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Here, MeFe-SiOy (Me = Co, Ni, Pd, Pt) catalysts with bimetallic sites entrapped in a highly crystalline SiO3
structure were synthesized and used for the conversion of methane to olefins, aromatics, and hydrogen (MTOAH)
at 1020°C. The MeFe-SiO, catalysts showed polymorphic forms of cristobalite, quartz, and tridymite after re-
action. Among the bimetallic catalysts, 0.5Pt1.0Fe-SiO, exhibited the highest methane conversion (10.0%) with
high hydrocarbon selectivity (79.9%) at 1020°C. In C, (ethane, ethylene, acetylene) conversion with hydrogen
co-feeding at 1020°C, acetylene was identified as a major coke precursor. MTOAH with different gas hourly space
velocities (GHSV) showed that the 0.5Pt1.0Fe-SiO, catalyst exhibited higher methane conversion and aromatics
selectivity than the 1.0Fe-SiO; catalyst. Density functional theory calculations showed that the Pt-FesC surface is
energetically favorable for methane activation and inhibits graphitic coke deposition by Cz dehydrogenation.
Consequently, a modification of the entrapped Fe sites by Pt addition improved the methane conversion and
hydrocarbon selectivity of the catalyst.

1. Introduction

To alleviate the global climate crisis caused by anthropogenic carbon
emissions, the chemical industry, a major contributor to global carbon
emissions, should be decarbonized [1]. With large reserves of shale gas,
natural gas, and methane hydrate, on-site methane-to-chemical con-
version is expected to replace fossil fuels in the future [2,3]. The
non-oxidative conversion of methane (NOCM) to chemicals has attrac-
ted immense attention owing to its high carbon efficiency and lack of
CO, generation. Methane dehydroaromatization (MDA) to benzene,
toluene, and xylene (BTX) has been extensively studied since the first
publications reporting Mo/HZSM-5 [4,5]. However, methane activation
requires high reaction temperatures (> 700°C), at which coke formation
is thermodynamically favored [6]. To overcome this limitation, methane
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pyrolysis has been carried out at high temperatures (> 1000°C). How-
ever, severe coking is unavoidable at high reaction temperatures, and
the studies have mainly focused on the process parameters of methane
pyrolysis; the Cy product selectivity has been enhanced by maintaining
short residence times and diluting methane with hydrogen [7]. In 2014,
Bao et al. have reported the efficient conversion of methane to olefins,
aromatics, and hydrogen (MTOAH) using an Fe single-atom catalyst
under non-oxidative conditions (> 1000°C) [8]. The role of the Fe
single-atom catalyst that selectively catalyzes methane has been inves-
tigated further by computational studies [9]. After the development of
an Fe©SiO;, catalyst, numerous studies have focused on the experi-
mental and theoretical analyses of silica-confined single-atom catalysts
for the NOCM. Xie et al. have developed a Pt;@CeO; single-atom
catalyst with higher catalytic activity than Fe©SiOy [10], Liu et al.
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have theoretically proposed a surface-reaction mechanism explaining
the withdrawal of carbon sites on Fe©SiO; to form Cy species [11], Han
et al. have proposed an efficient NOCM process using an Fe©CRS cata-
lyst with hydrogen co-feeding [12], and Dixit et al. theoretically studied
methane activation on iron carbide clusters embedded in silica [13].
Furthermore, Postma et al. have reported that the axial temperature
profile and residence time significantly influence radical-chain-reaction
propagation in the downstream direction [14]. According to Toraman
et al., the gas-phase reaction should be minimized for high ethylene
selectivity in the NOCM using an Fe©SiO, catalyst [15]. Thus, catalyst
selection and process-parameter optimization can effectively control the
product selectivity in the NOCM. Process-optimization studies involving
the millisecond wall reactor [16] and H-donor molecule addition [17,
18] have been used to analyze the practicability of the NOCM. Huang
et al. have reported an economically-feasible direct non-oxidative
methane conversion with a one-pass methane conversion of more than
25% and coke selectivity of less than 20% [19].

Numerous studies on promoters have focused on improving the
catalytic activity and selectivity of direct methane conversion [20-24].
In MDA over Mo/zeolite catalysts, Fe and K effectively reduce coke
deposition [25]. At 800°C, an Mg-modified Mo/HZSM-5 catalyst ex-
hibits higher methane conversion (12.3%) than an unmodified
Mo/HZSM-5 catalyst [26]. Additionally, Xiao et al. have proposed a
Pt-Bi catalyst for methane non-oxidative coupling with high methane
conversion and carbon selectivity [27]. Furthermore, bimetallic cata-
lysts have been used for efficient methane non-oxidative conversion at
high temperatures (> 900°C). Ni et al. have reported that molten W-In
bimetals confined in SiO exhibit high catalytic activity and coke
resistance [28].

