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ARTICLE INFO ABSTRACT

Keywords: Carbon capture, utilization, and storage (CCUS) technology offer promising solution to mitigate
CO2 capture the threatening consequences of large-scale anthropogenic greenhouse gas emissions. Within this
Li4Si04

context, this report investigates the influence of NiO deposition on the Li4SiO4 surface during the
CO, capture process and its catalytic behavior in hydrogen production via dry methane
reforming. Results demonstrate that the NiO impregnation method modifies microstructural
features of LisSiO4, which positively impact the CO» capture properties of the material. In
particular, the NiO-Li4SiO4 sample captured twice as much CO as the pristine Li4SiO4 material,
6.8 and 3.4 mmol of CO, per gram of ceramic at 675 and 650 °C, respectively. Additionally, the
catalytic results reveal that NiO-Li4SiO4 yields a substantial hydrogen production (up to 55 %)
when tested in the dry methane reforming reaction. Importantly, this conversion remains stable
after 2.5 h of reaction and is selective for hydrogen production. This study highlights the potential
of Li4SiO4 both a support and a captor for a sorption-enhanced dry reforming of methane. To the
best of our knowledge, this is the first report showcasing the effectiveness of LisSiO4 as an active
support for Ni-based catalysis in the dry reforming of methane. These findings provide valuable
insights into the development of this composite as a dual-functional material for carbon dioxide
capture and conversion.

Ni-based dry reforming of methane
Dual functional material
Lithium ceramics

1. Introduction

The fast increase in the world population has driving up energy requirements. As it is well known, fossil fuels represent the main
energy source, and demand is expected to continue raising [1]. However, as long as they continue to be used, the anthropogenic
emissions of greenhouse gases, mainly CO-, are likely to continue increasing as well. This, in turn, exacerbates global warming and
poses a threat to the climate [2]. In the context of strengthening the global response to the threat of climate change, the Intergov-
ernmental Panel on Climate Change (IPCC) has assessed the impacts of global warming reaching 1.5 °C above pre-industrial levels and
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the associated greenhouse gas emission pathways. If the 1.5 °C global warming target is achieved, adaptation will be less difficult, with
fewer negative impacts on the intensity and frequency of extreme events, on resources, ecosystems, biodiversity, food security, cities,
and tourism. The global response to warming of 1.5 °C comprises transitions and mitigation options in land and ecosystem, energy,
urban and infrastructure, and industrial systems [3]. One option to mitigate a significant part of the impact of greenhouse gases before
the necessary transformation of the energy supply is carbon capture, utilization, and storage (CCUS) technologies [4,5].

In this regard, solid sorbents possess potential advantages, including reduced energy requirements for CO5 capture and a lack of
liquid waste streams [6]. Among them, lithium ceramics are well-known for their good properties as high-temperature solid sorbents
[6-8]. In fact, lithium orthosilicate (Li4SiO4) stands out due to its attractive features as CO, sorbent. The principal advantages of this
material are high CO; capture capacity, low desorption temperature (<750 °C), excellent cycle stability, and better sorption kinetics
compared with other alkaline ceramics [9-12]. In recent years, the scientific community has focused its attention on improving the
CO, capture capacities of this kind of materials through various approaches: 1) using different synthesis methods [13,14], conven-
tionally, lithium orthosilicate is synthesized through a solid-state reaction [15,16], but, alternative synthesis methods have been re-
ported, including hydrothermal, plasma irradiation and sol-gel, among others [17-20]; 2) doping with different metals, such as
germanium [21], iron [22], aluminum, vanadium [23], as well as potassium, magnesium, chromium and cerium [24]; 3) coating with
different compounds, such as gluconic acid-based carbon [25] [] and K2CO3,[26,27] and, 4) modifying their microstructural features
by a ball milling process after a solid-state synthesis [22,28]. All these modifications improve the CO, capture capacity of LizSiO4.
According to Equation (1), LisSiO4 is able to trap up to 36.7 wt% or 8.34 mmol of CO; per gram of ceramic, and the experimental
capture has achieved 95 % of its theoretical value, that is, 35 wt% [18].

