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Abstract

Specialized catalysts are required for high-yield carbon nanotube (CNT) and hydrogen production
from catalytic methane decomposition (CMD). Developing upgraded NiMo/MgO catalysts
necessitates understanding of the dynamics of metal evolution and CNT growth. Here we evaluate
the potential of several dopants (Gd, Ga, Bi, La) over NiMo/MgO and establish a new water-
induced metal exposure method in the catalyst preparation to boost methane activation and produce
base growth CNTs. Catalysts doped with 0.2wt% Gd by incipient wet impregnation (IWI) showed
higher carbon yields than other dopants. However, the method of dopant introduction impacted
measured rates significantly after comparative analysis. It was determined that NiMo/MgO post-
treatment, comprising of a water washing step and a second calcination, facilitated metal exposure
that increased 30% of the initial catalyst activity. Upon treatment, carbon yields increased from
12.5 gc/geat to 14.3 gc/geat, generating a narrower CNT diameter distribution and more graphitic
carbon after 3 hours on stream. Gd doping by this method showed a modest 5% increase on rate
enhancement. Characterization by BET, XPS, XRD, TEM, and Raman revealed that water induced
metal exposure increases the availability of Ni active sites on the surface by displacing Mo species
during washing. Graphitic quality of CNTs increased by 10%, and average diameter shrank by
35%. Ni/Mo ratios were found to impact catalytic activity more than dopant addition. This work
reveals an effective dopant impregnation method in catalyst preparation and provides insights into
CNT growth understanding via surface phase interactions of treated and standard NiMo/MgO,

demonstrating a synergistic effect between metal exposure and dopant addition.



Chapter 1: Introduction

In 2024, global gas flaring emitted 151 billion cubic meters of gases composed of methane
mainly; putting into the atmosphere the equivalent of 400 million tons of carbon dioxide [1]. This
fact points out the need for methane capture, where gas and oil regions pose key roles in reducing
emissions with widely known processes and facilities that could help decarbonize the industry at

affordable costs.

Catalytic methane decomposition (CMD) is a promising technology to implement, offering
potential benefits such as CO,-free hydrogen production (Figure 1) and advanced carbon
materials, including CNTs, all in a single reaction. Its major drawback lies in high-temperature
requirements, catalyst deactivation, and reactor system clogging caused by solid carbon formation.
Even though solid carbon limits CMD great scaling, promoting ordered growth of CNTs over
specialized catalysts can prevent deactivation, prolonging the life of active sites in the catalyst.
Thus, engineered catalysts could achieve stable CNT growth by modifying the rate of methane
deposition relative to the rates of carbon diffusion across the metal lattices, enhancing CNTs

nucleation mechanisms [2].

The conversion of methane to hydrogen and CNTs through catalytic pyrolysis presents great
economic potential over alternative methods. However, the deep understanding of nucleation and
growth conditions at the surface of growing nanotubes, the conditions which control

microstructure, length and spatial ordering of nanotubes are still not well understood.
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Figure 1. Product cost and CO: footprint of hydrogen production technologies [3].

Some authors agree that the reaction mechanism for methane decomposition involves the
molecular adsorption of CH4, where methane is first adsorbed on the catalyst surface and then
dissociates following a series of stepwise surface dehydrogenation reactions [4]. In this sense, the
rate-limiting step of the decomposition is the abstraction of the first hydrogen atom from adsorbed
methane to form an adsorbed methyl group. On the other hand, dissociative adsorption models
agree that methane dissociates upon adsorption on the catalytic active sites generating chemisorbed

CHj; and H fragments, following further dehydrogenation [3].

CNTs growth mechanism

Since catalysts for carbon nanotubes production are prone to encapsulation, the hydrocarbon
activation plays a key role on CNTs growth, where graphitic carbon formation is energetically

more favorable than nanotube construction [5]. The formation of carbon filaments from
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hydrocarbons on Ni crystallites, as shown in Figure 2, proceeds via (a) methane adsorption [4]/
dissociative chemisorption on metal surfaces to form carbon atoms, (b) the dissolution of carbon
atoms into the metal, (c) the bulk diffusion of the carbon atoms through the metal, and (d) the
nucleation of filaments and the precipitation of carbon atoms at the metal— filament interface at
the location on the crystallite surface where filament nucleation initially occurred. The rate of
filament growth on surface active sites is limited by the rate of carbon diffusion through metal

particles such as Ni, Fe and Co [2].
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Figure 2. Mechanism of the formation of filamentous carbon [6].

The kinetic models for double- and single-walled carbon nanotube synthesis are based on
the presence of only one type of active sites, whereas that developed for the formation of
multiwalled carbon nanotubes considers two different types of active sites. Here, CHx* and H*

species are adsorbed on different kinds of active sites [3].



Bifunctional catalyst

Common catalyst formulations focus on promoting C-H scission of methane for further
nucleation into CNTs, involving active metals such as Ni, Fe, and Co [3]. From them, Ni has been
shown to facilitate hydrocarbon dissociation at mild temperatures (500-800°C), producing high
yields and promoting stability over time for CNT and H» production [7-9]. Since Ni has partially
filled 3d orbital, this facilitates the CH dissociation of the hydrocarbon molecules through partially
accepting electrons. This interaction along with the “back donation” from the metal into the
unoccupied orbital in the hydrocarbon molecule changes the electronic structure of the adsorbed
molecule so the dissociation occurs [7]. This performance is often associated with MgO as support,

which prevents sintering and attributes high surface area and lasting temperature stability [10, 11].

Metal-Support interactions

The metal-support interaction is believed to play important roles in nanotube growth as its
yield strongly depends on the support material. In this sense, Fe/Mo particles on alumina (Al2O3)
produced a much higher amount of SWCNTs than those grown on silica (SiO2) as shown in Figure
3 [12]. This was attributed to the stronger metal—support interaction for the Al>O3 support than that

for Si0s [13].
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Figure 3. Effect of metal-support interactions on CNTs yield from CH4 at 900°C [12].