According to an ideal mechanism, Fe sites selectively activate
methane, causing a chain reaction of methyl radicals [12]; the C-H bond
of C, intermediates and aromatics are readily activated on the catalyst,
causing coke deposition [9]. Therefore, controlling the reactivity of the
C, intermediate at the Fe site can improve the selectivity of the desired
products. In this study, MeFe-SiO, catalysts (Me = Co, Ni, Pd, Pt) with
high crystallinity were synthesized using the melt-fusing method to
investigate the effect of bimetallic Me-Fe sites on catalytic activity. The
physicochemical properties of the bimetallic catalysts were investigated
by various techniques. A computational analysis was used to theoreti-
cally investigate the activity of the bimetallic active phase. This study
elucidates the role of bimetallic catalysts and their potential applica-
bility in non-oxidative methane conversion processes.

2. Materials and Methods
2.1. Chemicals

Fe (II) chloride (FeCly, 99.5%) was purchased from Alfa Aesar. So-
dium ethoxide (NaOCyHs, 95%), tetraethyl orthosilicate (Si(OCoHs)4,
98% reagent grade), and Pd (II) nitrate dihydrate (Pd(NOs3)2-2H20, 40%
Pd basis) were purchased from Sigma-Aldrich. NaOH (98%), anhydrous
methanol (CH30H, 99.5%), toluene (C¢HsCHs, 99.5%), cobalt (II) ni-
trate hexahydrate (Co(NO3)2-6H20, 97%), and nickel (II) nitrate hexa-
hydrate (Ni(NOs3)2-6H20, 98%) were purchased from Samchun
Chemicals. Tetraammineplatinum (II) nitrate (Pt(NH3)4(NOs3)s, 99%)
was purchased from Strem Chemical. Silicon dioxide (SiO2, quartz form)
was purchased from Kanto. All the chemicals were used without further
purification.

2.2. Synthesis of Fayalite

Fe,Si04 (fayalite) was synthesized by a previously reported sol-gel
method [29,30]. A toluene (375 mL) and methanol (175 mL) mixture
was purged at 250°C for 30 min under Ar. Subsequently, the mixture was
cooled to room temperature, followed by the addition of iron (II) chlo-
ride (8.7 g) and sodium ethoxide (9.3 g). After rigorous stirring for a
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minute, 7.9 g of tetraethyl orthosilicate (TEOS) was added to the solu-
tion, after which it was refluxed at 150°C for 30 min under Ar. Subse-
quently, 10 mL of 0.2 M sodium hydroxide solution was added to induce
the sol-gel process by hydrolyzing iron oxide and TEOS. The solution
was then refluxed at 150°C for 12 h under Ar. The resulting solution was
finally dried by rotary evaporation and the dry powder obtained was
calcined at 800°C for 4 h under nitrogen. After calcination, the solid was
rinsed with distilled water (D.I. water) and methanol to remove any
unreacted sodium chloride. Finally, the samples were dried overnight in
an oven at 80°C.

2.3. Synthesis of Me/SiO, (Me = Co, Ni, Pd, Pt)

Me/SiOz (Me = Co, Ni, Pd, Pt) was synthesized using the incipient-
wetness-impregnation method. Cobalt (II) nitrate hexahydrate, nickel
(ID) nitrate hexahydrate, palladium (II) nitrate dehydrate, and tetra-
amine platinum (II) nitrate were used as metal precursors for Me/SiO5
synthesis. After the dissolution of a specific amount of metal precursor in
50 mL of D.I. water, silicon dioxide was added to the solution and stirred
vigorously. Subsequently, the solution was dried overnight at 120°C and
the dry powder obtained was calcined at 400°C for 4 h at a heating rate
of 2°C/min.

2.4. Synthesis of Fe-SiO2 and MeFe-SiO, (Me = Co, Ni, Pd, Pt) catalysts

The Fe-SiO catalyst was synthesized by a previously reported melt-
fusing method [8,12]. Silicon dioxide (6 g) and fayalite (0.112 g) were
mixed by the ball-milling technique at 250 rpm for 5 h under Ar. Sub-
sequently, this mixed powder was melt-fused at 1700°C for 4 h at a
ramping rate of 8°C/min. To synthesize the MeFe-SiO5 (Me = Co, Ni, Pd,
Pt) catalysts, Me/SiO, (6 g) and fayalite (0.112 g) were mixed and
melt-fused at 1700°C for 4 h at a ramping rate of 8°C/min. The syn-
thesized catalysts were labeled xMeyFe-SiO, (x and y represent the
content (wt%) of Me and Fe, respectively).

2.5. Characterization

Inductively coupled plasma-atomic emission spectroscopy (ICP-AES,
Thermo Scientific, iCAP 6500 instrument) was used to analyze the metal
compositions of the synthesized catalysts, while X-ray diffraction (XRD,
Rigaku SmartLab diffractometer, using Cu-Ka radiation) was used to
investigate their crystalline structures. The specific surface areas of the
catalysts were estimated by Ng adsorption-desorption measurements
(Micromeritics ASAP2010). A gas pycnometer (AccuPyc II 1340,
Micromeritics) was used to measure the catalyst density; density cal-
culations were based on a gas-displacement method using He as the
displacement medium [31]. Free space was obtained by subtracting
catalyst volume from the reaction volume (1.09 ml). The catalyst mor-
phologies were observed by transmission electron microscopy (TEM)
using an FEG S/TEM instrument (Talos F200S) operated at 200 kV. The
amount of coke deposited on the used catalysts was measured by ther-
mogravimetric analysis (TGA) using an SDT Q600 instrument (TA in-
struments); each sample (30-40 mg) was heated from room temperature
to 900°C at a ramping rate of 5°C/min under a constant air flow (100
mL/min). The properties of coke deposited on the spent catalysts were
analyzed by Raman spectroscopy using a Bruker FRA 106/S
spectrometer.