Li4Si04(s) + COZ (g) And Lizsi03 (S) + LizCOg, (S), AHzggK = —143 kJ/mol (1)

On the other hand, the dry reforming of methane (DRM) reaction, Equation (2), is a catalytic route suitable for the diminution of
two abundant atmosphere pollutants, carbon dioxide and methane [29]. The reaction products, hydrogen and carbon monoxide (a
mixture known as syngas), are the base for producing a great variety of high-value chemicals [30]. Nickel-based catalysts have been
widely employed in the DRM reaction owing to their high activity, considerable availability and low cost [31-34].

CHy + CO, — 2H, +2CO, AHygsx = 247 kJ/mol 2)

Alkaline and alkaline earth metals are widely used as support or promoter because they play an important role in some reactions,
such as DRM, by increasing the basicity of the catalyst. This accelerates the activation of acidic CO,, which oxidizes the carbon on the
surface. The presence of activated CO, on the catalyst surface inhibits the carbon formed by the CH4 decomposition reaction,
improving the resistance to deactivation [32,34,35].

Furthermore, with the aim of improving the traditional CCUS process and mitigating associated costs and energy consumption, a
recent innovation known as integrated carbon capture and utilization (ICCU) has emerged. ICCU aims to capture CO2 emissions and
convert them directly into value-added chemical products or fuels using a blend of sorbent/catalyst materials or dual functional
materials (DFM) [36,37]. These advantages not only make ICCU an environmentally friendly approach to carbon emissions reduction
but also position it as a promising and cost-effective solution for industries seeking to mitigate their carbon footprint while simul-
taneously generating valuable chemical products and fuels.

Typically, the adsorptive element comprises alkali metal oxides or carbonates, offering basic sites for capturing CO, from exhaust
gases in flue systems. Meanwhile, the catalytic component can efficiently transform the adsorbed CO; into diverse value-added
products. Recently, sodium and lithium zirconates (NasZrOs, LiZrO3) [38], NiO-CaO composites [39], and Ni-doped NayZrOs [40]
have been tested as potential DFM that can act as sorbents and then as catalysts, allowing for consecutive CO, capture and DRM. These
materials capture COo, store it, and supply it during the DRM process. Additionally, the sorption-enhanced process combines the Hj
production by steam methane reforming (SESMR) [41-43] or water gas shift (SEWGS) [44] or other catalytic reactions with an in situ
CO; capture process. These processes have several advantages, including high-purity Hy production, minimization of unfavourable
side reactions, and reduced CO amounts in the gas effluent [37,38]. Different alkaline ceramics have been proposed as sorbents in these
processes, including CaO [41,42], MgO [45], LipZrOs, NayZrOs, and Li4SiO4 [46]. In particular, Li4SiO4 has recently been studied as a
sorbent in CO5 methanation process (Li4SiO4@Ni/CeO3) [47] and CHy4 reforming (LisSiO4@Ni/Alx0O3) [48], however, in both reports,
another material was used to perform the reaction.

In this context, the aim of this study was to investigate the effect of adding NiO onto the Li4SiO4 surface on the carbon capture
capacity of the composite. Additionally, the performance of NiO-Li4SiO4 as a catalyst for hydrogen production through dry reforming
of methane and as a dual functional material was evaluated. This study represents the first report on the use of NiO-Li4SiO4 composite
as both CO, capture material and catalyst for Hy production via DRM reaction, providing valuable insights for future research in this
field.

2. Experimental section

Lithium orthosilicate was synthesized by a solid-state reaction using silica (SiOo, 99.9 % purity, Aldrich) and lithium oxide (Li2O,
97 % purity, Aldrich) as reagents. To account for the possibility of lithium sublimation at high temperatures, an excess of 10 wt% of
LioO was used [15]. The precursors were mechanically mixed and then heat-treated at 800 °C for 6 h. After the synthesis of Li4SiOy4,
nickel oxide (10 wt%) was deposited via wet impregnation using nickel nitrate (Ni(NO3)2-6H20, Aldrich) as a reagent. A different
composition with 5 wt% of Ni was studied, however, its catalytic activity in the DRM was found to be poor (see Fig. S1). As a result, it
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was decided not to include it in the main text. The appropriate amount of nickel nitrate was dissolved in 1 mL of deionized water and
added dropwise to 1 g of Li4SiO4. The final powder was dried and heated at 600 °C for 6h. Hereinafter, this material is labelled
NiO-Li4SiO4.

