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Abstract: Compared to steam reforming techniques, partial oxidation of methane (POM) is a promis-
ing technology to improve the efficiency of synthesizing syngas, which is a mixture of CO and
Hy. In this study, partial oxidation of methane (POM) was used to create syngas, a combination of
CO and Hj, using the SAPO-5-supported Ni catalysts. Using the wetness impregnation process,
laboratory-synthesized Ni promoted with Sr, Ce, and Cu was used to modify the SAPO-5 support.
The characterization results demonstrated that Ni is appropriate for the POM due to its crystalline
structure, improved metal support contact, and increased thermal stability with Sr, Ce, and Cu
promoters. During POM at 600 °C, the synthesized 5Ni+1Sr/SAPO-5 catalyst sustained stability for
240 min on stream. While keeping the reactants stoichiometric ratio of (CHy:O; = 2:1), the addition of
Sr promoter and active metal Ni to the SAPO-5 increased the CHy conversion from 41.13% to 49.11%
and improved the H, /CO ratio of 3.33. SAPO-5-supported 5Ni+1Sr catalysts have great potential
for industrial catalysis owing to their unique combination of several oxides. This composition not
only boosts the catalyst’s activity but also promotes favorable physiochemical properties, resulting in
improved production of syngas. Syngas is a valuable intermediate in various industrial processes.

Keywords: partial oxidation; methane; syngas; 5Ni+1Sr/SAPO-5; crystalline structure

1. Introduction

Fossil fuels are the primary supplier of energy, and global energy consumption is
growing constantly [1]. Considering fossil fuel has the greatest pace of expansion, natural
gas is projected to satisfy this rising requirement and currently serves as the world’s
second-largest energy provider after coal. Electricity, as well as heat, originate directly
from natural gas [2]. However, the largest natural gas deposits are located offshore or
in remote locations far away from industrial zones. This substantially impacts both the
monetary value of natural gas and geopolitical issues. In addition, the fact that natural
gas is a gas at ambient temperature might make storage and transportation difficult [3].
This has led scientists all around the world to explore different ways to harness methane
(CHy), the main component of natural gas, more effectively. Although CH4 is widely used
in a variety of applications, including solid oxide fuel cells [4], the combustion process,
and other processing applications [5], it is primarily employed in the synthesis of various
organic substances, including methanol, formaldehyde, and other hydrocarbons. However,
the primary hurdles associated with CHy arise from its high degree of reactivity as well as
its poor selectivity. Manufacturing syngas, a blend of H, and CO, from CH, constitutes one
of the finest and most cost-effective uses of the gas [6,7]. It is used in the manufacturing
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sector as an essential precursor and combustibility source for the synthesis of gaseous
fuels, liquid fuels, and various chemicals. POM is a highly promising method for methane
conversion, offering high conversion efficiency, selectivity, and short residence times [8,9].
It can proceed via direct or indirect mechanisms, with the former being more efficient and
cost-effective [10]. However, challenges such as catalyst deactivation due to metal sintering,
hotspot formation, and coke deposition remain unresolved. To address these challenges,
researchers have explored a variety of catalysts, including transition metals, noble metals,
and perovskites. Mixed metal oxides and waste-derived catalysts have also shown promise
in improving catalytic performance and stability [11-13]. Recent studies have focused on
optimizing catalyst composition, morphology, and support materials to enhance catalytic
activity and stability. For example, loading Ni on La;O3 has demonstrated excellent
stability and activity, attributed to favorable metal-support interactions and reduced coke
formation [14]. Similarly, Co-supported Yb,O3 has shown increased conversion rates and
stability in POM reactions [15]. Perovskite-based catalysts have received considerable
attention for their high activity and thermal stability, making them promising candidates
for methane conversion [16]. Waste-derived catalysts, such as Co/CeO,-BFA and CaO from
eggshells, offer cost-effective alternatives to conventional catalysts. Co/CeO,-BFA has
been employed for methane decomposition, leveraging various oxides present in the waste
material to improve catalytic activity [17]. CaO, with its low cost and strong basic nature,
has shown high catalytic activity in methane conversion. However, challenges such as
catalyst deactivation due to water adsorption and low surface area restrict their widespread
utilization [18,19]. Also, there are significant advancements in the partial oxidation of
methane (POM) using metals supported by MgO, CeO,, ZrO,, and FeO,. Short contact
time vessels operating adiabatically have been employed, reducing reactor complexity and
dimensions, thus lowering capital expenditure. These vessels, with contact times of 0.01 s
or lower, eliminate the need for a furnace but require moderate preheating. Additionally,
they result in lower CO, emissions compared to steam methane reforming (SMR) burners,
which contribute significantly to global CO, emissions. Ni-Ru/CeO, species deposited on
a FeCrAl gauze have also been used as POM catalysts, Ni with the support precursor and
pretreatment conditions significantly influencing catalytic performance showed the highest
selectivity to syngas, with a Hp /CO ratio close to 2.0 [20].

Numerous catalyst schemes have been experimentally proposed for POM since the
conversion of CHy to syngas additionally calls for high temperatures, even if there is a
lack of catalyst involved [21]. Currently, the vast majority of industrial synthesis requires
catalysts as well; hence, research into materials with catalytic properties is critical for
the creation of appropriate catalysts [22]. In heterogeneous catalysis, the majority of
appropriate catalysts are made up of active component(s) and support materials. In general,
catalyst backbones have been used for housing the active components, strengthening the
active site’s dispersion, a particular amount of surface area, and stability [23,24]. The
most important variables determining the eligibility of support structures for catalysts
are specific surface area, porosity, particle size and shape, and mechanical and thermal
resistance [25]. The aforementioned substances are particularly useful in manufacturing
processes such as reforming methane with steam and catalytic partial oxidation of methane
using supports [26]. As a result, establishing novel or modified synthesis pathways is critical
for lowering the cost of these support materials or strengthening their key properties [27].