2.6. Reaction test

A 1/4” quartz fixed-bed reactor with an inner diameter of 0.4 cm was
used to analyze the CH4 non-oxidative conversion. The temperature was
controlled using R-type thermocouples (in contact with the outer part of
the reactor). The catalyst (0.6 g) was loaded at a pre-designed position
on the vertical reactor and heated under a pure-He-gas flow (at a rate of
40 sccm) at a ramping rate of 6 °C/min to a reaction temperature of 1020



S.J. Han et al.

°C. Subsequently, 10 sccm of a mixed gas (90% CH4 and 10% Ar) was fed
into the reactor.

The non-oxidative conversion of Cy hydrocarbons (CoHg, CoHy, and
CoHj) was conducted under the same pretreatment conditions, followed
by a stabilization of the catalyst under 10 sccm of the mixed gas (90%
CH4 and 10% Ar) for 5 h. Subsequently, the mixed gas containing Cy
hydrocarbons was fed into the reactor according to the reaction scheme
shown in Fig. S1. Each reactant gas was fed in a stream at a rate of 10
sccm for 5 h. The compositions of reactant gases used for ethane,
ethylene, and acetylene conversion were 5% CyHg and 5% Hs in He, 5%
CoHy and 5% Hj in He, and 1% CyH» and 1% Hs in He, respectively.

An online gas chromatograph (6100GC, YL Instrument) was used to
analyze the gas composition of the reactor effluent stream, and a thermal
conductivity detector (TCD) with a ShinCarbon ST column (Catalog No.
80486-800) was used to evaluate the amounts of Hy, CHy, Ar, CO, CO,,
and C; (ethane, ethylene, and acetylene). The injection port and detector
were maintained at 200°C, and the column flow rate of the He carrier
gas was 20 mL/min. A flame ionization detector (FID) with an Rtx-VMS
column (Restek, Catalog No. 49915) was used to analyze the C;-Cs
hydrocarbons and aromatic compounds in methane conversion using He
as a carrier gas with a column flow rate of 0.5 ml-min~!. Whereas, in the
Co-conversion reaction, a flame ionization detector (FID) with an RT-
Alumina BOND column (Restek Corp., Catalog No. 19756) was used to
analyze the C;-Cs hydrocarbons and aromatic compounds using He
carrier gas (3.0 ml-min~1). In both cases, the injection port and detector
temperatures were maintained at 200 and 250°C, respectively. The flow
lines were maintained at the same temperature (140 °C) to prevent
product condensation and the reaction utilized a gas hourly space ve-
locity (GHSV) of 1,000 ml-h’lgc’alt.

2.7. Computational details

A plane-wave based Vienna ab initio simulation package (VASP) was
used for the density functional theory (DFT) calculations [32,33]. The
vdw-DF2 exchange-correlation functional was used under the general-
ized gradient approximation (GGA) [34-38] with a proper description of
van der Waals interactions, while a 0.01 eV/A convergence criterion was
used for geometric approximation. For the bulk structure calculation of
FesC, an 8 x 8 x 8 Monkhorst-Pack k-point mesh grid was used. The
(001) phase of Fe3C was selected as the representative model, and a
supercell with 12 formula units (Fe3gCi2) was optimized [39]. The
supercells for Me-Fe3C (001) (Me = Co, Ni, Pd, Pt) were constructed by
substituting a surface Fe atom with an Me atom (Fig. S2). For optimi-
zation, a vacuum thickness of 15 A was applied, keeping the units of the
bottom layer fixed. A 4 x 4 x 1 Monkhorst-Pack k-point mesh grid was
used for surface-slab calculations. The electronic formation energies for
the gases and adsorbents were calculated considering the CH4 and Hy
energies as references (Table S1) [40]. The Gibbs free formation energy
of gases was calculated using the ideal-gas assumption, while those of
the adsorbents were calculated using the harmonic limit [41].