Li4SiO4 and NiO-LisSiO4 samples were structurally and texturally characterized using powder X-ray diffraction (XRD), Nj
adsorption-desorption, and scanning electron microscopy (SEM). XRD patterns were recorded in the range of 15° < 20 < 80°, with a
goniometer speed of 1.16° (20) min?, using a Siemens D5000 diffractometer equipped with a cobalt anode (A = 1.789 A) X-ray tube.
Compounds were conventionally identified using the PDF database. Once the crystalline structures of Li4SiO4 and NiO-Li4sSiO4 were
determined, N5 adsorption-desorption isotherms were measured at 77 K using a multipoint technique with a Minisorp II instrument
from Bel-Japan. Prior to physisorption experiments, samples were degassed at room temperature for 12 h. The specific surface area of
each material was calculated using the BET model. Parallelly, Hy temperature programmed reduction (H-TPR) experiments were
conducted using a Belcat B chemisorption analyzer from Bel Japan. For these measurements, samples were pre-treated at 800 °C in air
flow (30 mL/min) and then cooled to 50 °C while flowing He to purge any products formed, such as water or carbon residues. Af-
terwards, 50 mg of the sample was reduced using Hy (10 % of Hy, Ar balance (50 mL/min)) with a temperature ramp of 10 °C/min.
Regarding the CO,-TPD experiments, 50 mg of the sample was first treated in a He flow at 700 °C for 1 h to clean the surface, and then it
was cooled to the adsorption temperature (100 °C) under He flow. Then, the materials were exposed to a flow of 5 % CO3 mol fraction
(50 mL/min, with He as a balance gas) for 60 min. The CO2-TPD was performed by increasing the temperature to 750 °C, using a 10 °C/
min ramp under a flow of He. Scanning electron microscopy (SEM) images were recorded using a JEOL JMS-7800F electron micro-
scope equipped with an Oxford X-Max>° energy-dispersive analysis detector. Chemical superficial analysis was performed by X-ray
photoelectron spectroscopy (XPS) in an ultra-high vacuum (UHV) system, the Scanning XPS microprobe PHI 5000 VersaProbe II. This
instrument was equipped with a monochromatic X-ray source (hv = 1486.6 eV) with a 100 pm beam diameter and a MCD analyzer. The
surface of samples was not etched. The XPS spectra were acquired at a 45° angle to the normal surface in the constant pass energy mode
(CAE) with Eg = 117.40 eV for survey scans and 11.75 eV for high-resolution narrow scans. Finally, The Raman experiments were
conducted using the Horiba Xplora Plus Raman Microscope. A 532 nm laser was used, and a 50 x objective was employed to focus the
laser radiation on the sample. Each Raman measurement was carried out for a duration of 12 s, and 10 acquisitions were accumulated
to enhance the data quality.

Carbon dioxide capture experiments were performed using a Q500HR thermobalance from TA Instruments. Li4SiO4 and
NiO-Li4SiO4 samples were dynamically heat-treated from room temperature to 800 °C with a heating rate of 3 °C/min. Additionally,
Li4SiO4 and NiO-Li4SiO4 samples were heat-treated isothermally at 550, 600, 650, and 675 °C. These experiments were performed
using ~30 mg of sample and a carbon dioxide (CO», Praxair grade 3.0) flow rate of 60 mL/min (standard conditions).

The catalytic performance of Li4SiO4 and NiO-Li4SiO4 in the DRM reaction was evaluated using a Bel-Rea catalytic reactor from
Bel-Japan with 200 mg of sample. The DRM process was performed with a temperature range from 200 to 900 °C at a heating rate of
2 °C/min. A mixture of a gas composed of 5 mL/min (standard conditions) of CH4 (Praxair grade 5.0), 5 mL/min (standard conditions)
of CO, (Praxair grade 3.0) and 50 mL (standard conditions) of Ny (Praxair grade 4.8) as balance gas was used. Subsequently, isothermal
experiments were carried out at 700, 725, 750, and 775 °C maintaining the same gas mixture ratio.