MgO is an attractive support material from the view of a large-scale synthesis of SWCNTs
and double-walled carbon nanotubes because the supported catalysts give high-quality nanotubes
and MgO can be removed by a relatively mild acidic treatment [13]. The metal-support interaction
has been studied by using flat substrates such as Si, SiO, and crystals of sapphire (Al2O3) and
MgO as model systems [13]. These studies have also shown that the support material significantly
influences the catalytic activity of metal catalysts, suggesting the importance of the metal-support—

substrate interactions.

Molybdenum addition and CNTs properties

Metal-Mo-MgO systems evolve with reaction conditions, where catalytic sites for CH4
activation are suggested to be finely dispersed Mo particles or Mo-carbides (or oxycarbides)
formed in situ from the unreduced Mo-oxide component [14]. The addition of molybdenum

modifier to Fe [15] or Co[16] can be beneficial, but the effect depends — among others — on the



Mo content. For example, the use of CoMo/MgO catalyst with high Mo content was not favorable
for the production of high-quality carbon nanotubes, but in another case the improvement of
thermal stability of the catalyst and graphitization degree of MWCNTs was detected upon addition
of 25% Mo to a 25% Co/MgO catalyst [14, 17].

As a promoter, Mo addition has been proved to boost activity of Ni, Fe, and Co supported
on MgO [18-20], exhibiting synergistic effects through enhanced metal dispersion and strong
metal-support interactions (SMSI), as well as its ease of forming alloys with active metals and
MgO [17, 21-24]. Understanding of the Mo evolution and its interactions in metal-Mo-MgO
systems is key to improve CNT production, since varying the Mo loading can tune CNT properties,

such as wall number, diameter, graphitization (Figure 4), and chiral quality [18, 25, 26].
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Recently, Gomez et al. [20] delved into the surface dynamics of NiMo/MgO for CH4
activation and base-growth CNTs. Species including MgMoO4, MoOs3.x, and Mo,C were found to
evolve as part of the surface change at high temperatures, and an exsolution of Ni nanoparticles
during carburization was found to govern the nucleation of CNTs. MgMoOs species distribute Mo

creating higher density of nucleation sites, and can also activate CH4 at 1000°C [21].

Dopants effect on catalyst dynamics

Due to the complexity of metal-Mo-MgO catalysts, the addition of dopants and their effects
on methane activation and CNT production remain unexplored. Dopant addition is known to
modify catalytic activity via electronic effects, modifying the strength of binding energies, and via
geometric effects, through changes on coordination number or atomic arrangement [27]. Through
these effects, molten-metal-like dopants exhibit clear modifications in catalyst-adsorbate
interactions, boosting stability and selectivity, e.g., Pt doped with Ga or Sn [28-30]. On nickel,
molten Pb enhances reaction rates [31], while Ga disrupts CNTs formation during dry methane
reforming [32]. The disruption of metal-Mo interactions over SiO, for CNTs production was
studied on cobalt doped with sodium, which led to strong hindering effects on metal-Mo phase
formation [33].

In comparison, rare earth metals like La, Gd, and Y also exhibit geometric effects in methane
activation due to their ionic radius [34] and electronic effects related to basicity [35-38]. Among
lanthanides, doped gadolinium has been shown to promote supergrowth of cm-long CNTs over
iron catalysts using ethylene, as well as a higher growth rates, Figure 5 [39, 40]. Sugime et al. [41]
found that Gd prevents Fe migration into the lattice of Al,Ox support via disruption of strong metal-

support interactions (SMSI) and suppresses iron carbide formation, promoting ordered CNT



forests. Moreover, dopants effects are surface-dependent, and strongly affected by their

introduction method [42].
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The dopant-addition process in supported bimetallic catalyst mixtures can be complex, since
different addition methods can locate dopants across radial gradients between surfaces and bulk
structures [42]. The impact of dopants becomes more convoluted on complex and dynamic
catalysts like the NiMo/MgO catalyst, with Ni exsolution processes happening around 800°C [20].
Thus, incipient wetness impregnation (IWI) is a common method in dopant addition that
introduces dissolved metal salts into a solid base, aiming for good dispersion. In IWI method, the
use of solvents is essential, and its interaction with the solid base can dictate the location of the
metal added. Several authors have reported that MgO is partially soluble in water [25, 43], and
solvents could affect MgO interactions with dopant [44, 45]. In this sense, the IWI method with

water addition could rearrange Ni, Mo and Mg interactions on NiMo/MgO catalyst.



Research scope

Here, we evaluate the effects of molten-metal-like dopants and rare earth metal dopants,
especially Gd, on the NiMo/MgO catalyst for CH4 pyrolysis. The impact of each dopant was
assessed through two methods of introduction: coprecipitation and incipient wetness impregnation
(IWI). Gd was found to promote higher catalytic activity among tested dopants. Some of this
boosted activity was found to result from the method of dopant introduction, leading to an
enhanced preparation method for doped Ni-Mo-MgO catalysts. The new catalyst treatment relies
on partial MgMoOs solubility and mobility in water to rearrange the catalyst surface after synthesis
and was proved to expose additional active Ni from the bulk lattice by XPS, while keeping its
crystalline structure. The water-induced metal exposure treatment results in 30% boost in initial
CMP activity. Rate profiles of H» evolution were the main kinetic descriptors, while deactivation
constant (kq), temperature-dependence, and DFT calculations unravel the changes in surface
adsorbate- catalyst interactions. Upon water-induced metal exposure, produced CNTs showed 10%
increase on graphitic quality on Raman, and up to 35% shrinkage on diameter distribution assessed
by TEM. The water-induced metal exposure treatment exhibited a synergistic effect exists between
Gd and Ni in the Gd-doped NiMo/MgO catalyst. These results reveal a new strategy for catalyst
design and provide insights into the understanding of SMSI during Ni-Mo-MgO evolution and its

effects on CNT growth toward efficient CMD activation and high-yield CNT production.