Table 1
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3. Results and discussion
3.1. Characterization of MeFe-SiO, (Me = Co, Ni, Pd, Pt) Catalysts

Table 1 summarizes the physicochemical properties of the fused
SiO9, 1.0Fe-SiO9, and 0.5Mel.0Fe-SiO2 (Me = Co, Ni, Pd, Pt) catalysts.
The catalysts exhibited Fe contents in the range of 0.7-0.8 wt%. Similar
to the previous study, the fused SiO, and Fe catalysts synthesized by the
melt-fusing method showed high crystallinity and low surface areas (< 3
mz/g), even with the addition of a second metal [12]. Thus, the
melt-fusing process at 1700°C formed a uniform liquid phase of fayalite,
a second metal (Co, Ni, Pd, Pt), and quartz, enabling the 0.5Fe-SiO5 and
0.5Me0.5Fe-SiO catalysts to exhibit high crystallinity and low surface
area (< 3 m%/g) (Table $2). The catalyst density, estimated by a gas
pycnometer, was in the range of 2.2-2.4 g/cm® (Table 1). It was
observed that 0.5Mel.0Fe-SiO; catalyst showed relatively higher BET
surface area compared to fused SiO, and 1.0Fe-SiO, catalyst. This might
be due to that addition of second metal induced segregation of Fe oxides
and inhibits densification of silica structure during the melt-fusing step.

Fig. 1 represents the XRD patterns of the fresh and used 0.5Me1.0Fe-
SiOq catalysts (Me = Co, Ni, Pd, Pt). All the catalyst XRD patterns
exhibited high-intensity peaks corresponding to cristobalite (PDF NO. 1-
438), indicating the transformation of the quartz form of silica into
a-cristobalite during the melt-fusing process. No significant peaks were
observed for Fe species, indicating the predominant formation of high-
dispersion Fe oxide, possibly due to silica-matrix confinement. In the
XRD patterns for 0.5Co1.0Fe-SiO, and 0.5Nil.0Fe-SiO5 catalyst, no
significant peaks for oxide forms and metallic forms of Co and Ni were
observed. This might be due to their small content and high dispersion
on the silica structure. While, the 0.5Pd1.0Fe-SiO, and 0.5Pt1.0Fe-SiOo
exhibited metallic forms of the secondary metals (Pd and Pt) with high
crystallinity, indicating that the metallic species in 0.5Pd1.0Fe-SiO, and
0.5Pt1.0Fe-SiO, aggregated due to their reducibility differences with
iron. The sizes of the primary catalyst crystals were estimated using the
cristobalite diffraction peak at 20 = 22.0° (Table 1 and Fig. 1). The
0.5Mel.0Fe-SiO; catalysts showed a relatively high surface area with
smaller crystalline cristobalite sizes than those of fused SiO, and 1.0Fe-
SiO,. This could be attributed to a silica-structure relaxation during the
melt-fusing process due to the high transition-metal content of the cat-
alysts [42]. Fig. 1(b) shows the XRD patterns for the 0.5Mel.0Fe-SiO4
catalysts after a 10-h methane-conversion reaction at 1020°C. Peaks
corresponding to graphitic coke were observed in the patterns of the
used catalysts, which could be attributed to coke deposition during the
reaction. Additionally, the Fe-oxide species were reduced to metallic Fe
and FesC. Interestingly, the peak intensities of the second metal
decreased after reaction over 0.5Pd1.0Fe-SiO, and 0.5Ptl1.0Fe-SiOs,
indicating a redispersion of mobile Pd and Pt atoms on the Fe surface at
high reaction temperatures. The cristobalite form was maintained in
fused SiO, and 0.5Fe-SiO2, whereas polymorphic forms of cristobalite,
quartz, and tridymite appeared in 1.0Fe-SiOy and 0.5Mel.0Fe-SiOq
(with higher transition-metal contents) (Fig. S3) [42].

Physicochemical properties of fused SiO5, 1.0Fe-SiO5, and 0.5Mel.0Fe-SiO, (Me = Co, Ni, Pd, Pt) catalysts.

Catalyst Metal content * (wt%) Sper ” (m%/g) Primary crystalline size of CRS (nm) © Density ¢ (g/cm®)
Fe Co Ni Pd Pt
Fused SiO, - - - - - 0.60 61.6 2.31
1.0Fe-SiO, 0.75 - - - - 0.33 60.2 2.23
0.5Co1.0Fe-SiOy 0.75 0.37 - - - 1.22 21.2 2.24
0.5Nil.0Fe-SiO4y 0.72 - 0.40 - - 1.39 31.0 2.20
0.5Pd1.0Fe-SiO, 0.77 - - 1.05 - 1.24 36.7 2.25
0.5Pt1.0Fe-SiO, 0.76 - - - 0.39 1.24 32.5 2.21

2 Amount of Fe was determined by ICP-AES.

b The BET surface area was determined by N adsorption data.
¢ Primary crystalline size was measured by Scherrer equation.
4 The catalyst density was measured by a gas pycnometer.
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Fig. 1. X-ray diffraction patterns for (a) as-prepared and (b) used 0.5Mel.0Fe-SiO, (Me = Co, Ni, Pd, Pt) catalysts.