Additionally, DRM experiments were also performed with a previous COy capture step. In this case, samples were previously
carbonated at 675 °C for 3 h, using 60 mL/min (standard conditions) of CO. Then, the carbonated sample was heated to 750 °C, and
the gas mixture was switched to the following composition: 5 mL/min of CH4 and 55 mL/min of Nj for 3 h. Finally, NiO-Li4SiO4
catalytic performance in methane decomposition reaction was studied dynamically from 200 to 900 °C using a gas composition of 5
mL/min (standard conditions) of CH4 and 55 mL/min (standard conditions) of N». Catalytic gas products were analyzed every 15 °C up
to 900 °C (dynamic experiments), or every 8.3 min (isothermal experiments), using a Shimadzu GC-2014 gas chromatograph with a
Carbonex-1000 column coupled to a TCD detector. Calibration curves were used to quantify each gas product or reactant. The CHy4
conversion and Hy and CO efficiency were calculated as follows, by equations (3)—(5):

NiO-Li,SiO,
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Fig. 1. XRD patterns of Li4,SiO4 and NiO-Li4SiO4 samples.
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Where [CH4);, [H2);, and [CO]; are the methane, hydrogen and carbon monoxide concentrations in each GC measurement, while [CH,],
corresponds to the initial methane concentration. Afterwards isothermal CO; capture and DRM experiments, certain materials were re-
characterized by XRD, Raman and SEM.

3. Results and discussion

Fig. 1 shows the XRD patterns of both samples. The diffraction peaks of Li4SiO4 were observed in the bare sample (PDF 01-074-0307
file), indicating that Li4SiO4 crystallizes in the monoclinic P2;/m space group. When nickel was loaded, the Li4SiO4 crystal structure
was preserved, as evident in the XRD pattern. Nevertheless, the (1 2-3) reflection becomes the main peak of the Li4SiO4 phase,
suggesting a crystal reorientation. Previous studies have shown that when Li4SiO4 comes into contact with water, it forms Si-OH and
Li-OH groups on its surface [49]. When NiO is deposited by wet impregnation, water enters in contact with the Li4SiO4 surface,
resulting in the formation of the OH groups. Subsequently, the composite was dried at 600 °C, inducing the Li4SiO4 recrystallization
from Li-OH and Si-OH groups, as shown in the diffraction pattern of NiO-Li4SiO4 (Fig. 1). This process may be responsible for the
crystal reorientation. It is important to note that the (1 2-3) plane is mainly composed of lithium atoms, as shown in Fig. S2. In
addition, other reflections located at 43.8 and 50.9, on the 20 scale were observed. These two diffraction peaks are associated to NiO
(PDF 03-065-6920 file). Therefore, the Ni was impregnated over the Li4SiO4 surface as nickel oxide (NiO), forming a composite. The
NiO crystallite size, estimated by the Scherrer equation, was 14.2 nm.

The materials were texturally characterized by Ny adsorption-desorption (Fig. S3) and scanning electron microscopy (Fig. 2). Both
materials exhibited isotherms type II without a hysteresis loop. According to the IUPAC classification, this type of isotherm is typically
associated with non-porous or macroporous materials [50]. The specific surface areas were calculated using the BET model. The

Fig. 2. SEM images obtained with backscattered electrons of Li4SiO4 (a and b) and NiO-Li4SiO4 (c and d) samples at two different magnifications.
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pristine material has an area of 1 m?/ g while the NiO-Li4SiO4 presents an area of 2 m?/ g. Thus, the specific surface area doubles after
the impregnation process. This increase can be attributed to the dispersion of Ni over the surface of the Li4SiOg4, but it is primarily due
to the reduction of the particle sizes, which will be discussed below. A similar result was found in a previous report; the textural
properties of CaO, particularly the specific surface area, increase after a Ni wet impregnation method [51]. While the increase in
specific surface area may seem insignificant, this modification enhances the number of basic sites and, therefore, has a positive impact
on the capture properties, as will be demonstrated ahead.

Complementing the microstructural analysis, SEM images with backscattered electrons was conducted on both samples (Fig. 2).
The Li4SiO4 sample (Fig. 2 a) and b)) displayed highly heterogeneous large particle with sizes ranging between 5 and 120 pm, while the
NiO-Li4SiO4 sample exhibited particle sizes between 5 and 80 pm. These results are consistent with the increase in the surface area
previously determined; the particle sizes are smaller in the composite than in the pristine Li4SiO4 material. Furthermore, the images of
NiO-Li4SiO4 reveal two different phases characterized by differences in its mean atomic number (Z). Li4SiO4 has a Z of 8.5, while NiO
has a Z of 23.5. Consequently, the backscattered electron coefficient () [52] for these phases increases from 0.097 for Li;SiO4 (the dark
phase) to 0.258 for NiO (the bright phase). Additionally, the distribution of NiO on the Li4SiO4 surface appears to be heterogeneous,
and some agglomeration of Ni is evident, as can be seen in Fig. 2 (c and d), where several particles larger than (10 pm) are fully covered
by NiO.