The ultimate objective of this research is to create small, nano-crystalline structures
of SAPO-5-supported on Ni promoted with Sr, Ce, and Cu catalysts for low-temperature,
coking-free partial oxidation of methane reactions. Our SAPO-5-supported catalyst was
synthesized with various Ni with Sr/Ce/Cu concentrations, utilizing the well-known
wetness impregnation process to optimize the Ni with Sr/Ce/Cu content and calcination
temperature. The catalyst was calcined at 600 °C to improve its crystallinity. The partial
oxidizing of the methane process was evaluated at 600 °C to evaluate performance and find
the lowest reaction temperature with the greatest CH4 conversion, excellent Hy /CO selec-
tivity, and stability. The effectiveness and durability of the best-optimized 5Ni+1Sr/SAPO-5
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catalyst samples were investigated further. The factors responsible for outstanding catalytic
activity and stable performance were explored utilizing fresh and spent catalyst charac-
terization techniques such as XRD, FTIR, BET TEM, Raman, and TPD-NHj3;. The crucial
function of oxygen within the lattice and metal-support interaction in determining catalytic
activity and stability was explored.

2. Catalyst Characterization
2.1. X-ray Diffraction Analysis

Figure 1A shows the high-degree X-ray diffraction spectra of 5Ni/SAPO-5, 5Ni+1Sr/
SAPO-5, 5Ni+1Cu/SAPO-5, and 5Ni+1Ce/SAPO-5. It can be observed from the figure that
there is a good resemblance in the location of peaks for 5Ni/SAPO-5 and other samples.
This shows the similarity in the crystallization of the samples. The X-ray diffraction (XRD)
patterns display major peaks at 7.41° (100), 14.70° (200), 19.61° (210), 20.68° (002), 22.23°
(211), and 25.84° (220), indicating the phase purity of SAPO-5 in all samples. These peaks are
well indexed by the standard hexagonal crystal phase with space group p6/mmc [28]. An
intense (100) peak was observed at a diffraction angle, 26 located at 7.5°, which is attributed
to the significant growth of the crystal plane (100) located at 7.5°. The atoms are thus
arranged in this preferred plane orientation (100), and the intense peak (100) is accompanied
by peaks between 12.5° and 37.5° to minimize the surface energy. Interestingly, X-ray
diffraction analysis did not detect any characteristic peaks for nickel (Ni), (Ni—referencing
JCPDS# 04-0835), Sr, Cu, Ce, or their related compounds within the SAPO-5 support. The
lack of diffraction peaks for Ni, Ni, Sr, Cu, or Ce in the SAPO-5 samples could be due
to either their low concentration or a homogenous distribution throughout the support.
However, the absence of these metal-specific peaks might also indicate their successful
incorporation into the framework structure of the SAPO-5, making them undetectable by
conventional X-ray diffraction techniques. This indicates the absence of secondary phases in
the sample. Introducing metal ions to the 5Ni/SAPO-5 samples increases the intensity of the
characteristic peaks, leading to a slight increase in the relative crystallinity of the samples.
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Figure 1. High angle XRD pattern of bimetallic catalyst supported on SAPO-5; (A) promoted
5Ni/SAPO-5; (B) SAPO-5 support.

The results indicate that samples containing bimetallic materials exhibit higher relative
crystallinity compared to those composed of nickel and SAPO-5. This is likely due to
the influence of the bimetallic loading on the crystal growth process. Additionally, by
considering the inclusion of the metals in the SAPO-5 framework, distorted versions in
the crystalline network can be pointed out. This is because the bond angles that link
the tetrahedral construction units (MO4 and TO4) are altered by the variation in bond
lengths that exists between the M—O and typical T-O (T % = Si, Al, or P), which causes
distortions throughout the crystalline framework and enhances the crystalline structure
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of materials [29,30]. Additionally, it shows exactly how SAPO-5’s hexagonal tendencies
coincide with a hexagonal crystal structure [18,19]. Figure 1B of the support information
provides the XRD pattern of the SAPO-5 catalyst support. It shows the dominance pattern
of SAPO-5 over the actual active phases of catalysts.

2.2. FTIR Spectra Analysis

Figure 2 exhibits the FTIR spectra of the 5Ni/SAPO-5, 5Ni+1Sr/SAPO-5, 5Ni+1Cu/SAPO-5,
and 5Ni+1Ce/SAPO-5 samples. The vibration stretching frequency of the T-O-T unit (where
T is Si, Al, or P) seen in the D4R and D6R secondary construction units is represented
by the bands at 553 and 630 cm ™! in the FT-IR spectra of the catalyst samples mentioned
above (Figure 2). The strong peak of about 1050 cm ™! is associated with the asymmetric
stretching of the T-O-T unit framework (T = 5i, Al, and P). Si-O-5i vibrations are responsible
for the bands at about 1000 cm !, while Al-O vibrations are responsible for the bands at
704 and 746 cm ! [31,32]. P-O-Al symmetric stretching vibration is symbolized by bands
at 740 cm ! and 820 cm~!. Furthermore, the challenge was to prevent water from adhering
to the crystals’ channels, causing bands to form at 1647 and 1668 cm ™!, respectively, for
the vibration of the hydroxyl groups in the water. Subsequently, bands generated at 3486
cm~! and 3430 cm ™!, respectively, originate from interactions among Si-OH and P-OH
units through hydrogen bonds. Schnabel et al. [5] report that the bands at 562 and 634
cm ™! can be assigned to certain lattice vibrations and are particularly sensitive to AIPO-
5 and SAPO-5. The inclusion of Ni with Sr/Cu/Ce into SAPO-5 does not change the
parent material’s lattice structure in a way that can be determined by FTIR, as shown by
the remarkably comparable spectrum (Figure 3) obtained from all samples. The lattice
vibrations cannot be appreciably altered by the effectual isomorphic substitution of Ni, as
the concentration of Ni is negligible. Surface enhancement, consistent with the literature,
may be responsible for the shift in vibrational bands [33,34]. The aforementioned changes
demonstrate that Ni is capable of being mixed with Cu, Sr, and Ce particles to form the
SAPO-5 composite. Upon comparing the infrared spectra of the 5Ni/SAPO-5 and Ni with
Cu/Sr/Ce, including SAPO samples (Figure 3), the following observations can be made:
Both the pure 5Ni/SAPO-5 and the Ni-Cu/Sr/Ce-SAPO samples exhibit bands around
3500 cm L. In the case of Ni/SAPO-34, a comparable band at 3430 cm ! was discovered
and attributed to bridging hydrogen-linked species, which stabilized the nickel framework
substitution in SAPO-34. We propose that the band at 3450 cm ™! might originate from
some species of nickel. The intensity of the band at about 3625 cm ™!, which is attributed
to acidic Si-OH-Al groups in pure SAPO-5, does not significantly alter in samples that
have been changed by Ni. The wide stretching band between 3200 and 3600 cm ™! in the
hydroxyl area (3000-4000 cm™) is attributed to connecting hydroxyl groups, Si-OH-Al,
resulting in SAPO-5’s Brensted acidity [35]. Two perspectives are speculated to be the
origin of this band’s broad width. Specifically, two bands associated with OH may overlap,
interconnecting hydroxyl groups and extending the vibrations of free water. In addition,
the potent hydrogen bonding that arises from the existence of OH groups widens the OH
bands and, in particular instances, substantially minimizes the stretching frequency. It
ought to be mentioned that the number, as well as the strength of hydrogen bonds, vary
depending on the interactions between molecules and chemical environments, resulting in
half-widths for OH stretching of 300-500 cm .
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Figure 2. FT-IR spectra of bimetallic catalyst supported by SAPO-5 (5Ni/SAPO-5; 5Ni +1Sr+SAPO-5;
5Ni +1Ce/SAPO-5; 5Ni +1Cu/SAPO-5).
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Figure 3. BET isotherm of 5Ni/SAPO-5 and 5Ni +1x/SAPO-5 (x = Sr, Cu, and Ce).
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2.3. BET Adsorption and Desorption Isotherms