Chapter 2: Experimental set up

2.1. Catalyst preparation

The standard NiMo/MgO catalyst (5 wt% of Ni and 25 wt% of Mo, molar ratio:
Ni/Mo=0.33) was prepared via partial co-precipitation of Mo and Ni precursors salts over MgO
powder. Ammonium molybdate ((NH4)2Mo0Os, > 99.99%, ThermoFisher Scientific Co., Ltd.),
nickel (II) nitrate hexahydrate (Ni(NO3)2-6H20, >98%, Alfa Aesar Co., Ltd.), and magnesium
oxide heavy powder (MgO, >98%, Spectrum Chemical Co., Ltd.) were used as precursors for
standard catalyst synthesis. Dopants precursors were gadolinium (III) nitrate hexahydrate
(Gd(NOs3)3-6H20, >99.9%) and lanthanum (III) nitrate hexahydrate (La(NO3)3-6H20, >99.99%)
were purchased from Sigma Aldrich Co., Ltd. Gallium (III) nitrate hydrate (Ga(NOs3);-xH20,
>99.9%) and bismuth (III) nitrate pentahydrate (Bi(NO3)3-5H20, >98.0%) were purchased from
ThermoFisher Scientific Co., Ltd. Ammonium molybdate salt (1.1 g) was first dissolved in 20 mL
of deionized water in a beaker submerged in a water bath at 60°C on a hot plate; then, 0.5 g of

nickel (IT) nitrate hexahydrate was added to the solution.

Upon complete dissolution, 2 g of magnesium oxide were added and the mix started stirring
at 600 rpm while water bath temperature was set to 90°C until complete water evaporation. The
mixture was cooled to room temperature to be transferred to a ceramic dish and dried under
vacuum for 24 hours. The dried sample was passed through a No. 80 sieve (180 pm) and then

calcined at 600°C in 100 sccm of air flow for 3 hours with a ramp of 10°C min .

In the doping process, coprecipitated dopants were added along with Mo and Ni salts. For
incipient wet impregnated dopant process, each dopant salt precursor amount (calculated based on

metal wt%) was dissolved in 1.5 mL of deionized water. The solution was added by drop-casting

10



with a pipette onto the base NiMo/MgO catalyst while manually stirring until wet impregnation
was reached. The amount of dopant metal loading (0.1, 0.2, 0.5, 1 and 2 wt%) was made based on
2g of MgO. After the dopant impregnation, the catalyst was dried under vacuum for 24 hours and
sieved to 180um. A second calcination was employed at 600°C in 100 sccm of air flow for 3 hours

to remove precursors and water.

Deionized water with conductivity of 0.4 uS/cm, and ethanol grade ACS from Sigma
Aldrich Co., Ltd were employed. A custom-built system, maintained under a nitrogen-controlled
environment, was used to isolate and store the catalysts (fresh catalysts) from ambient conditions

and prevent air exposure.

Thermocouple

In-line GC

L

< o m—

MFC

_ | Tube reactor

% Catalyst bed

-J;

Temperature
controller

Thermocouple

Figure 6. Reactor set up diagram.

2.2. Evaluation of catalytic performance & CNT synthesis
The CMD experiments were carried out in a continuous fixed-bed reaction system, Figure
6, with a quartz tube of an inner diameter of 11 mm and a length of 61 cm. Sintered quartz sand

bed was located at the isothermal region of the reactor tube and loaded with 10 mg of fresh catalyst.
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The sample was heated at 10°C/min to 650°C and in-situ reduced under H, flow rate of 30 sccm
by 30 min [20]. After reduction, nitrogen was introduced, and the reactor was heated to 750—800°C.
Subsequently, methane was continuously introduced for 0.5-3 hours for catalytic pyrolysis. N> and

CH4 were introduced at flow rates of 30 sccm.

The process had a vertical upward flow. The assessment of catalytic performance was based
on the hydrogen produced up to 3 h. Methane and hydrogen evolution were tracked by an SRI-
8610C gas chromatograph fitted with MS5A and HaysepD columns and equipped with thermal
conductivity (TCD) and flame ionization (FID) detectors. As the reactor cooled to room

temperature, nitrogen was used as an inert gas.

The carbon and CNTs accumulated in the reactor tube frit were collected post reaction.
Carbon produced and the carbon yields were calculated based on the mass obtained after the
reaction and the mass of the catalyst used for the reaction. The hydrogen signal obtained in the

mass balance was calibrated each run based on the amount of carbon accumulated on the catalyst.

2.3. Catalyst and CNTs characterization

X-ray diffraction (XRD) analysis was carried out on a Rigaku Ultima IV diffractometer with
Cu Ko radiation (A =1.5405 A) operating at 40 kV and 44 mA. Continuous scan mode was

employed, recording diffraction data at a scanning speed of 1.0°(20) per minute.

Scanning electron microscopy (SEM) analysis was performed on a Zeiss Neon Microscope
using conductive carbon tape. Energy-dispersive X-ray spectroscopy (EDS) was additionally

utilized for mapping and quantifying elements at 20k V.

12



Nitrogen adsorption isotherms were measured at 77 K using Micromeritics ASAP 2460.
Before testing, 500 mg of each catalyst were degassed at 175°C under vacuum for 5 h. BET surface

areas were calculated using isotherm data in the 0.05 < P/P0 < 0.4 relative pressure range.

X-ray photoelectron spectroscopy (XPS) for surface analysis was conducted by a Thermo
scientific ESCALAB 250Xi equipped with an Al Ka X-ray source at 10 kV and 10 mA. Samples
were handled inside a dry box under nitrogen and degassed before analysis. Binding energy values

were calibrated based on C (1s) peak at 284.8 eV, then Shirley background was applied.