The reducibility properties of LisSiO4, NiO-Li4SiO4, and NiO nanoparticles from Sigma-Aldrich, which were employed for com-
parison, were investigated through Ho-TPR experiments, as shown in Fig. 3. LisSiO4 did not exhibit reduction peaks, indicating its
stability under a hydrogen atmosphere within the tested temperature range. In contrast, three distinct reduction peaks were observed
for NiO-Li4SiO4, occurring in the temperature range of 380-700 °C. It is well-established that the reducibility temperatures depend on
the interaction between the metal and the support material. A strong interaction between metal and support results in higher reduction
temperatures [53]. The reduction events below 400 °C can be attributed to free NiO species undergoing reduction to metallic Ni, with
minimal or no interaction with the support, as evidenced by the reduction profile of bare NiO nanoparticles. When NiO is supported on
Li4SiOy4, the reduction peaks are shifted to higher temperatures, indicating a strong interaction with the support surface. The initial
reduction peak occurs at approximately 380 °C, followed by a second peak at 450 °C. These two peaks correspond to the uptake of
hydrogen by surface-bound nickel oxide species. Additionally, a minor § TPR peak centered around 565 °C corresponds to the
reduction of Ni%* species to metallic Ni with a stronger interaction with the alkaline support [32,54].

It is well known that basic sites play a fundamental role in methane dry reforming. These basic sites promote the activation of acidic
CO5, on the catalyst support’s surface while preventing carbon deposition on the catalyst [55]. To discern the nature of these basic sites,
CO»-TPD experiments were conducted for both materials, as illustrated in Fig. 4. Li4SiO4 displays a desorption peak centered at 200 °C,
while NiO-Li4SiO4 exhibits a peak at 190 °C. The temperature range of these peaks provides insights into the type of basic sites present.
In both materials, weak Brgnsted basic sites are identified, falling within the temperature range of 100-250 °C [55]. The main dif-
ference lies in the peak intensity, with the impregnation of NiO significantly increasing the number of basic sites. As demonstrated
below, this increase positively impacts the material’s capture capacities.

After the characterization process, the carbon dioxide capture properties of both samples were evaluated dynamically and
isothermally in a thermobalance under a saturated atmosphere of CO». Fig. 5-a shows the dynamic TG graphs of both samples. In the
Li4SiO4 sample, CO, chemisorption began at 450 °C, and the maximum capture was achieved at 645 °C (9.5 wt %). At higher tem-
peratures, the desorption process is observed, which is in good agreement with previous reports on Li4SiO4 [9,10]. On the other hand,
in the case of Ni-containing lithium orthosilicate, CO, capture is observed from 90 °C (Fig. 5-a inset). However, at temperatures lower
than 480 °C, chemisorption is low, here, the superficial reaction is taking place. Usually, superficial and bulk CO, sorption processes
are indistinguishable in lithium orthosilicate [19,28]. It is worth noting that in the pristine sample, superficial CO5 chemisorption is
not observed. The improvement in surface chemisorption on NiO-Li4SiO4 is related to the increased number of basic sites resulting
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Fig. 3. TPR profiles of Li4SiO4 (red line), NiO-Li4SiO4 (blue line) and NiO nanoparticles (black line).
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Fig. 5. a) Dynamic and b) isothermal thermogravimetric curves of Li;SiO4 and NiO-Li4SiO4 under a saturated atmosphere of CO,.
from the addition of NiO, as demonstrated by CO2-TPD experiments.

Afterwards, an abrupt increment is observed at 480 °C, resulting in CO5 capture up to 11.8 wt % at 690 °C. This process take place in
two different steps, the first one between 480 and 560 °C and the second between 560 and 690 °C. The first step is associated with the
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finalization of the external shell formation. This external shell is composed of lithium carbonate (LioCO3) and lithium metasilicate
(LizSiO3) (reaction 1). The second step is likely governed by the diffusion processes through this shell [19]. Another important change
observed in the NiO-containing Li4SiO4 sample is that the desorption process was shifted to higher temperatures. In the pristine
sample, it was observed at 650 °C, while in the Ni-containing sample, it started at around 690 °C. Therefore, the Ni addition improves
CO;, capture and extends the temperature range. It has been reported by previous studies [28] that even small increments in the specific
surface area, such as in this case, enhance the CO, chemisorption in LisSiO4 and the desorption process is shifted to higher
temperatures.