3.2. Catalytic activity

Methane-conversion reactions over the 0.5Mel.0Fe-SiO; catalysts at
1020°C were used to investigate the influence of the second-metal
addition (Figs. 2 and 3). As shown in Fig. 2(a), fused SiO, showed the
highest methane conversion among the as-prepared catalysts. At high
temperatures, the silica surface exhibits good methane-conversion ac-
tivity; thus, the high activity of fused SiOy could be attributed to its
defect sites [12]. Unlike catalysis with blank and fused SiO,, coke
selectivity using 1.0Fe-SiO3 increased during the first 5 h of catalysis,
indicating a stabilization of the active metal by carburization or coke
deposition. Fig. 3 shows the methane conversion and product selectivity
over the 0.5Mel.0Fe-SiO, catalysts (Me = Co, Ni, Pd, Pt). Similar to

1.0Fe-SiO4 catalysis, the Cy selectivity decreased and coke selectivity
increased during the first 5 h of catalysis. The 0.5Mel.0Fe-SiO catalysts
(Me = Co, Ni, Pt) exhibited higher methane conversions than the
1.0Fe-SiO5 catalyst; 0.5Pt1.0Fe-SiO5 exhibited low coke selectivity, with
the high methane conversion after stabilization.

Table 2 summarizes the average methane conversion and product
selectivity values over the catalysts during MTOAH reactions for 2-10 h.
Among the reaction tests, the blank test showed the lowest methane
conversion (3.9%) and the lowest normalized methane conversion rate
(0.9 mmol-h_l-mlf_rée space)- This shows that catalyst surface promotes C-
H activation at the given reaction condition. The addition of Ni and Co
increased coke selectivity and decreased Cy selectivity compared to
those of the 1.0Fe-SiO; catalyst, indicating that the co-existence of Ni

b
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Fig. 2. CH4 conversion and product selectivities over blank, fused SiO,, and 1.0Fe-SiO, catalysts on stream. (a) Methane conversion, (b) C, selectivity, (c) aromatics

selectivity, and (d) coke selectivity (Reaction condition: Pyy, = 1 bar, Pcyg = 0.9 bar, T = 1020°C, Catalyst = 0.6 g, GHSV = 1,000 ml-h™ L
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Fig. 3. CH,4 conversion and product selectivities over 0.5Mel.0Fe-SiO, catalysts (Me = Co, Ni, Pd, Pt) on stream (a) Methane conversion, (b) C, selectivity, (c)
aromatics selectivity, and (d) coke selectivity (Reaction condition: Py = 1 bar, Py = 0.9 bar, T = 1020°C, Catalyst = 0.6 g, GHSV = 1,000 ml~h’1‘g;alt).

Table 2

Average methane conversion and product selectivity over fused SiO, 1.0Fe-SiO,, and 0.5Me1l.0Fe-SiO, (Me = Co, Ni, Pd, Pt) catalysts during a 2-10 h MTOAH reaction
(Reaction condition: Pyoay = 1 bar, Pgys = 0.9 bar, T = 1020°C, Catalyst = 0.6 g, GHSV = 1,000 ml-h~'gzh).

Catalyst Blank Fused SiO, 1.0Fe-SiOy 0.5Co 1.0Fe-SiO, 0.5Ni 1.0Fe-SiO, 0.5Pd 1.0Fe-SiO, 0.5Pt 1.0Fe-SiO,
Methane conversion (%) 3.9+0.1 11.3 + 0.2 8.5+ 04 9.6 + 0.6 9.5+ 0.4 8.0 +£ 0.7 10.0 + 0.6
Molar carbon selectivity (%)  Cz 442+08 399+09 461+30 41.8+34 42.8 +2.8 46.2 + 5.0 40.8 + 2.8
C3-Cs 129+ 04 3.2+0.3 2.3+0.2 2.1+0.2 2.1 +0.2 4.2+0.8 2.0 +0.2
Aromatics 23.1 £ 0.5 29.6 £ 0.9 33.0+1.9 30.1 £ 2.7 322 +21 319+ 38 37.1+34
Coke 198 +1.3 27.2+1.4 186 £5.6 26.1 +6.3 229 +5.0 17.7 £ 9.5 20.0 + 6.4
C, distribution (%) Ethane 11.7 4.4 5.4 5.0 5.1 5.5 5.1
Ethylene 62.6 62.6 63.1 63.3 63.0 63.3 61.9
Acetylene 25.7 33.0 31.6 31.8 31.8 31.2 33.0
Aromatic distribution (%) Benzene 59.8 62.9 60.8 61.5 61.5 60.4 61.5
Toluene 16.2 10.3 11.9 11.4 11.3 12.9 10.6
Naphthalene 9.9 13.6 12.3 13.1 13.4 12.2 15.0
Alkyl aromatics 14.1 13.2 15.0 13.9 13.8 14.5 12.8
Carbon deposit (wt%)® - 10.3 6.9 7.6 5.3 6.1 7.9
Normalized methane conversion rate 0.9 2.6 2.0 2.2 2.2 1.8 2.3

-1 -1 t
(mmol-h™" mlgee space)”

@ Amounts of carbon on spent catalysts were determined by TGA under air (Fig. 7).
b Normalized methane conversion rate was measured by dividing the conversion rate by the free space.