Raman spectra were collected at room temperature using a Renishaw InVia mapping Raman
microscope with a 532 nm green laser set to 5%. The data analysis was conducted using Wire 4.1
software. The data was normalized, and peak areas were obtained using Origin after performing

normalization, baseline correction and curve fitting of each spectrum.

High-resolution transmission electron microscopy (HRTEM) was performed using a JEOL
2010 field-emission S/TEM operated at 200 kV with a DE-12 direct electron camera. The diameter
of CNTs for all the samples was imaged 300 mesh copper lacy carbon grids. These samples were
prepared by sonicating the CNTs in ethanol for 10 minutes and drop-casting 5 pl onto the lacy
carbon-coated copper grids. Raw images were Fourier-filtered to remove camera noise and

enhance contrast.
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Chapter 3: Results and discussion

3.1. Dopants addition and their preparation method

The introduction of a dopant to a catalyst aims to disrupt its surface by modifying metal-
support interactions, influencing rates on CMP. Dopants studied on NiMo/MgO catalysts were
molten metals with low melting points: bismuth and gallium; and rare earth metals: gadolinium
and lanthanum. Dopants were introduced by two methods of preparation: coprecipitation (CP) and
incipient wetness impregnation (IWI). For CP, the dopant salt was added along with Ni and Mo
precursors over MgO powder; while for IWI, the dopant precursor was added over fresh
NiMo/MgO catalyst and sequentially calcined (see methods). Figure 7 shows the performance of
each dopant according to its introduction method in turn to carbon production. The IWI method

displayed higher carbon yields than CP for comparable dopant loadings.
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Figure 7. Influence of dopant-addition method for NiMo/MgO catalyst synthesis. Reaction
during 3 hours at 800°C.

Wetness impregnation methods can promote the metal precursor to adsorb in an eggshell
distribution in which much of the dopant is found on the catalyst surface [46], while coprecipitation
could render some of the dopant inaccessible in the bulk structure of the catalyst. Therefore, the

superior performance of IWI compared to CP is expected, and IWI was further evaluated. In IWI
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process, a dopant trend was more noticeable, where Ga outperformed Bi among molten metals,
while Gd surpassed La dopants in yields. Gd added by IWI increased the carbon yield by 21%
over the undoped NiMo/MgO catalyst. Figure 8 shows the carbon yields for higher wt% dopant
loadings. Loadings of 0.5 wt% were found to be ideal for molten metals, while 0.2 wt% worked
best for lanthanides. Dopant loadings greater than 2% decreased the activity. Ga performed better
than Bi, whilst La had lower activity than Gd. A 0.2 wt% Gd load showed the highest performance
with 14.5 g carbon per gram of catalyst after 3 hours of reaction. The trend in carbon yield was
comparable in 30 minutes time on stream (TOS), and 0.1% Gd loading did not enhance the carbon

yield further (Fig. S1).
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Figure 8. Effects of dopant loading in doped NiMo/MgO by IWI method on carbon yield
after 3 hours of CMD at 800°C.

For further insights into the role of dopants, rate profiles based on Hz evolution were tested
in Figure 9 for best loadings of Ga, Gd and La. Measured rates describe NiMo/MgO catalyst
evolution: catalyst carburization, activation step, and fast and slow deactivation due to solid carbon
production. Carburization and catalyst activation by Ni exsolution precede carbon nucleation and
CNT growth, and it is observed as an initial steep increase in Hz production related to base growth
CNTs [20, 22]. The rate profiles of doped catalysts capture differences in carburization and
activation steps (maximum rate and slopes) by the first 30 minutes of reaction, that describe the

influence of dopants to create variations in deactivation profiles.
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Figure 9. H2 evolution rate profiles of dopants added by IWI compared to base catalyst. 1
atm, TOS: 3h, 800°C.

In general, deactivation was more pronounced for doped catalysts than the base catalyst,
which is associated with the catalyst surface disruption that dopants produce on carbon growth.
Rate profiles evidence that low loading of dopants can affect the nature of SMSI between Ni, Mo
and Mg for further change in the reaction steps. Gd doped NiMo/MgO showed a 30% up to 2 hours
on stream. Similar trends are shown with 0.1 wt% Gd loading (Fig. S2a). A steeper slope to the
maximum rate could imply faster carburization and catalyst activation with subsequent change in
carbon nucleation and growth; however, it also showed stronger deactivation. Other works
reported that low loadings of Gd added by metal deposition between metal and support enhances
CNT yields by enhancing active metal dispersion [39, 41].

La-doped catalyst showed comparable spike and fast deactivation profiles as Gd but with
lower performance. Ga exhibited comparable rates as the base catalyst until 1.5 hours TOS, after
which Ga also promoted further deactivation affecting the total carbon yield. Bumped profile of

0.5 wt% of molten Ga at 800°C could be related to a disrupted surface carbon formation, promoting
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slower catalyst activation stages. Further deactivation after 1 hour is more related to addition

method as explained in next section.

3.2. Metal surface exposure for dopant deposition

Gd showed a promising role among tested dopants, improving H> production of the base
catalyst for the first 2 hours. However, further testing indicated that the IWI treatment of
NiMo/MgO with water and no dopant precursor salt addition can produce comparable high carbon
yields. Water could alter the surface structure of NiMo/MgO system during the wetness

impregnation, and a second calcination would restructure the metal species interactions.
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Figure 10. A) Carbon yields of 3 hours run, B) Rate profiles based on H2 evolution at
800°C.

Figure 10A illustrates the comparison on carbon yields of the base catalyst with and without
treatment. Treated base boosted the total conversion by 19% with respect to untreated catalyst,
solely by introducing water to the catalyst. The observed yield increase resulting from water
introduction is comparable with yields of Gd doped catalyst. This implies that the apparent rate
enhancement of Gd dopant is primarily due to water addition and a second calcination treatment.