Based on the previous TG dynamic results, CO5 chemisorption was studied isothermally in both samples (Fig. 5-b). At 550 °C, CO;
chemisorption on Li4SiO4 increases up to 9.5 wt %, then at 600 °C, the sorption decreases slightly to 8.5 wt %. Similar behavior has
been previously observed in lithium-containing ceramics, which is related to a surface sintering process that occurs during the sample’s
heating [56,57]. The isotherm performed at 650 °C increased its final weight to 15 wt %, corresponding to 3.4 mmol of CO; per gram of
ceramic. The increase in the capture after the sintering process has been related to two different effects: the formation of pores favoring
the CO, diffusion through the external shell (Li;CO3 and Li»SiO3) and the fully activated ionic diffusion of Li and O [57]. Finally, at
675 °C, the Li4SiO4 sample did not present a weight increment during the 3 h, since the CO; desorption process occurs at this tem-
perature, as already described in the dynamic TG curve.

On the contrary, in the isotherms performed over NiO-Li4SiO4, the CO; capture increased as a function of temperature, being the
best capture equal to 30 wt % (6.8 mmol of CO per gram of ceramic) at 675 °C, which is twice the CO5 capture observed on Li4SiO4 at
650 °C. These results should be related to the increase in the number of basic surface sites, which leads to enhance the CO2 capture. In
fact, CO, chemisorption was higher in all the isothermal experiments on the Ni-containing sample. Moreover, the desorption process
was not observed at 675 °C on the NiO-Li4SiO4 sample, confirming that the CO, chemisorption properties are modified by the NiO
deposition on the Li4SiO4 surface.

After the isothermal experiments, the corresponding solid products were characterized by XRD and SEM analysis. Fig. 6 a) shows
the XRD patterns of the NiO-Li4SiO4 product obtained at 675 °C. As expected, the pattern exhibited the formation of lithium carbonate
(LioCO3) and lithium metasilicate (Li»SiO3). Additionally, NiO was identified, but no other nickel-containing phases were detected.
This suggests that NiO-Li4SiO4 captures CO5 through the mechanism reported in previous studies [9-11] (reaction 1). Regarding the
textural characterization (Fig. 6 b), it is evident that the particles have agglomerated after capture, with several particles exceeding
100 pm in size. Additionally, their surface roughness increased due to the formation of a lithium carbonate layer. In the inset, it can be

A (010740330 LiySi0,

a ) 0 [01-0721216] LiyCO4
w (03-065.6920] NiO

o [01-074-0307] Li,SiO,

Intensity (a.u.)

15 20 25 30 35 40 45 50 55 60 65 70 75 80

Fig. 6. a) XRD pattern and b) secondary and backscattered electron (inset) images of the NiO-Li4SiO4 isothermal product treated at 675 °C under a
CO,, saturated atmosphere.
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noted that the dispersion of nickel remains heterogeneous, with some particles forming large clusters while others exhibit small
particles.

After the CO, capture evaluation, the catalytic behavior in the DRM reaction process was studied. The DRM process was carried out
from 200 to 900 °C, and the conversion and formation efficiencies were calculated using equations (3)—(5). When Li4SiO4 was tested
(Fig. 7-a), only at high temperatures (>800 °C), some CH4 conversion was observed (less than 5 %). However, no significant hydrogen
production was observed, indicating that this material is practically inert for DRM reaction. On the contrary, the catalytic evolution of
DRM over the NiO-Li4SiO4 sample showed a totally different behavior (Fig. 7-b). Hydrogen production was detected from 750 °C. At
higher temperatures, Hy formation increases exponentially as a function of the temperature, reaching a maximum efficiency of 75 % at
860 °C. At temperatures above 860 °C, hydrogen production remains stable. The Hy/CO ratio is lower than 1 at temperatures lower
than 800 °C, indicating the occurrence of some no desirable reactions, such as the reverse water gas shift (RWGS). Between 650 and
1000 °C, RWGS is the main side reaction [33]. However, between 800 and 828 °C, the H,/CO ratio was equal to 1, which means that
parasitic reactions at these temperatures are no longer favored. Then, above 828 °C, the Ho/CO ratio was higher than 1, showing a
good selectivity for hydrogen production.