and Co with Fe promoted C; conversion to aromatics and coke. Among
the catalysts, 0.5Pt1.0Fe-SiO; exhibited a relatively high methane con-
version (10.0%) with high aromatic selectivity (37.1%) and low coke
selectivity (20.0%), indicating that the proximity of the Pt surface to the
Fe site induced the termination of aromatics and inhibited coke forma-
tion. The 0.5Pd1.0Fe-SiO; catalyst exhibited methane conversion and
coke selectivity values similar to those of 1.0Fe-SiO,, possibly due to
severe sintering and coke deposition in the Pd sites during the initial
reaction time. Bimetallic catalysts exhibited higher normalized methane
conversion rate than 1.0Fe-SiO; catalyst and among the Fe-containing
catalysts 0.5Pt1.0Fe-SiO, catalyst showed the highest value (2.3

1'nl'nOl‘h_ll'nlf_rée space)-

The MTOAH reaction over 0.5Fe-SiO5 and 0.5Me0.5Fe-SiO5 (Me =
Co, Ni, Pd, Pt) was conducted at 1020°C, as depicted in Fig. S5 and
Table S3. Compared to fused SiO,, the aromatics selectivity increased,
while the coke selectivity decreased, on increasing the Fe content of the
catalyst (aromatics selectivity values: fused SiOy (29.6%) ~ 0.5Fe-SiO»
(29.5%) < 1.0Fe-SiO; (33.0%), coke selectivity: 1.0Fe-SiO5 (18.6%) <
0.5Fe-Si0O5 (24.2%) < fused SiO4 (27.2%)). This could be attributed to a
reduction in the number of cristobalite defect sites by the dense Fe
crystals on the catalyst which hindered coke formation. Similar to
0.5Co1.0Fe-SiO5, the 0.5C00.5Fe-SiO, catalyst showed high methane
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Fig. 4. C; ((a) ethane, (b) ethylene, and (c) acetylene) conversion and molar carbon selectivity over fused SiO5, 1.0Fe-SiO5, and 0.5Mel.0Fe-SiO5 (Me = Co, Ni, Pd,
Pt) catalysts (Reaction condition: (a) Piota; = 1 bar, Pcape = 0.05 bar, Pys = 0.05 bar, (b) Pyoa1 = 1 bar, Pcops = 0.05 bar, Pyy = 0.05 bar, (¢) Pyota = 1 bar, Peops =

0.01 bar, Pyz = 0.01 bar. T = 1020°C, Catalyst = 0.6 g, GHSV = 1,000 ml-h™

conversion (9.8%) and coke selectivity (30.1%). This could be attributed
to high methane activation and C, dehydrogenation by the FeCo alloy
sites, causing significant coke formation.

C; (ethane, ethylene, and acetylene) conversion with hydrogen co-
feeding at 1020°C was conducted to identify the major coke precursor
during MTOAH and compare the coke deposition over Cy conversion
(Fig. 4(a)-(c)). Considering the methane-conversion results (Figs. 2 and
3), the catalysts were stabilized with a methane feed for 5 h before the
Cy-conversion reaction. The feed composition and flow rate profiles
during C, conversion are shown in Fig. S1. In ethane hydrogenation, all
the catalysts showed 100% conversion due to the thermodynamic
instability of ethane at high temperatures [43]. In ethane and ethylene
hydrogenation, the 0.5Pt1.0Fe-SiO; catalyst showed slightly higher ar-
omatic selectivity (13.6% and 14.2%, respectively) than the 1.0Fe-SiOy
catalyst (12.8% and 13.1%, respectively). Coke selectivity increased in
the order of CoHg < CoHy < CoHa, even on using the most dilute feed (1%
CoHz + 1% Hp) for CyHy hydrogenation. Notably, 0.5Pt1.0Fe-SiOy
catalyst exhibited a lower acetylene conversion with lower coke selec-
tivity compared to 1.0Fe-SiO catalyst.

In order to investigate the effect of the bimetallic site under the
shorter contact time for the reactant, the methane conversion reaction
was conducted over 1.0Fe-SiO, and 0.5Pt1.0Fe-SiO5 catalysts under
various gas hourly space velocities (GHSV) (Fig. 5). Similar to the results
under GHSV of 1,000 ml'h~!ggt (Table 2), 0.5Pt1.0Fe-SiO, catalyst
showed higher methane conversion and aromatics selectivity than
1.0Fe-SiOg catalyst. This demonstrates that the modification of Fe site by
Pt addition promotes methane activation and aromatics termination,
resulting in high hydrocarbon selectivity.