Rate profiles based on H» production for treated catalysts are analyzed in Figure 10B.
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Treated catalysts show that much of the increase of activity results from IWI treatment with
water, though the presence of Gd does appear as a modest rate increment. Carbon accumulations
were consistent with observed trends (Fig. S3). Based on rate profiles, Figure 11 illustrates the
initial growth rate boosts of 31 and 38% on catalyst activation-carburization steps with water

treatment and Gd addition, respectively. Gd addition represents an effective 5% boost over treated
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Figure 11. Initial growth rate and decay constant based on rate profiles.

The boost of water treatment and Gd-slight increase are consistent even at lower
temperatures of reaction as shown in Figure 12 and Fig. S4. However, higher initial rates come
along with rapid time-dependent decay, Figure 11. Measured deactivation constants (kq) were
greater for Gd-doped catalysts, followed by water treated and base catalysts, where the possible

main deactivation mechanism is the encapsulation of active sites.

Fast deactivation periods depict the strong activity decay due to sites loss as carbon evolves
and deposits; in this period, the bed turns into an expanding bed where the catalyst loses surface
area for methane activation. Slow deactivation periods depict the remaining activity of fewer active
sites resisting caping. We hypothesize that the water treatment could facilitate the redistribution of

the surface structure, as we will show in section 3.3, possibly creating smaller nanoparticles and
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promoting lower coordination number, while Gd addition promotes methane activation and carbon
production. Even when different groups have reported Gd to promote better CNT growth [40, 41,
47], the beneficial impact of Gd in particulate catalysts seems less noticeable and surpassed by
water and Mo effects on Ni dispersion. Thus, the slight rate increase with Gd dopant could suggest
a promotion of Gd-Ni interactions in the surface produced by the IWI treatment, since an outer Gd
position was demonstrated to improve CNTs growth as the sub monolayer below on Fe over Al,Ox
[41]. Further experiments showed that the impact of Gd was minimal regardless of the wt% loading

or method of introduction (Fig. S2).

1.8
1.6
=
o 14
o
I
© 1.2
E
[0}
§ 1.0
8
= 0.8
~m—Base 1c
0.6 —@—Base + H20 2¢
—dar—Base + Gd/H20 2¢
04

750 775 800
Temperature (°C)

Figure 12. Temperature dependence of initial rates in the range of 800 - 725°C of base,

water-treated and Gd-doped NiMo/MgO catalyst.

3.3. IWI treated catalyst and its water-induced metal exsolution

The water-washed catalyst was characterized to investigate its effect promoting CMP on
NiMo/MgO. SEM images in Figure 13 illustrate how the wetness impregnation treatment
produces agglomerated particles, changing the catalyst particle morphology. The agglomeration is

attributed to MgO partial solubility with water, reacting to form brucite (Mg(OH)2), which
19



generally forms a weak and porous structure with volumetric expansion [43]. This implies that
high surface areas would be expected; however, BET analysis reveals that the surface area of the

water-washed catalyst only increased by 4%.

‘NiMo/MgO + H,Q 2¢
BET SA: 67 m?/g

Figure 13. SEM images of base and treated catalyst with BET surface area measurement.

To test structural changes after the second calcination, XRD analysis was conducted in Fig.
S6, identifying same characteristic MgO and MgMoOx alloy spectrum. Figure 14 focuses on
higher resolution over the alloy region, where MgMoO4, MoO; and MgMo207 species were
identified. IWI-treated NiMo/MgO exhibit no changes in crystal sizes and species (Table S1). This
observation implies that the aggregates formed in IWI treated catalysts have similar bulk structure
than untreated catalysts, no separation of Mg and Mo oxides occur after a second calcination, and
the improvements in rate must be attributed to take place in the catalyst surface. Moreover, Gd
crystallites were too small for detection via XRD (at 0.2 wt%), EDS (Fig. S7), and no changes

were noticed in the Gd-doped catalyst with Raman (Fig. S8).
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Figure 14. High resolution XRD in the MgMo00O4 region of base NiMo/MgO comparison

with treatment and Gd addition.

IWI treatment at different stages of the catalyst preparation was evaluated in order to
deconvolute the effects of water addition from those of the calcination that is performed after IWI.
Figure 15 presents rate profiles for different treatment stages: (a) the base NiMo/MgO catalyst,
(b) water addition without further calcination, (c) two consecutive calcinations without water
addition, and (d) water addition with a second calcination. Compared with the untreated catalyst,
the addition of water without further calcination (green line) showed a slight enhancement in initial
rate. The water addition forms Mg(OH), adding hydroxyl groups to the catalyst which would affect
Mo reduction, disrupting carburization and carbon nucleation steps leading to the fastest

deactivation.

Consecutive calcination without any water introduction (blue line) also achieved its
maximum rate earlier and moderated deactivation. A second calcination would promote the active
metal sintering [48], however this effect on 5% Ni is small, and after 3 hours, the deactivation

profile was similar to the base catalyst. Finally, the water washing coupled with a second

21



calcination has demonstrated the highest initial rate related to carburization and catalyst activation
steps. Inset carbon yields show a consistent trend with activity. The partial solubility of MgO could
remove MgO clumps in the surface and expose hindered Ni clusters, while a second calcination

would remove water molecules on particles eggshell to promote Ni exposure.
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Figure 15. H: evolution rate profiles comparison of NiMo/MgO base treated with water

after 1 calcination, 2 consecutive calcinations, and water addition between 2 calcinations.

