni-Co-La/80A1/20Ce greater activity is due to its optimized support qualities, which allow
better dispersion of active metal species, increased surface area, and improved metal-
support interactions. The larger alumina concentration in the 80A1/20Ce ratio improved
thermal stability and dispersion, while the ceria component increased oxygen storage
capacity and facilitated carbon deposit removal, lowering the possibility of catalyst
deactivation.

Thus, the Ni-Co-La/80A1/20Ce catalyst proved to be the most effective formulation for
steam methane reforming, due to its high activity, stability, and resistance to coking. These
findings emphasize the need of adjusting the alumina-ceria ratio in mixed supports to
improve catalyst performance and provide useful insights for the design of advanced
reforming catalysts. But for this study, catalytic activity of mixed supports is less as
compared to the only alumina. These results conclude that mixed support is not effective

strategy for steam methane reforming at these operating conditions.
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