As shown in Fig. 8, an isothermal experiment was carried out at 750 °C for 3 h to study the stability of the NiO-Li4SiO4 material. The
gas mixture and catalyst amount were the same as in the dynamic experiment. It is evident that in the first 30 min, the catalytic
conversion to hydrogen increases exponentially up to 42 %. Then, the efficiency rises slowly, reaching a maximum (55 %) after 80 min
of reaction. After 3 h, the conversion tends to decrease up to 50 %. Therefore, it could be argued that H, production remains stable after
2 h of reaction. Additionally, the Hp/CO ratio was >1, indicating a high hydrogen selectivity and a decrease in unwanted reactions.

To determine the sample composition after the DRM process, the isothermal product was analyzed by XRD. As shown in Fig. 9-a,
only LisSiO4 and metallic Ni were identified, demonstrating that lithium silicate remains stable after the dry reforming process.
However, the NiO was reduced to metallic Ni in the process as expected based on its reducibility properties. In this sense, it has been
demonstrated that methane cracking can occur in the presence of some reducible metal oxides such as NiO. In these reducible oxides,
lattice oxygen reacts with methane. Initially, CHy is partially oxidized by the lattice oxygen from the metal oxide, and the metal oxide is
subsequently fully reduced to the metallic form [58,59]. Therefore, at the beginning of the reaction, hydrogen production comes from
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Fig. 9. a) XRD pattern and b) SEM image of the NiO-Li4SiO4 isothermal product of dry methane reforming performed at 750 °C.

methane decomposition. This chemical transformation should occur in the first 30 min of the reaction, during which the catalytic
behavior is poor and increases as a function of the time. After this period, all NiO is reduced to Ni’, and the conversion remains stable.
The reduction of NiO was confirmed by XPS experiments. Fig. 54 shows the XPS spectra of the NiO-Li4SiO4 before (a) and after (b) the
DRM experiment. It is evident that NiO was reduced to Ni® after the process. Furthermore, the microstructure of the isothermal product
was analyzed through SEM analysis. As depicted in Fig. 9-b and Fig. S5, nickel (Ni) particles, ranging in size from 200 to 500 nm, are
well dispersed across the surface of LisSiO4. The observed changes in the sizes of the metallic Ni particles are attributed to the in-situ
reduction of NiO. These particles are responsible to catalyze the DRM reaction.
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It is worth noting that, despite its poor specific surface area (2 m?/g) and relatively large nickel particle size, methane conversion is
significantly high at 750 °C reaching 50 %. As mentioned previously, surface basic sites play a crucial role in the activation of CO in
the DRM process. Through CO»-TPD experiments (as shown in Fig. 4), we confirmed the alkaline nature of Li4SiO4, and the intro-
duction of NiO significantly enhances the abundance of basic sites on the catalyst’s surface. As a result, CO3 is adsorbed onto the
Li4SiO4 surface via an acid-base interaction [60], facilitating the DRM catalytic process. DRM was also studied at different temper-
atures; Figs. S6 and S7 show the catalytic behavior at 725 and 775 °C, respectively. In both cases, a similar trend is observed: catalytic
activity increases linearly during the first 30 min of the reaction, during which NiO is reduced to metallic Ni. The activity then remains
stable for the next 150 min.