Each catalyst’s mass-specific surface area was calculated using the BET method, and
its pore size distribution was ascertained using the BJH method. The quantity of N, that is
adsorbed and desorbed from the sample is the basis for these techniques. Table 1 contains
a list of the catalyst’s physical characteristics, including its mass-specific surface area, pore
diameter, and pore volume. Figure 3 shows typical type-IV nitrogen adsorption—desorption
isotherms with H3 hysteresis loops for all the catalysts: 5Ni, 5Ni/1Sr, 5Ni/1Cu, and
5Ni/1Ce supported on SAPO-5. This type of isotherm with an H3 loop is characteristic
of mesoporous materials [36]. It often occurs in materials with non-uniform pore shapes
(like clusters or clumps of particles) and slit-shaped voids (think of flakes or sharp-edged
cubes). Mesopores began to form in the catalyst as a result of inter-crystalline voids created
by the accumulation of nanocrystals. Moreover, the hysteresis loop produced capillary
condensation in these mesopores.

Table 1 illustrates the surface area, pore volume, and pore diameter of SAPO-5 with
Ni, Sr, Cu, and Ce concentrations. 5Ni/SAPO-5 has an average pore size of 7.14 nm and
a specific surface area of 410.02 m? g~!. The specific surface areas of 5Ni+1Sr/SAPO-5,
5Ni+1Cu/SAPO-5, and 5Ni+1Ce/SAPO-5 are 398.77, 375.60, and 340.10 m? g~ !, respec-
tively, when the additional metallic element is added to the 5Ni/SAPO-5. This is because of
the inclusion of Ni, which blocks the catalyst’s pores through sintering and agglomeration
during calcination. In the meantime, Ni agglomeration in the catalyst is inhibited by the
impregnation of 1 wt.% Ce/Sr/Cu in 5Ni/SAPO-5 catalyst, which raises the surface area
above that of 5Ni/SAPO-5. A high specific surface area often helps the catalytic process
since it allows for the adsorption of additional reactants on active sites. The aforemen-
tioned investigations have unequivocally demonstrated that bimetallic inclusion affects the
textural properties of Ni supported on SAPO-5. Consequently, the addition of Ce/Sr/Cu
leads to a reduction in the mean pore diameter, and the entire surface area is reduced [37].
Multilayer progression is brought about by mesopore adsorption at high relative pressures.
However, condensation begins when the pressure surpasses a particular value, which is
established by Kelvin-type equations (higher pressure for larger mesopores), leading to
an abrupt rise in the adsorption volume. Conversely, the addition of bimetallic groups
reduced the catalysts’ specific surface area and obstructed their pores in the following order:
5Ni+15r/SAPO-5 > 5Ni+1Cu/SAPO-5 > 5Ni+1Ce/SAPO-5. This is because SAPO-5’s inter-
facial contact between different metals can produce an uneven surface area while increasing
the number of contact points [5]. More active sites for gas adsorption were provided by
the increased surface area, which also increased the reactant molecules’ accessibility to the
catalyst surface and increased catalytic activity. The SAPO-5 support indicates a decrease
in BET surface due to the impregnation of the active metal oxides.

Table 1. Surface areas and pore volumes of the catalysts.