3.3. Post-reaction analyses of spent catalysts

The properties of the coke deposited on the used catalysts were
analyzed by Raman spectroscopy (Fig. 6). The Raman spectra of the used
catalysts were deconvoluted into five Lorentz peaks, according to pre-
vious publications [44,45]: the C-H vibration band at 1200 cm ! (Ic.n),
G-band for graphitic carbon at 1550-1600 cm ™! (Ig), and three types of
D-bands for aromatic coke at 1350 cm ™! (Ip1), 1600-1610 em™! (Ip2),
and 1450-1510 cm™! (Ipg). The graphitic properties of the deposited
coke were estimated using the area ratio of I to Ipy (Table 3). Among
the catalysts, 1.0Fe-SiO, exhibited the highest Ig/Ip; ratio (3.78), indi-
cating that graphitic coke deposited on the Fe surface was the major
coke species in the 1.0Fe-SiO, catalyst. The Ig/Ipp ratio of the
0.5Mel.0Fe-SiO, catalyst (3.15-3.23) was lower than that of the
1.0Fe-SiO4 catalyst, indicating that graphitic-coke deposition by the
subsequent dehydrogenation of methane was inhibited on the bimetallic
surface of the catalyst. Among the catalysts, 0.5Pt1.0Fe-SiO5 showed the
lowest I/Ipy ratio (3.15), consistent with its highest aromatic selectivity
in MTOAH (Table 2).

TGA was used to analyze coke deposition (Fig. 7). The DTA profile of
1.0Fe-SiO4 (Fig. 7(b)) exhibited a single band for coke oxidation at the
lowest temperature (~690°C), indicating the predominant formation of
graphitic coke (in close proximity to the Fe site) on the Fe-SiO; catalyst,
in agreement with the Raman-spectra results (Fig. 6 and Table 3). The
other catalysts exhibited coke-oxidation bands at positions similar to
that exhibited by fused SiO; at high temperatures (> 720°C). This could
be because the amount of aromatic-derived coke on the SiO- surface was
higher on the bimetallic catalyst than on the 1.0Fe-SiO; catalyst.

TEM-EDS mappings of the 1.0Fe-SiO, and 0.5Me1l.0Fe-SiO, catalysts
after a 10-h methane conversion reaction were used to investigate the
catalyst morphologies (Fig. 8). Fe particles with sizes in the range of

(@ s (b) 80 (c) 20
® 1.0Fe-SiO, 70 = 1.0Fe-Si0, § = 1.0Fe-SiO,
< ® 0.5Pt1.0Fe-SI0,| ® 0.5Pt1.0Fe-Si0,| ~— ® 0.5Pt1.0Fe-Si0,
& 3 60 2 15
5 Y . Z 50 . £
‘@ = ] . v ko)
[} -—
g g 40 § 10 .
8 2 L] L] S’J 30 2
z . ‘ S 20 g s
o [ ] Q .
10 g : .
0 : : . 0 . . . 0 . . .
4,000 6,000 8,000 4,000 6,000 8,000 4,000 6,000 8,000
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GHSV (ml-h--g o)
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Fig. 5. (a) CH4 conversion, (b) C, selectivity, and (c) aromatics selectivity over 1.0Fe-SiO,, and 0.5Pt1.0Fe-SiO, catalysts, plotted as a function of GHSV (Reaction

condition: Py = 1 bar, Pcys = 0.9 bar, T = 1020 °C, Catalyst = 0.3 g).
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Fig. 6. Raman spectra of used (a) fused SiO,, (b) 1.0Fe-SiO5, and 0.5Mel.0Fe-SiO; catalysts (Me = (c) Co, (d) Ni, (e) Pd, (f) Pt) after a 10 h-methane conver-

sion reaction.

Table 3

Characteristic fraction of deconvoluted area of bands assigned in the Raman spectra of fused SiO», 1.0Fe-SiO,, and 0.5Me1.0Fe-SiO, (Me = Co, Ni, Pd, Pt) catalysts after

a 10 h-methane conversion reaction.

Catalyst Ien (%)° Iy (%) Ins (%) Ig (%) Inz (%) P (em™) Ie/Ipz
Fused SiO, 10.8 51.1 9.5 15.8 12.8 1597 3.23
1.0Fe-SiO, 12.8 49.4 9.2 13.1 15.5 1591 3.78
0.5Co1.0Fe-SiO, 10.9 50.7 9.2 15.8 13.4 1597 3.21
0.5Ni1.0Fe-SiO4 10.4 51.6 9.9 16.0 12.1 1596 3.23
0.5Pd1.0Fe-SiO, 11.2 49.9 8.9 15.5 14.6 1593 3.23
0.5Pt1.0Fe-SiO, 11.9 50.1 9.8 15.9 12.3 1597 3.15

2 Calculated from deconvoluted peak area of Raman spectra in Fig. 6.

20-50 nm entrapped in the SiO; structure were observed in the 1.0Fe-
SiO5 catalyst. In 0.5Co01.0Fe-SiO5, 0.5Nil.0Fe-SiOy, and 0.5Pd1.0Fe-
SiO., the second metal was located in the same position as Fe, indicating
the formation of MeFe alloy particles. In 0.5Pt1.0Fe-SiO,, Pt atoms were
highly dispersed on the surface, regardless of the Fe position. As indi-
cated by the TEM images of the as-prepared and used catalysts (Fig. S8),
0.5Pd1.0Fe-SiO, showed an aggregation of PdFe alloy particles, with no
entrapped-metal-particle aggregation in the other catalysts. This could
be attributed to the high reducibility of the weak Pd-Si metal-support
interactions of the PdFe alloy in the as-prepared catalyst.