Finally, a two-step DRM process was studied. It has been demonstrated that some alkaline ceramics can serve as a dual functional
material by using the CO- previously captured in the DRM reaction [38,40]. First, CO5 was captured by NiO-Li4sSiO4 at 675 °C for 1 h,
after which the reactant gas was switched to CHy4, and the sample was heated to 750 °C to study the catalytic conversion of CH4 with the
previously trapped CO». It is important to note that these temperatures were chosen based on the CO, capture results and the lowest
temperature at which the DRM was observed. Fig. 10 shows the evolution of the gases (CH4, CO2, Hy, and CO) as a function of time
once the reactant gas was switched from CO3 to CHy. It is evident that the CO, amount decreases rapidly, and after 1 h, the CO5 was no
longer observed. This is because the CO, desorption process on the Ni-containing Li4SiO4 sample was observed at 690 °C (Fig. 5-a), and
its availability is limited to the CO; previously captured. Therefore, when the gas is switched to CHy, the CO (previously adsorbed)
begins to be desorbed from the lithium carbonate decomposition, and it is available as a reactant gas to perform the DRM reaction. In
fact, the XRD pattern after the bifunctional process shows the presence of Li4SiO4, and no other Li and Si phases were observed, which
means that the support is regenerated after the CO, desorption process (Fig. 11). Hydrogen production increased as a function of time
from 9 % when the reaction started to 25 % when the CO, was completely consumed. In fact, it must be pointed out that there was a
CH4 conversion when CO, was no longer available, meaning hydrogen production should come from a methane decomposition re-
action. After CO5 consumption (~1 h), the hydrogen production starts to decrease linearly, reaching an efficiency of 17 % after 3 h of
reaction. Furthermore, CO was barely observed in the first hour of reaction and was no longer observed after this time. A similar
behavior was observed when Li»ZrOs and NayZrO3 were tested as dual functional materials for hydrogen production through dry
reforming of methane [38]; CO was almost negligible during all the reaction temperatures. This could be attributed to two different
processes: coke deposition over the catalytic surface or hydrogen production from a methane decomposition reaction.

The presence of coke was confirmed by Raman experiments of the spent catalyst (Fig. S8). The two characteristics Raman bands of
carbon were observed at 1340 cm ™! (D band) and 1550 em™! (G band). The D band indicates the presence of structural imperfections
in the graphite layers, while the G band indicates the presence of in-plane or tangential mode stretching vibration of the sp? orbital
atoms in the graphite layers. The intensity ratio of the D and G bands (ie, ID/IG values) was calculated to be 0.26. This value is less than
one, suggesting a high degree of graphitization [61]. Therefore, the presence of coke deactivates the catalyst.

In order to demonstrate that methane decomposition is occurring, a dynamic methane decomposition experiment was performed
from 200 to 900 °C, using the same amount of catalyst and only 5 mL/min of CH4 (N3 as gas balance). Fig. 12 shows the dynamic
evolution of CH4, Hy, CO5, and CO from the catalytic decomposition of methane on NiO-Li4SiO4. Hydrogen production was detected
from 500 °C, and its production remained around 5 % until 750 °C. After this temperature, H, formation increases as a function of the
temperature, reaching a maximum value at 830 °C, where the efficiency was 29 %. Then, the conversion started to decrease, probably
due to coke formation. Neither CO nor CO2 was detected, meaning that carbon produced by the decomposition of methane was
deposited over the catalyst surface, as in the previous case. This experiment, along with the lack of CO production, confirms that a
methane decomposition reaction produces the hydrogen observed in the bifunctional process.

4. Conclusions and outlook

In summary, it has been demonstrated that the nickel impregnation method preserves the crystalline structure of LizSiO4 but
modifies its microstructural properties due to the hydroxylation process, which occurs when water reacts and alters the surface of
lithium silicate. These microstructural changes increase the number of basic sites over the surface of Li4SiO4. These changes improve
the CO, capture capacities in NiO-Li4SiO4, allowing it to trap twice the amount of CO, compared to the pristine sample. The catalytic
results indicates that Li4sSiO4 is an inert material for the dry reforming of methane reaction. However, when NiO was loaded onto
lithium orthosilicate, the material was able to convert up to 55 % of methane into syngas. This conversion was demonstrated to be
stable after 2.5 h of the reaction and highly selective for hydrogen. It should be noted that in the first 30 min of all the DRM tests,
hydrogen production results in the reduction of NiO to metallic Ni. Once the Ni is reduced, the dry reforming reaction remains stable
during the following 2.5 h of reaction. When NiO-Li4SiO4 was tested as a dual functional material, hydrogen production was observed,
but it mainly results from methane decomposition. This effect arises from the fact that the dry reforming process occurs at higher
temperatures than the CO, desorption process, with limited available CO5. To enhance the overall efficiency of the two-step process, it
is essential to shift dry reforming to lower temperatures. Achieving this goal requires better Ni dispersion, which can be accomplished
by increasing the surface area of Li4SiOj4.

This initial report presents promising results for employing NiO-Li4SiO4 composite as a sorbent and catalysts for catalytic hydrogen
production, offering initial insights into its potential as a dual-functional material for a sorption-enhanced dry reforming of methane.

Data availability
Data associated with this study has not been deposited into a publicly available repository. Data will be made available on request.
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