Acid Sites s 1
(mmol Acid Sites — poia1 Acidity
Catalyst SEET a Pore ‘3]01“? ¢ Dp c NH;/g (mmol NHs/g (mmol NH3/g
(m*/g) (cm?>/g) (nm) Catalyst)
Catalyst) (Strong) Catalyst)

(Weak) 8
SAPO-5 247 0.19 1.41 - - -
5Ni/SAPO-5 241 0.17 7.14 0.48 0.55 1.03
5Ni+1Sr/SAPO-5 168 0.15 7.05 0.69 0.96 1.65
5Ni+1Cu/SAPO-5 194 0.14 7.00 0.70 0.86 1.56
5Ni+1Ce/SAPO-5 209 0.13 6.67 0.73 0.78 1.51

2 Measured by the t-plot method. ® Vmeso = Vtotal — Vmicro. ¢ BJH Adsorption average pore width (4V/A)
method*LT.
2.4. Temperature Programmed Reduction

The reducibility of the catalyst as well as its capacity for Hy diffusion into the catalyst
were assessed through H>-TPR. Although the synthesized catalyst is in metal oxide form,
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the POM requires metallic Ni (Ni°) as the active phase; hence, the H,-TPR investigation is
of extreme importance as it guides the best way to activate the catalyst before evaluating
its efficacy. Figure 4 compares the H,-TPR patterns for the catalysts that are 5Ni/SAPO-5,
5Ni+1Sr/SAPO-5, 5Ni+1Cu/SAPO-5, and 5Ni+1Ce/SAPO-5. The analysis revealed two
separate reduction peaks: one began at 300 °C and terminated at 720 °C, while the other
was spotted at a higher temperature. In the case of 5Ni/SAPO-5, the scattered nickel
was anticipated to be responsible for the higher temperature reduction peak, whereas the
reduction of substantial nickel oxide entities with less contact with SAPO-5 was accountable
for the lower one [38]. Furthermore, the reduction of nickel aluminate (NiAl,O4) may
be associated with the reduction peak observed at temperatures exceeding 900 °C. The
maximal hydrogen consumption for 5Ni+1Sr/SAPO-5 and 5Ni+1Ce/SAPO-5 was found
to be 652 °C, and this was attributed to the reduction of Ni, Sr, and Ce. Two reduction
peaks were seen in area I of the TPR profile for Sr or Ce on 5Ni/SAPO-5, one at 320 °C
and the next shoulder peak at 430 °C. The reduction of Sr or Ce was accountable for the
subsequent peak, while the reduction of nickel oxide was the cause of the former peak [39].
Remarkably, the 5Ni+Sr/SAPO-5 reduction peak in the area I relocated slightly to the lower
temperature side in contrast to the 5Ni+Ce/SAPO-5 reduction peak.

0.05
—— 5Ni/SAPO-S
—— SNi+1Sr/SAPOS
SNi+1Cu/SAPO-5
0.04 ~ SNi+1Ce/SAPO-5

0.03 4

0.02 4

TCD Signal (a.u.)

0.014

-0.01

T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 4. Temperature Programmed Reduction of 5Ni/SAPO-5 and 5Ni +1x/SAPO-5 (x = Sr, Cu,
and Ce).

The hydrogen spillover from nickel to strontium explains this outcome. On the other
hand, as the reduction temperature increased, the reduction degree of Ni/SAPO-5 and
5Ni+Ce/SAPO-5 showed a propensity to continuously increase. The literature states that
the highly dispersed copper oxide occurring on the surface, isolated copper ions, and
compact two- and three-dimensional clumps are the root causes of the high-intensity
pattern recognized for 5Ni+1Cu/SAPO-5 [40]. Furthermore, Figure 4 exhibits that peak
temperatures and the TCD signal persist intact and overlap between the peaks while Sr
or Ce were inserted on 5Ni/SAPO-5. This implies that the reducibility of the maxima of
cerium oxide and strontium oxide species is not significantly different from 5Ni/SAPO-5.
5Ni+Cu/SAPO-5 can only be attributed to the reduction of the isolated Cu* ions that are
produced during the low-temperature reduction process, as the peak emerges at a higher
temperature. The maxima of the peaks shift somewhat to a lower temperature and an
increase in intensity, but otherwise, they are centered at locations that are identical to those
for 5Ni+Cu/SAPOS5. This means that the reduction of Cu* to metallic copper particles
correlates with the reduction peak that shows up in the H,-TPR curve for 5Ni+Cu/SAPO-5
at 300-600 °C. It implies that during reduction between 200 and 300 °C, H, reduces all
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of the isolated Cu?* ions to Cu*. The emergence of a peak, indicative of metallic copper
particles, indicates that the Cu* ions generated during the reduction of Cu?* are further
reduced to metallic Cu when the termination temperature of the TPR pre-treatments of
5Ni+Cu/SAPO-5 is raised to 400 °C and the CuO clumping on the 5Ni/SAPO-5 catalyst
causes the non-existence of the Ni peak. Table S1 of the support information displays the
following: Hj uptake of the samples during TPR analysis calcined at 600 °C.

2.5. High-Resolution Transmission Electron Microscopy (HR-TEM)

Figure 5a—d shows the HR-TEM images of samples (a) 5Ni/SAPO-5, (b) 5Ni/1Sr+SAPO-5,
(c) 5Ni/1Ce+SAPO-5, (d) 5Ni/1Cu+SAPO-5. In Figure 5a, the shape and morphology of Ni
have been observed as quasi-spherical, with some aggregated particles of Ni [41,42]. TEM
of 5Ni +1Ce/SAPO-5 (Figure 5¢) was found to be in both microsphere and quasi-spherical
morphology and is attributed to the presence of Ce and Ni in SAPO-5. The HR-TEM
image of 5Ni+1Cu/SAPO-5 (Figure 5d) depicts the morphology of copper particles as
spherical [43]. The intergrowth of cubic particles is also observed for the 5Ni/SAPO-5
sample in Figure 5a,c,d.

Figure 5. HR-TEM images of (a) 5Ni/SAPO-5, (b) 5Ni +1Sr/SAPO-5, (c) 5Ni +1Ce/SAPO-5,
(d) 5Ni +1Cu/SAPO-5.