3.5. Water treatment effect on catalyst species evolution: NiM0oO4, MoMgO4, Mo2C

As the catalyst evolves during reaction, Ni and Mo species change to oxides and carbides.
This evolution has been studied in previous work of this group [20]. In fresh catalyst (calcined at
600°C), the most predominant species is MgMoO4 and less proportions of NiOx. In-situ reduced
catalyst showed Ni metal with Mo oxides as NiMoO7, and Mo metal, and MgMoOx species,
additional oxides are observed as MoOs.x and MgO, where Mo demonstrated its role as SMSI
promoter and disperser. Once CHj is introduced, Mo turns into Mo>C, and Ni will form carbide in

less proportion.
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Figure 16. Gd and water addition treatment in prepared catalysts at each stage of
NiMo/MgO species evolution. A) Rate evolution of fresh treated catalyst. B) Rate evolution

of reduced treated catalyst. C) Rate evolution of carburized treated catalyst.

Gd and water were added after calcination, reduction and carburization in order to identify
which species were responsible for higher activity. Figure 16 A-C depicts the rate profiles after
the catalyst treatment during the catalyst evolution. The Gd precursor addition in all these catalysts
tests was done with ethanol to subtract the effect of water. Figure 16A shows the solvent effects
on rate profiles: a comparison of water and ethanol addition on the base NiMo/MgO catalyst, as
well as Gd addition with ethanol. Water treatment showed higher activity compared to ethanol-
added-base. Base prepared with ethanol had similar profiles as non-addition (Fig. S9). However,
the Gd addition with ethanol evidence the poor effect of Gd to boost CH4 activation over
NiMo/MgO. Although previous work in Gd showed significant positive effects [41], the SMSI
between Ni and Mo can hinder any dopant effect. These observations restate that the rate boost is

mostly due to water with a second calcination treatment.

Figure 16B shows the profiles for Gd addition in ethanol and water treatment in ex-situ

reduced catalyst upon NiMoO4 presence. The post-calcination after solvents addition strongly
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deactivated the catalyst (Fig. S10), deactivation is less pronounced with only one calcination. It
will also oxidize reduced Mo species formed. In both cases, water decreased the activity compared
with ethanol addition. Gd doped catalyst showed a decrease in carburization and activation steps

but a prolonged lifetime. These results imply that water treatment is detrimental on NiMoOs.

XRD analysis on reduced samples shows that water introduces OH groups in Mg(OH)
formation (Fig. S11). We hypothesize that upon reduction, OH groups would promote Mo oxides
rather than MgMoOs, disrupting carburization and Ni exsolution. The solvents effect on carburized
catalysts, by 5 min exposure to methane, is shown in Figure 16C, evaluated with one calcination
only because double one would oxidize and burn carbon species formed. A great decrease in the
overall rate plus strong deactivation for water treatment is observed compared with ethanol
addition. In the same plot, Gd added with ethanol exhibits less decrease in the overall rate and
slight inhibition of the carburization step. Mo,C species were more prone to deactivation with
water. From the by-stage analysis, the species responsible for higher rates is the water treatment

plus second calcination of MgMoOs.

It was found high solubility of MgMoOQO4 in water: 14g per 100 ml of water at 22°C [45].
Once water drops are added by IWI, water could be altering the lattice of MgMoO4 oxides
introducing O species that make the catalyst more active. Or either, it can promote the washing
effect of MgMoO4 by making more Ni available for CH4 activation. XDR analysis at fresh stage
have shown that the bulk structure of MgMoO4 remains the same after Gd and IWI treatment with
water, so the changes are expected at the surface. In that sense, the pH of diluted MgO was 8.2,
corresponding to a basic environment that promotes MoO4? ion formation according to Pourbaix
diagram (Fig. S12). These results point out that dissolution of MgO and MgMoO4 plays a big role

in the distribution of Ni, Mo and MgO.
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3.4. Surface changes upon water-induced metal exposure

To test surface changes, ex situ XPS analysis was conducted over base and water-treated
catalysts to identify surface differences, where Ni, Mo, and Mg spectra were tracked. Complete
sets of XPS spectrum are shown in Fig. S13, and binding energies are displayed in Tables S2. The
elemental analysis found that the Ni content was higher for treated samples (Fig. S14), higher Ni
content is also observed by EDS analysis (Table S3). The trend is consistent through fresh and
reduced catalysts; upon carburization, Ni proportions were similar when carbon filled the surface
and noisy signal in Ni was captured (Fig. S15). Figure 17 shows the comparison of Ni/Mo ratios
throughout catalyst evolution stages, where Ni showed higher abundance respect to Mo in water-

treated catalysts than base for all stages.
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Figure 17. Elemental composition based on high resolution XPS of Ni and Mo content on

the surface during catalyst evolution of NiMo/MgO.

Water treatment exhibits the highest Ni/Mo ratio, 122% higher than the base in fresh
catalyst, while base catalyst shows its highest during carburization step. The Ni exsolution process
in base catalyst surge upon carburization, reaching 176% increase in NiMo ratio from reduction to
carburization step, in contrast, treated catalyst had more Ni clusters exsolved in fresh production,

lowering after reduction but exposed again in carburization.
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Higher Ni/Mo ratios at the outer surface are the main reason for higher activity of IWI
treated catalyst. Therefore, effect of Gd is perceived when more Ni is exposed, producing either
electronic or geometrical effects. Higher Ni exposure after water washing plus second calcination
is related to the partial solubility of MgO and MgMoOs4 oxides occurring upon water addition.
Such structure is consolidated with a second calcination, eliminating hydroxyl species of the
lattice. The partial dissolution would free and clean covered Ni cluster from uppermost bundles of

MgO and MgMoOsa.
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Figure 18. Oxidation states of Ni 2p3,2 and Mo 3ds.2 evolution after calcination, reduction

and carburization for base and treated NiMo/MgO.

