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Abstract: To investigate the influence of Ag and the loading of Ni species, Ni-Ag type catalysts were
synthesized with varying Ni/Ag ratios (1, 1.5 and 2) using the coprecipitation method. The catalysts
were extensively characterized using various techniques such as TG-DSC-SM, XRD, ICP, BET, SEM-
EDX and TPR and subsequently tested in the CHs/CO: reaction without any pretreatment. Regard-
less of the ratio employed, a phase mixture containing NiO and Ag was observed after calcination
under air between 600 °C and 1200 °C. SEM analysis confirmed the presence of a close interface
between Ag and NiO. The specific surface area was found to be significantly higher for the catalyst
with lower Ni content (R = 1). TPR analysis demonstrated that the inclusion of Ag facilitated the
reduction of Ni at lower temperatures. XRD analyses of the spent catalyst confirmed catalyst reduc-
tion during the reaction. Among the samples, a catalyst with Ni/Ag = 1 exhibited superior catalytic
activity without any pretreatment under a reduction atmosphere, in which case the conversions of
methane and CO: at 650 °C amounted to 38 and 45 mol%, respectively, with H2/CO = 0.7 and 71
mol% of Ha. The presence of Ag species enhances the stability of the Ni catalyst and improves cata-
lytic performance in the dry reforming of methane.

Keywords: Hz production; CO2 reforming; CHa; Ni-Ag catalyst; nickel loading

1. Introduction

Recently, there has been significant attention given to the issue of global warming
caused by the greenhouse effect. This has led to increased attention on reducing and uti-
lizing greenhouse gases like carbon dioxide and methane. One promising approach is the
catalytic reforming of methane with carbon dioxide, called DRM (dry reforming of me-
thane), to produce synthesis gas which is traditionally obtained through the steam re-
forming of methane [1]. DRM, a reaction first proposed by Fischer and Tropsch in 1928, is
a suggested alternative to steam reforming [2] and its relevance will only grow over time
[3]. The reforming of CH4 with CO:2 offers several advantages, including the production
of synthesis gas [4-7] with a lower hydrogen-to-carbon monoxide ratio and higher energy
efficiency for hydrocarbon conversion [8-10]. Indeed, compared with commercial me-
thane steam reforming (MSR) process that produces syngas with H2/CO ratio of 3 [11]. In
practice, for MSR processes, it is common to use an O/C (oxygen/carbon) ratio higher than
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3 to prevent coke deposition. However, this approach comes with an energy penalty due
to the need to heat an excessive amount of steam to approximately 800 °C. Additionally,
the process of MSR encounters challenges related to corrosion and necessitates the inclu-
sion of a desulfurization unit, as highlighted by Djinovic et al. [12]. Furthermore, the DRM
process offers cost advantages compared to other methods due to its ability to bypass the
complex gas separation of products [13]. Despite the attractive incentives of carbon diox-
ide reforming of methane, there is currently no established industrial technology for this
process. The formation of carbon deposits quickly deactivates conventional reforming cat-
alysts, due to its endothermic nature [8,14]. Effectively, in comparison to steam reforming,
the dry reforming of methane is recognized as the most highly endothermic reaction. This
can be attributed to the fundamental difference in the oxidizing agents employed: COz,
used in DRM, is inherently more stable compared to steam, which is utilized in SRM [15-
19].

It is well known that the C-H bond in CHz is difficult to activate [20,21], while CO: is
the utmost oxidized state of carbon, which is also very stable [22,23]. The co-activation of
both the C-H bond in CHs and the C-O bond in CO:z faced challenging difficulties. Fur-
thermore, because of the thermodynamics limitation, DRM reaction was usually per-
formed at high temperatures [24-28].

The reactions involved in DRM are listed in Table 1. Reaction (1) represents the DRM
reactions involved in the formation of syngas with an H2/CO ratio of 1:1. The main DRM
reaction is favored at temperatures above 727 °C. However, if the reverse water—gas shift
(RWGS) (reaction (2)) occurs simultaneously with the DRM reaction, it can lead to a de-
crease in the H2/CO ratio. Instead of the RWGS reaction, other side reactions can occur in
DRM, depending on the reaction conditions and feed ratio used. These side reactions in-
clude oxidative coupling of methane, dehydrogenation of ethane, hydrogenation of CO
and CO:2 to ethanol, CO and CO: methanation and more. Carbon formation can occur
through reactions 3, 4, 5 and 6. In summary, reaction 3 is dominant at higher temperatures
(>600 °C), while the other three reactions (4, 5 and 6) tend to be more dominant at lower
temperatures (<600 °C) as they are exothermic reactions [8,29,30]. The high temperatures
typically result in rapid catalyst deactivation. The main factors contributing to this deac-
tivation are the sintering of the active metal and the accumulation of stable carbon depos-
its [31]. The different pathways of coke formation mentioned can be understood through
CHO ternary diagrams, showing that graphitic carbon formation is thermodynamically
favored under complete dry reforming conditions. However, alternative carbons such as
amorphous and filamentous carbon may also form, although they are less thermodynam-
ically preferred [32].

Table 1. Reactions in DRM [29].