2.6. Temperature-Programmed Desorption (NH3-TPD)

Figure 6 depicts the NH3-TPD profiles of 5Ni/SAPO-5, 5Ni+1Sr/SAPO-5, 5Ni+1Ce/SAPO-
5, and 5Ni+1Cu/SAPO-5. This study explored the acidity of 5Ni/SAPO-5 with (15r/1Ce/
1Cu) and 5Ni/SAPO-5 solitary catalysts using the NHj3 temperature programmed desorp-
tion approach (NH;3-TPD). Table 1 articulates the acidity levels of the catalysts as ascertained
by the temperature-programmed desorption approach. There were significantly more acid
sites observed on the 5Ni+1Sr/SAPO-5 catalyst (1.65 mmol/g) than on the 5Ni/SAPO-5
catalyst (1.03 mmol/g). It shows that a broad range of acid strengths were exhibited by all of
the catalysts that were generated [44]. It was observed that the catalysts 5Ni+1Ce/SAPO-5
and 5Ni+1Cu/SAPO-5 only showed a single peak at about 300 °C, but the supported cata-
lysts, 5Ni +15r/SAPO-5, had two peaks at 300 °C and 480 °C [45,46]. The low-temperature
peak is commonly attributed to NHj3 adsorbed on weak acid sites; however, the peak at
400 to 500 °C has been connected to NH3 adsorbed on strong acid sites. Based on the peak
position of the desorbed ammonia with temperature, the acidic sites were categorized as
low (below 200 °C), moderate (200 to 350 °C), and strong (>350 °C). The range of 150 to
500 °C showed NH3 desorption peaks in all of the produced catalysts. The 5Ni/SAPO-5
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distribution may widen as a result of the species concentration in SAPO-5. The maximum
number of detected acid sites on the 5Ni+1Sr/SAPO-5 catalysts, as shown in (Figure 6),
indicates that the generated catalysts typically have significantly higher acid site densities.
Here is the order in which the samples’ acidity increases: 5Ni/SAPO-5 <5 Ni+1Ce/SAPO-5
<5 Ni+1Sr/SAPO-5 < 5 Ni+1Cu/SAPO-5.

SNi/SAPO-5
SNi+150/SAPO-5
INi+1Cu/SAPO-5
INi+1Ce/SAPO-5

TCD Signal (a.u.)

T T T T T T T T T T T T T
100 200 300 400 500 600 700
Temperature (°C)
Figure 6. NH3-TPD Profile images of 5Ni/SAPO-5 and 5Ni +1x/SAPO-5 (x = Sr, Cu, and Ce).

2.7. Raman Spectra Pure Catalyst

Figure 7 presents the Raman spectra of Ni supported on SAPO-5 samples containing
Sr, Cu, and Ce promoters, compared to pure Ni with SAPO-5. By identifying the metal-
oxide vibrational modes in each of these synthesized catalysts, Raman spectroscopy was
used to acquire insight into the supported SAPO-5 structures generated in each of the
various samples (Figure 7). The Ni-O stretching mode is responsible for the broad and
intense band that is visible in the pure Ni Raman spectra between 500 cm~! and 1000
cm~!. Furthermore, it was mentioned that the ring configurations that make up the
molecular sieve lattice are known to be highly sensitive to Raman spectroscopy. Specifically,
signals at 270 and 500 cm ™! are linked to 10R and 4R rings for AIPO4-n and SAPO-n
molecular sieves. According to the Raman spectra, the stretching and bending vibrations
of the molecular sieve framework are responsible for the strong bands located at 1121 and
498 cm™!, respectively, Si-O-Si v (450-550 cm~!). Additionally, it was claimed that the
one-phonon (1P) longitudinal optical (LO) and transverse optical (TO) of Ni vibrational
modes correlate to the Raman peaks at 400 and 530 cm ™!, respectively. The two-phonon
2PTO, 2PTO+LO, and 2PLO of the Ni vibrational modes are represented by the peaks at
1090 cm ™!, respectively. The disorder caused by irregularities and surface imperfections is
responsible for the existence of the LO mode. Furthermore, 5Ni/1Sr supported on SAPO-5
exhibited a low intense peak at 2200 cm~! and 5Ni/1Ce and 5Ni/1Cu supported with
SAPO-5 showed two shoulder peaks, which correspond to the low concentration of the
bimetallic species [47,48]. Figure 1 also exhibits the Raman spectrum of the SAPO-5 calcined
catalyst support.
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== SAPO-5 After Calcination
Fresh5Ni+1Ce/SAPO-5
e FreshSNi+1Cu/SAPO-5
/\ Fresh5Ni+1Sr/SAPO-5
Fresh5Ni/SAPO-5
N

Intensity

J\/\ A
NN~

500 1000 1500 2000 2500 3000

Raman shift (cm )

Figure 7. Raman spectra pure catalysts of 5Ni/SAPO-5 and 5Ni +1x/SAPO-5 (x = Sr, Cu, and Ce).

3. Catalytic Activity of Partial Oxidation of Methane to Hydrogen

To enhance syngas production through faster reaction rates, POMs require catalysts.
According to Wang et al.’s [49] thermodynamic calculations, operating at 600 °C and
atmospheric pressure yields the maximum achievable equilibrium conversion, product
yield, and Hy:CO ratio. According to Siang et al. [50], before entering the catalyst bed, CHy
combustion along with direct methane partial oxidation procedures took place in the hotter
regions. After getting into the catalyst bed, the predominant reactions transform towards
CHy4 combustion. As evidenced by the data, the significance of the passive combustion-
reforming pathway was proven by the intermediate H,O and CO, developed during the
combustion of CHy. Furthermore, carbon deposits would inevitably form, but they might
be gradually repressed as high temperatures and rising CHy /O, ratios would cause them
to do so.

In this scientific study, the performance of the synthetic catalysts was assessed together
with their synthesized counterparts for comparison. POM assays were performed on all of
the prepared catalysts, such as 5Ni/SAPO-5, 5Ni+15r/SAPO-5, 5Ni+1Cu/SAPO-5, and
5Ni+1Ce/SAPO-5. Additionally, to ensure consistency in the results, all of the synthesized
catalysts in the reactor with a 0.1 g loading were tested for 8.5 h (TOS) following the
induction period at 600 °C and CH4/O; = 2. Each of the presented values in Figures 8-11
is an average value obtained after the induction time, and it compares the CHy conversion,
H,/CO ratio, and yield of Hy, CO, and CO; for all the produced catalysts.
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Figure 8. CH4 Conversions of 5Ni/SAPO-5 and 5Ni +1x/SAPO-5 (x = Sr, Cu, and Ce).
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Figure 9. H, /CO Ratios of 5Ni/SAPO-5 and 5Ni +1x/SAPO-5 (x = Sr, Cu, and Ce).
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Figure 10. (A,B) Yield of Syngas by Hp and CO of 5Ni/SAPO-5 and 5Ni +1x/SAPO-5 (x = St, Cu, and Ce).
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Figure 11. Yield of CO, by 5Ni/SAPO-5 and 5Ni +1x/SAPO-5 (x = Sr, Cu, and Ce).