Figure 18 shows the changes of oxidation state (OS) for base and treated NiMo/MgO
focused on Ni 2p and Mo 3d regions. Complete Ni OS evolution is shown in Fig. S15. Figure 19
shows the nickel 2ps; region of fresh catalyst, where Ni*" species content doubles on treated
catalyst than the base. Ni** is associated with NiO and NiMoOjs alloy [20], while Ni** comprises

Ni,O3, representing for both cases only 13% of total Ni in Figure 18. Ni’ appears upon reduction
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by 851.6 eV, and represent the main active sites. We hypothesize 2+ oxidation state will lead to
reduction into 0, and part will remain with Mo alloy. After reduction, higher Ni%/Ni?" ratio was
found on base catalyst, while treated catalyst kept Ni*" predominance, maintaining Ni-Mo bonds
(correlated with Mo%"). Once carburization happens, after reduction, carbide formation tends to
disrupt Ni-Mo bond, and Ni® exsolves forming new active sites. Ni’%Ni>" ratio increased around
150% and 200% for base and treated catalyst respectively. These changes towards the carburization
process, implies higher exsolution of new Ni sites and Mo carburization of NiMoOs species, as

observed with Ni/Mo ratios (Figure 17).
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Figure 19. XPS spectra of region Ni 2p32 in fresh catalyst.

Molybdenum 3d region doublet peaks of Mo 3ds2 and Mo 3d32 bands in fresh, reduced
and carburized catalysts are displayed in Fig. S16. OS are consistent for both doublet regions (Fig.
S17). Fresh catalyst showed only Mo®* composition in both catalysts in Figure 18. Mo®" is related
to MgMoO4 and NiMoOs alloys. Upon reduction at 650°C, Mo® and Mo*" appeared as part of
Mo®" reduction, where Mo*" is related to MoO: species, being inert for catalysis [49]. Around 20%

of Mo®" remained as alloys and oxides, which correlates with remained Ni** of NiMoOj4 formation.
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Almost 41% of Mo®" were reduced to Mo*" in the base, and 34% were reduced in treated catalyst,
while 1to 3% of Mo was overreduced to Mo. After carburization, Mo*" species associated to
carbide formation [20], had 93% more abundance on treated samples as shown in Figure 20. Mo®*
still kept on the surface in both cases, and Mo?"/Mo*" ratios were 105% higher in the catalyst
treated than base, which aligns with observation of Ni sites increase, implying higher carburization

and Ni exsolution.
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Figure 20. Region Mo 3d of carburized catalyst; for base and treated NiMo/MgQO catalyst.
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3.5. Evaluation of carbon products

The effect of surface differences of treated catalyst on carbon production, mostly as CNTs, was
analyzed by Raman and TEM. Raman showed the graphitic quality of CNTs, while TEM displayed

the diameter distribution of the CNTs as well as its morphology.

Raman analysis was used to evaluate the degree of graphitization based on the relative ratio of
D to G band. The D band at 1340 cm™ is attributed to structural disorder or defects within the
graphite lattice in CNTs or other carbon forms, while the G band, observed at 1585 cm™, arises
from the in-plane stretching vibrations of sp? hybridized C-C bonds. The relative D/G ratio
expresses the graphitization of CNTs and degree of disorder in the structure, related to the quality
of CNTs [50]. CNTs produced by base and treated catalyst, show D/G ratios in the range 0.77 to
1.16 respectively, as displayed in Figure 21A. The water washing treatment demonstrated to lower
significantly the D/G ratio by 9%, according with t test. Figure 21B shows the Raman spectra of
one set of samples, G band height and area increased respect to D band in treated samples. Higher
amounts of defective carbon can be related with low Ni/Mo ratios as assessed by Pan et al. [51],
demonstrating that increasing Mo favors the carbon productivity but more defective and higher

CNTs diameter is observed [18].

As we see later, the CNT diameter decreased with water treatment, which increased the
graphitic quality. The carbon production was compared over time of reaction in Figure 21C. After
3 hours, the defective carbon of the base catalyst increases, while treated samples maintain the
graphitic nature. This implies that the deactivation decay (kq) observed in treated samples is not

necessarily due to higher coke formation, instead, an encapsulation and metal lost in CNTs is likely.
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Figure 21. Raman analysis of CNTs. a) D/G ratio analyzed with t test in treated catalyst
respect to the base, b) D and G bands of base and treated CNTs, ¢) D/G ratios at 30 min

and 3 hours of time on stream.

The increase of Ni exposure on treated samples can lead to better surface structure and
dispersion. From this, analysis of multi-wall carbon nanotubes (MWCNTs) produced was made
by TEM and it is shown in Figure 22, where the diameter distribution was assessed. The
comparison of diameter distribution on base and treated samples was made upon 228 counts. A
reduction in the average diameter is observed: base NiMo/MgO had an average of 12.2 nm, while
treated catalyst lower the size to 10.8 nm. This trend agrees with D/G ratio of Raman, since less
defective carbon is related to lower diameter size and number of walls [51]. The measured
diameters in both catalysts presented broad distributions with thin and thick tubes (Fig. S18). Some
works have reported that CNTs produced by CH4 present broader distributions on size due to H»
effects compared with C-O species [52]. Hydrogen may adsorb on the catalyst surface, affecting
the catalytic behavior, and may also etch carbon species including amorphous and graphitic carbon

[25].

Figure 22A shows a broader distribution for the base catalyst, which reflects a frequent
morphology of entangled CNTs that results into high average diameter, as illustrated in Figure

22B. Base catalyst presents less Ni exposure, which would be more influenced by the effects of
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Mo and H», disrupting carbon nucleation and leading to an early tube entanglement and defect
formation. Figure 22C shows a sharper distribution in treated catalysts, whose morphology is
more uniform in Figure 22D and Fig. S19. The treatment shifted the average CNTs size towards
lower diameter (it triples the 7 nm frequency) due to lack of entangled CNTs, since 11.5 and 13.5
nm were the most counted diameter for base and treated cases. This effect could be explained by
higher Ni clusters exposure in the surface with low coordination numbers, leading to more
dispersion, and lower particle size. The lower diameter for treated catalyst was consistent after 3
hours of reaction as shown by Fig. S20. This agrees with Raman D/G ratio also after 3 hours, so
the reaction deactivates principally by metal lost in the construction of a MWCNT. The entangled

CNTs present more defects in its structure with apparent change of elongation angle [53].
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Figure 22. Diameter distribution and HR-TEM images of CNTs produced from base and
water treated NiMo/MgO at 800°C.