3.4. Reaction energetics

An energetic study using DFT calculations was used to theoretically
understand the role of the bimetallic sites in the MTOAH. Fe3C (001) was
assumed to be the Fe-surface model structure because of its stability at
high temperatures [39]. Table S5 shows the free formation energies for
H*, CHs*, CHy*, CH*, and C*. Among all the surfaces analyzed, the
Pd-Fe3C (001) surface showed the most exergonic states for H* (-1.92
eV) and CH3* + H* (-1.39 eV), indicating high methane activation by the

Pd-Fe3C bimetallic surface due to its strong H* binding energy. The
Co-Fe3C (001) and Ni-Fe3C (001) surfaces showed relatively positive
formation energies for H* and CHs* + H*. Notably, the Pt-Fe3C (001)
surface exhibited a more exergonic state for CH3*+ H* (-0.08 eV),
despite its weaker H* binding energy compared to that of the Fe3C (001)
surface. Thus, the Pd-Fe3C and Pt-Fe3C bimetallic surfaces exhibited
higher methane activation than the Fe3C surface.

Fig. 9 shows the relative free energy diagrams for sequential reaction
steps of CH4 (g) dehydrogenation to C* + 4H* over Fe3C (001) and Me-
FesC (001) (Me = Co, Ni, Pd, Pt) surfaces. Among the surfaces, Pd-Fe3C
(001) surface exhibited most exergonic states. This implies that Pd-Fe
bimetallic site is vulnerable for coke deposition in spite of its high ac-
tivity in methane conversion. Interestingly, Pt-FesC (001) surface
showed less exergonic step for the CHo* dehydrogenation (CHy* + 2H*
— CH* + 3H*, /AG = -0.06 V) compared to other catalysts. Because the
relative stability of CH3* and CHy* compared to CH* and C* implies the
low coke selectivity in methane direct conversion, Pt-Fe3C bimetallic
site is expected to be favorable for methane activation while suppressing
coke formation [46].

To investigate the stability of the C, intermediates on the bimetallic
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version reaction.

surfaces, the energetics for CoHs* dehydrogenation were analyzed
(Fig. 10). The significantly low selectivity of CoHg in MTOAH and the Cp-
hydrogenation results (Figs. 2-4, and Table 2) indicated that CoHg easily
generated CoHs* radicals in the gas phase at high temperatures [7].
Therefore, the energetics of CoHs* dehydrogenation and competitive
CoHy* desorption were used to estimate the activity of the bimetallic
sites. The activation energies for the initial CoHs*-dehydrogenation step
exhibited by the Ni-Fe3C (001) (1.19 eV), Co-Fe3C (001) (0.88 V), and
Pd-Fe3C (001) (1.06 eV) surfaces were significantly lower than that over
Fe3C (001) (1.42 eV), which was similar to that exhibited by the Pt-Fe3C
surface (1.39 eV). On the Pd-Fe3C (001) surface, the subsequent dehy-
drogenation of CoHy* required an exergonic state with a relatively low
activation energy, while the CyH4 desorption step required an

endergonic state (CoH4* + H* — CoHy (g) + H*, AG = 0.17 eV). Thus,
the Pd-Fe sites promoted the production of acetylene, the major coke
precursor, by the dehydrogenation of the C, intermediates, consistent
with the high coke selectivity of the 0.5Pd1.0Fe-SiO, catalyst for
MTOAH (Table 2). In CyH4* dehydrogenation, the Pt-FesC surface
showed the higher activation energies for CoHs* dehydrogenation (AG
= 1.75 eV) and CyHz* dehydrogenation (AG = 1.09 eV) compared to
FesC surface (AG = 1.16 eV and 0.95 eV). This implies that Pt-Fe3C
surface inhibits graphitic coke formation by Cp dehydrogenation
compared to Fe3C surface. This result is also in agreement with the
lowest Ig/Ipp ratio of the used 0.5Pt1.0Fe-SiO5 catalyst in the Raman
spectroscopy result (Table 3).
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4. Conclusion

Here, MeFe-SiO, (Me = Co, Ni, Pd, Pt) catalysts with bimetallic sites
entrapped in a highly crystalline SiO, structure were synthesized and
used for direct methane conversion to olefins, aromatics, and hydrogen
at 1020°C. Among the synthesized catalysts, 0.5Pt1.0Fe-SiO4 exhibited
the highest aromatic selectivity (37.1%) with a high methane conversion
(10.0%). The influence of the bimetallic sites on MTOAH, with respect to
methane activation and C; dehydrogenation was experimentally and
theoretically analyzed. Under MTOAH conditions, coke deposition oc-
curs in the order of CoHg < CoHy4 < CoHp, indicating that acetylene is the
major coke precursor. Computational analysis showed that the Pt-Fe

bimetallic sites favored methane activation and inhibited graphitic
coke formation by Cy dehydrogenation. This study highlights the
importance of controlling stability of reaction intermediates and the
potential applicability of Pt-Fe bimetallic catalysts with enhanced hy-
drocarbon selectivity in MTOAH.
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