3.1. CHy Conuversion

The rate of CHy conversion of synthesized Ni supported on SAPO-5 with Sr, Ce,
and Cu promoters is exhibited in Figure 8. The findings demonstrate that adding Sr, Ce,
and Cu promoters and Ni to SAPO-5 significantly improves both syngas selectivity and
CH,4 conversion. In contrast, 5Ni/SAPO-5 only exhibits 41.13% CHy4 conversion; this
lower catalytic behavior is attributed to its semi-crystalline structure at high temperatures.
Agglomeration caused low active areas for chemical reactions to emerge on the surface
as a result. Nevertheless, the CHy conversion value rose from 41.13% to 43.55% when
Cu was added to the 5Ni/SAPO-5. Additionally, the addition of Ce and Sr as active
promoters to the catalyst resulted in higher CHy conversion values for 5Ni+1Ce/SAPO-5
and 5Ni+15r/SAPO-5, respectively, at 48.17% and 49.11%, owing to the significant affinity
of Ni, Ce, and Sr for breaking the C-H bonds of CHy. Furthermore, the presence of
numerous oxides in SAPO-5, including SiO,, P,Os5, and Al,O3, offers the advantage of
multi-metallic support in addition to enhancing catalytic activity. This may be related
to the assembly of a cubical structure similar to NiAl,Oy, as revealed by XRD [29]. This
mechanism is further supported by the assertion that Ni and promoter loading on the
SAPO-5 catalyst surface enhances the proportion of active metallic sites (Ni’) and oxygen
centers in an attempt to boost catalytic activity. Based on the fact that Sr (s-block—[Kr] 5s)
occupies its valence electrons in the d orbital (electronic configuration), Ni (d-block—[Ar]
3d8, 4s?), Cu (d-block ([Ar] 3d'0, 4s!), and Ce (f-block—[Xe] 4f! 5d> 6s?) are transition metals.
The two unpaired electrons in the d orbital are accessible and can bond with a gaseous reactant
(CH4) with ease, by Hund's rule. Furthermore, the interaction between the promoter and active
metal (Ni), which provides new and more Ni-active centers for CHy conversion, can also be
credited with the improvement in catalyst performance [28]. Overall, considering the CH4
conversion, the catalytic outcomes for Ni+1Sr/SAPO-5 are favorable.

3.2. H,/CO Ratio

The 5Ni/SAPO-5, 5Ni+1Sr/SAPO-5, 5Ni+1Cu/SAPO-5, and 5Ni+1Ce/SAPO-5 sam-
ples undergo a stability test, which is carried out for 240 min on TOS, as illustrated in
Figure 9. The H,/CO ratio of the synthesized catalysts is displayed for 8.5 h (TOS). The
highest H, /CO ratio of approximately 4.14 was seen in 5Ni+1Cu/SAPO-5, while the lowest
ratio of 3.33 was found in 5Ni+1Ce/SAPO-5.
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Consequently, based on the justification given above, it can be said that SAPO-5’s mul-
tiple oxide composition offers the advantages of a multimetallic support system, increasing
POM activity and fostering a strong bond between the active metal and platform. The
catalyst’s solid-state reaction or the activation of Ni particles may have contributed to the
initial few-hour increase in catalytic activity. The catalytic activity stabilized on the stream
after a few hours, with an approximate H, /CO ratio of 3.40. Positive signs for the final
catalyst include the Ni+1Sr/SAPO-5 catalyst’s outstanding stability and catalytic activity
for 30 h on TOS without deactivation. Owing to the development of mixed metal oxides
on the catalyst surface, the catalyst exhibits remarkable catalytic activity and resistance to
deactivation. Therefore, it renders the SAPO-5 a viable substitute for existing commercially
accessible supports, although its high cost continues to pose a significant challenge [51,52].

3.3. Yield of Syngas

The generation of CO and hydrogen (Syngas) over the investigated catalytic materials
is shown in Figure 10A,B. The methane breakdown and CO disproportionation can account
for the minor drop in hydrogen and CO yield for some catalysts shown in Figure 10 as
a function of time-on-stream. The addition of 5Ni+1Cu/SAPO-5 appears to reduce the
catalyst’s stability at the initial phase of the experiment, according to Figure 11. Nonetheless,
the stability (Hp production) does not change after 80 min of TOS. At the inception of the
experiment, 5Ni/SAPO-5 slightly increased activity, and the catalyst was equally stable as
5Ni+1Ce/SAPO-5.

When assessing stability based on syngas generation, 5Ni+1Sr/SAPO-5 alone appears
to be fairly stable. When comparing 5Ni+1Sr/SAPO-5to 5Ni+1Ce/SAPO-5, both product
yields were higher, regardless of TOS. The initial yield of CO for 5Ni+15r/SAPO-5 was
15.91%, while the initial yield of H, was around 41.66%. The Hj and CO yields for the
Sr-supported catalyst, which were observed at roughly 43.56% and 13.76%, respectively,
at steady-state conditions, were significantly greater than those of the non-supported catalyst.
Although the CO production of the Sr-based catalyst showed a drop in stability, the H; yield
remained quite substantial throughout. It was predicted that the 5SNi+1Sr/SAPO-5-promoted
catalysts would provide syngas yields far greater than the transition-promoted samples.