3.6. Mechanistic insight into water-induced metal exposure

Combining the experiment results of catalytic activity of treated NiMo/MgO and catalyst

characterization, Figure 23 summarizes the overall dynamics on the surface. The Ni exposure
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process upon water addition proceeded through an initial MoMgO4 dissolution on water, leading
to surface washing as Figure 23A. Washing process exposes NiO nanoparticles and NiMoOq
species on the surface. After drying, remaining OH groups of formed Mg(OH), are removed by
the second calcination, stabilizing the exposed Ni clusters at the surface. The subsequent in situ
reduction removes some oxygen in oxide lattices and creates metallic Ni clusters as main active
sites. Once carburization takes place via methane introduction, NiMoOj4 species are dissociated to
form Mo2C and separated Ni comprise secondary sites for methane activation and carbon
nucleation. The treatment promotes Ni clusters exposure and increases Ni exsolution through
higher carburization of NiMoOys species. On a metallic surface, the Gd dopant effect on Ni can be

better described by rate profiles.
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Figure 23. Schematic of (A) formation of Ni nanoparticles clusters during IWI treatment,

and (B) carburization and Ni exsolution mechanism upon methane introduction.
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Chapter 4: Concluding remarks

The present study provides new mechanistic and practical insights into the role of dopants
in the highly dynamic NiMo/MgO for H> and CNT production from CMD. We found that IWI
method is more efficient for dopant addition, and from tested dopants, Gd shows a modest positive
effect in NiMo/MgO, however, the effect of Mo can hinder its effects. IWI treatment not only
highlights dopant effects but also the role of water in restructuring surface species and promoting
Ni exposure after a second calcination. Induced metal exposure distributed along catalyst particles
achieved an optimal initial rate in hydrogen production, boosting 30% of the initial activity and
yielding 14.3 gent/geat (14% higher than base) during CMD. Besides, washing of MgMoO4 and
higher NiMoQO4 formation are the main phases associated with metal Ni exposure and higher
carburization mechanisms. The characterization of CNTs produced implies that an increase on Ni
distribution over the surface upon carburization significantly influenced the nucleation process.
Treated samples enhanced graphitic carbon formation and narrowed the distribution of CNTs. The
wetness impregnation treatment induced Ni metal exposure on particulate catalyst, promoting
slight Gd positive effects on rates. These findings advance the understanding of highly dynamic
catalysts for high-yield CMD processes, providing a meaningful reference to further development

in doped catalyst preparation.
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Table S1. Average crystal size (D) of MgMoO. and MgMo,07 species on NiMo/MgO treated catalyst
estimated by Scherrer equation. X ray wavelength 1.5406 A. Shape factor 0.94.

Specie D (nm)
MgMoO, | 13.1072345
1c MgMo,0; | 14.0216934

MgMoO, | 13.9960165
2c +H20 MgMo.0O; | 11.8268304
MgMoO, | 11.9516503
Gd 2c MgMo,0; 14.213644
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Fig. S11. XRD analysis of reduced NiMo/MgO treated with ethanol and water without second
calcination.
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Fig. S12. Pourbaix diagram of molybdenum. Adapted from Fayazi et. al., 2024 [54].

XPS section.

Peaks deconvolution was determined using Origin software with the following constraints: (1) a spin-

orbit splitting of 3.15 eV for Mo 3d5/2 and 3d3/2, (2) a spin-orbit splitting of 17.3 eV for Ni 2p3/2 and

2p1/2 and (3) an area ratio of 3:2 for Mo 3d5/2:Mo 3d3/2, and (4) an area ratio of 1:2 for Ni 2p3/2:Ni
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Fig. S13. XPS spectra of fresh base and treated NiMo/MgO.
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Tables S2. Binding energies in high resolution regions of Ni and Mo.

a. Binding energy for Ni 2p.

1C 2C 1C 2C 1C 2C 1C 2C
Ni 3+ Ni 2+ Ni 0 Ni sat
Samples Ni2p 3/2 Ni 2p 3/2 Ni2p 3/2 Ni2p 3/2
Fresh 856.6 857.1 854.6 855.1 - - 861 861.3
Reduced 857 856.8 854.8 855.3 852.0 852.4 860.3 861.3
Carburized | 857.8 857.5 856.7 856.5 852.8 852.7 861.2 862.2
b. Binding energy for Mo 3d.
1C 2C 1C 2C 1C 2C 1C 2C
Mo 6+ Mo 4+ Mo 2+ Mo 0
Samples Mo 3d 5/2 Mo 3d 5/2 Mo 3d 5/2 Mo 3d 5/2
Fresh 232 232.4
Reduced 232.2 232.6 229.2 229.3 226.9 227.2
Carburized | 233.3 233.2 229.8 229.9 228.8 228.8
1C 2C 1C 2C 1C 2C 1C 2C
Mo 6+ Mo 4+ Mo 2+ Mo 0
Samples Mo 3d 3/2 Mo 3d 3/2 Mo 3d 3/2 Mo 3d 3/2
Fresh 234.8 235.4
Reduced 2354 235.5 2324 232.6 230.5 230.5
Carburized | 236.5 236.4 233.3 233.4 231.9 232
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Fig. S15. High resolution XPS spectra of Ni 2p for base and treated catalyst during fresh, reduced and
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