3.4. Yield of CO;

The impact of CO; produced during the partial oxidation of methane is depicted
in Figure 11. In contrast to the other catalysts (5Ni/SAPO-5, 5Ni+1Ce+SAPO-5, and
5Ni+1Cu/SAPO-5), 5Ni+1Sr+1SAPO-5 demonstrated a greater yield (35.28%) of CO, and
retained its catalytic stability for 240 min, as apparent in Figure 11. Methane undergoes
partial oxidation through two reversible and one nonreversible process, both of which have
been documented in the literature [53]. Methane oxidation results in an immense amount
of carbon oxide emission. Syngas is only partially formed and has a low reaction selectivity
to carbon monoxide; this is caused by steam and carbon dioxide reforming. Maximum
hydrogen generation occurs at a methane conversion of 40-60%, depending on reaction
temperature. At that point, the equilibrium of processes (2) and (3) significantly shifts
in favor of the reactants, lowering the reactor’s concentration of hydrogen and carbon
monoxide. Recycling the carbon dioxide from the combustion reaction that is not converted
to syngas back into the reactor feed can increase syngas production by directing carbon
dioxide reforming in the direction of syngas production. Increased carbon dioxide levels in
the reactor contribute to a decrease in the H, /CO ratio and an increase in the amount of
syngas earned.

CHy + Oy — CO, + 2H,O (1)

CH, + H,0 < CO + 3 Hy )
CHy + COy +2CO + 2H, (3)



Catalysts 2024, 14, 316

15 of 21

3.5. Activity of 5Ni+1Sr/SAPO-5 at Different Reaction Temperatures

The impact of process temperature on the conversion and selectivity of methane
to hydrogen is expressed graphically in Figure 12A,B. The analysis has been conducted
using their optimal metal catalyst, 5Ni+1Sr/SAPO-5. The catalytic activity variability of
5Ni+1Sr/SAPO-5 across 600 and 750 °C can be witnessed in the conversion and selectivity
exploration laid out in Figure 12A,B. According to the CHy4 conversion study, the conversion
percentage ranges from 49.11 to 82.67%, as indicated in Figure 12A. Under 750 °C, the CHy
conversion rate persisted at 78.47% for 240 min of TOS. The yield of hydrogen during the
conversion of CHy is highlighted in Figure 12B. Once more, the 600-750 °C temperature range
was the focus of the analysis. Even at a higher temperature of 750 °C, the most significant
yield of 72.67% was achieved. In the case of 240 min of TOS at 750 °C, the catalyst’s activity
claimed its lowest achievable stability of 69.35%. Figure S1 of the support information shows
the hydrogen yield (%) versus time-on-stream (TOS) at various reaction temperatures.
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Figure 12. The catalytic activity of 5Ni+1Sr/SAPO-5: (A) CHy conversion; (B) CO, conversion at
different reaction temperatures.
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3.6. Raman Spectra for Used Catalyst

Raman spectroscopy was used to characterize the carbon deposits on the catalysts
used (spectra are displayed in Figure 13). To ensure uniformity of the composition, Raman
spectra were acquired for each sample at several locations. The carbon Raman spectra
indicated two distinct modes, denoted as G (graphitic) and D (disordered), respectively, at
approximately 1590 and 1350 cm~!. These modes are associated with the production of
amorphous carbon or imperfect carbon filaments. The Id /Ig ratio, also known as the D band
to G band intensity ratio, is a crucial parameter obtained from Raman spectroscopy that
provides information about the structural disorder and defects in carbon-based materials,
particularly graphene and carbon nanotubes. The D band corresponds to the disorder-
induced peak, while the G band represents the first-order scattering from sp? carbon atoms.
A higher ID/IG ratio indicates a higher level of structural disorder and defects, while a
lower ratio indicates fewer defects and a more ordered structure. Based on this, strontium-
loaded 5Ni/SAPO-5 possesses ID/IG of 1.3, indicating a higher level of disorders, which is
correspondingly reflected in its conversion and selectivity for partial oxidation of methane.
A feature of carbon nanotubes, the splitting of the G band results in the presentation of an
extra band approximately 1570 cm ™! in this used catalyst [54].

—Used5SMN+1Ce/SAPO-5
—Used SN +1Cu/ SAPO-S
— Used 5N +150/SAPO-5
—sed SN SAPO-S
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Figure 13. Raman spectra for used catalysts of 5Ni/SAPO-5 and 5Ni+1x/SAPO-5 (x = Sr, Cu, and Ce).

3.7. Reaction Mechanism for POM

The mechanism for Hy and CO formation in catalytic partial oxidation is complex and
not yet fully understood. Two possible mechanisms are direct partial oxidation (DPO) and
indirect combustion and reforming reactions. Various factors, such as catalyst components,
reaction conditions, and metal-support interaction, affect the reaction mechanisms [53,55].
In DPO, CH; dissociation leads to the formation of methyl radicals, H* and C* species,
which are converted into syngas. In indirect combustion and reforming, CO, and H,O are
the primary products that may undergo steam or dry reforming and finally convert into
syngas [56,57]. Solid base catalysts in POM heterogeneous catalysis are typically identified
by the presence of basic groups on their surface. The catalysts were activated for one hour
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in the presence of Hy, during which SrO and Ni, interacted in a reduced atmosphere by
donating their electron pairs, which led to the formation of Sr2* and Ni%* ions [18,58]. These
positive ions, or active sites, are responsible for CH, adsorption and H; formation via
different routes. Uncovered O atoms are responsible for H* abstraction from CHy, forming
OH™ ions, which are converted into water and lattice oxygen via OH™ coupling [59]. The
conversion of SrO into its ions involves Sr?* acting as Lewis acid and O acting as Bronsted
base. The electrophilicity of Sr>* cation is due to its electronegativity, making its conjugated
base (O?") highly basic. Increasing the basic nature of a catalyst by adding active sites
and lattice oxygen enhances catalytic performance. Ni and Sr interactions result in the
formation of Hy molecules. Syngas can be synthesized directly by combining adsorbed
C and H,O. Increased oxygen consumption exposes more active sites to CHy adsorption
and generates more Hy. However, CO can oxidize into CO;, but it can easily dissociate
again into CO. It has also been explained in the literature that low energy barriers are
required for CO, dissociation into CO [60]. As a result of increased oxygen consumption,
more active sites are exposed to CHy4 adsorption and increased H; generation, as shown in
Figure 14. The following Equations (4)—(14) show the partial oxidation of CH, to syngas
over a Ni-Sr/SAPO-5 catalyst:

CH, + 0.50, — 2H, + CO (4)
CH, + 0.50, — CO, + H,0 — H, + CO (5)
SrO — Sr*™ + 0%~ — Sr (metallic) 6)
Niy — Ni" + 0%~ — Ni (metallic) 7)
OH™ +OH™ — H,0+0*" (8)

Sr** + 2H,0 — Sr(OH), + H, )

Ni, 4+ 2SrH, — Ni?* + 25rO + 2H, (10)
C+H,O — CO+H, (11)
CO+OH — CO, +H" (12)
CO+0* = CO, (13)

C+CO, — 2CO (14)

H
H
o9
Ni Ni

A
EI— @) oo

Ni Ni Ni Ni Ni Ni

Ni

Figure 14. Partial oxidation of CHj to syngas over Ni-Sr/SAPO-5 catalyst.

4. Materials and Methods
4.1. Catalyst Preparation

A 5 wt.% equivalent of Ni (NO3),.6H20 aqueous solution and a promoters’ nitrate
solution containing cerium, copper, and strontium (1 wt.%) is wet-impregnated onto a
SAPO-5 support while stirring at 85 °C. Stirring continues until a solution evaporates and
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the mixture turns into a paste. The solution was dried at 120 °C for 24 h and then calcined
at 600 °C for 3 h. The catalyst is abbreviated as 5Ni/SAPO-5 and Ni+1x/SAPO-5 (x = Ce,
Cu, and Sr).

4.2. Catalyst Characterization

Powder X-ray diffraction (XRD) analysis of fresh catalyst was conducted by a Rigaku
(Miniflex, Tokyo, Japan) diffractometer using Cu K«1 radiation (A = 0.15406 nm) operated at
40 mA and 40 kV. The N, adsorption-desorption and porosity results were obtained using a
Micromeritics Tristar II 3020 surface area analyzer (Micromeritics, Norcross, GA, USA). An
amount of 0.2-0.3 g of catalyst was degassed, and all samples were degassed before analysis
using the Barrett, Joyner, and Halenda (BJH) method. Temperature-programmed hydrogen
reduction (H,-TPR) and temperature-programmed desorption (NH3-TPD) measurements
were performed on a chemisorption device (Micromeritics Auto Chem II) by using a thermal
conductivity detector over a 70 mg catalyst sample, respectively. In Hy-TPR, H; absorption
is monitored up to 1000 °C under 10% H,/He gas, whereas in NH3-TPD, NH; desorption is
monitored upon raising the temperature to 800 °C under 10% NHj3/He gas. The transmission
electron microscopy was conducted at 200 kV using an aberration-corrected JEM-ARM200F
(JEOL, Tokyo, Japan) with a CEOS corrector (CEOS GmbH, Heidelberg, Germany). The spent
catalyst sample underwent Raman analysis within the 1250-3000 cm ! range using a laser
Raman spectrometer (JASCO, Tokyo, Japan) with a 532 nm beam excitation and 1.6 mW laser
intensity. The exposure time was set to 10 s with 3 accumulations. The spectra were processed
using Spectra Manager Ver.2 software (JASCO, Japan).

4.3. Catalyst Activity Test

An amount of 0.1 g of catalyst sample was packed in a tubular stainless steel fixed-bed
reactor (PID Eng & Tech, Madrid, Spain, 9 mm I.D.). The reactor’s temperature is monitored
by a K-type thermocouple fitted axially at the center of the catalyst bed. Before the reaction,
the catalyst was reduced by flowing hydrogen at a 30 mL/min flow rate for 1 h at 600 °C.
Following the impregnation, the reactor is flushed with nitrogen gas (N3) to eliminate any
residual hydrogen gas (H;) present in the system. Then the temperature of the reactor
is stabilized at 600 °C. The packed catalyst is exposed to a mixture of CH4 and O, gases
in a 2:1 ratio. The volume ratio of feed gases (CH4/O,) was set to 2. Furthermore, the
space velocity was maintained at 14,400 mL/h/gcat, and the feed rates for CHy, O, and
N, were 12, 6, and 6, with a total feed rate of 24 mL/min. The product is analyzed by a
gas chromatograph equipped with a propak Q column, molecular sieve columns, and a
thermal conductivity detector. The composition of effluent gases was calculated by the
normalization method, and the equations for the determination of CH4 conversion, Hp
yield, and H, /CO ratio are used as follows:

CI_I4,in - CI_I4,0ut

CHy4 conversion = x 100% 15
4 CHam (15)
H, Yield (%) = _Hoou x 100 (16)

2 X CH4,ir1
H,  Mole of Hp produced (17)

CO ~ Mole of CO produced

5. Conclusions

Effective implementation and investigation of the catalytic activity of 5Ni/SAPO-
5, 5Ni+15r/SAPO-5, 5Ni+1Ce/SAPO-5, and 5Ni+1Cu/SAPO-5 catalysts produced via
wetness impregnation were performed for POM. Based on its characterization aspects, the
catalyst was found to possess the required physicochemical properties, such as a crystalline
structure and strong thermal stability up to 850 °C. Ni was used as the active metal over
SAPO-5, which increased the catalytic performance. 5Ni+1Sr/SAPO-5 exhibited improved
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stability and performance for 240 min at 600 °C, with a CH4 conversion of 48.17% and
an Hy /CO ratio of 3.33 without deactivation. The catalyst’s stability implies the efficient
and cost-effective usage of the synthesized bimetallic SAPO-5-supported catalyst for the
production of hydrogen-rich syngas and other possible catalytic applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal14050316/s1, Figure S1: Hydrogen Yield (%) versus Time-
On-Stream (TOS) at Various Reaction Temperatures; Table S1: H, Uptake During TPR Analysis
calcined at 600 °C 5.
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