N° Reaction Name Reaction Equation AHzosk (kJ/mol)
Main reaction
1 Dry reforming of CHs4 CHs + CO2 < 2CO + 2H2 +247
Side reactions
2 Reverse water—gas shift CO2+ Hz2 » CO+ H20 +41
3 Decomposition of CHa CHs & C+2H> +75
4 Disproportionation of CO 2CO & C+CO2 -172
5 Hydrogenation of CO: CO:z2+2H2 +» C + 2H20 -90
6 Hydrogenation of CO CO +Hs - C+HO -131

Considering the unavoidable thermodynamic carbon formation at high tempera-
tures, the most promising approach to enhance catalyst stability might involve imple-
menting a kinetic control strategy, such as designing a catalyst that minimizes carbon for-
mation [8]. Catalysts based on noble metals such as Ru and Rh have demonstrated the
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highest catalytic activity and resistance to carbon deposition [8,33,34]. Nickel catalysts of-
fer a promising alternative to noble metals, serving as effective catalysts for carbon dioxide
reforming [35]. They exhibit a favorable combination of performance and cost, making
them a focus of extensive research for the development of new and enhanced catalytic
systems at a relatively lower cost. Coke formation and sintering of catalyst are the primary
causes of catalyst deactivation that could lead to the low conversion of reactant [36]. Var-
ious strategies have been employed to inhibit sintering and coke formation. These include
the deposition of nickel on a support (SiO2 [37], Al2Os [38] or MgO [39]), incorporating the
active phase into well-defined structures, such as spinel [40-42], perovskite [43,44], pyro-
chlore [45] or hydrotalcite [46], and using a second metal as a promoter [47,48] to enhance
the dispersion of metal particles on the catalyst surface. The incorporation of promoters
enhances the system’s robustness [3]. Among these metal promoters, silver has been
found to exhibit desirable properties for resisting coke formation in alkane reforming re-
actions, as reported in references [49,50].

The utilization of Ag as a promoter has been proposed by Van et al. [49], demonstrat-
ing its ability to enhance long-term stability by forming surface alloys. Ag tends to nucle-
ate on the step sites of the Ni surface, leading to the formation of Ag islands [51]. However,
when heated above 800 K, the mobility of Ag can be increased, resulting in the complete
blockage of steps [49,51]. In addition to its role in inhibiting coke deposition, Ag also ac-
celerates the combustion of deposited coke. The promoting effect on coke gasification can
be attributed to the fact that Ag destabilizes the formed coke by inhibiting its nucleation
and growth, resulting in a reduced formation of graphitic or whisker carbons on Ag-pro-
moted Ni surfaces.

Experimental observations conducted by Vang et al. [49] indicate that Ag preferen-
tially occupies step sites on the Ni surface, leading to a reduced rate of C-C bond cleavage
in ethylene hydrogenesis. Subsequently, Parizotto et al. [50] demonstrated that Ag, similar
to gold (Au), effectively regulates coke formation on Ni/ALQO:s catalysts for methane steam
reforming. Similar findings have been reported for Ag-promoted Ni/YSZ catalysts used
in internal reforming for fuel cells, although gradual deactivation over time-on-stream has
been observed [52]. The promoting effect of Ag in Ni/MgAl:Os catalysts has also been ex-
plored by Jeong and Kang [53] for butane steam reforming and by Rovik et al. [54] for
ethane steam reforming. Zhu et al. [55,56] conducted Density Functional Theory (DFT)
calculations to gain insights into Ag’s role in dry reforming of methane, suggesting that
Ag can act as a promoter by inhibiting coke deposition.

According to Yu et al. [11], silver exhibited excellent stability of the catalyst, as it
hindered the formation and growth of coke in a whisker or graphitic form, while promot-
ing coke gasification on the catalyst surface. Indeed, nickel and silver are extensively em-
ployed in heterogeneous catalysis due to their favorable catalytic properties. Combining
nickel and silver in a bimetallic catalyst, such as Ni-Ag, can offer advantages over mono-
metallic catalysts. In fact, the literature reports that combining two metals to form bime-
tallic systems enhances catalytic performance, particularly in inhibiting carbon deposition
during hydrogen production by reforming [40]. Several effects are attributed to bimetallic
systems: (1) increased concentration of active sites; (2) electronic effects resulting from
metal-metal contact, leading to better tolerance to carbon formation; (3) a sacrificial role
played by one of the elements within the bimetallic system, allowing the second metal to
remain available and not poisoned [57-61].

Therefore, it is important to investigate the catalytic performance of Ni-Ag catalysts
to understand their impact on reaction kinetics.

The objective of this study was to develop an efficient catalyst for the dry reforming
of methane. To achieve this, Ni-Ag catalysts were synthesized using the coprecipitation
method, with the Ni/Ag ratio being systematically varied. The obtained compounds were
subjected to comprehensive analysis to evaluate their textural, structural and surface
properties through various techniques. The reactivity of the catalysts during the reduction
process was assessed using hydrogen temperature-programmed reduction for the fresh
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catalysts, while X-ray diffraction was employed to analyze the reduced catalysts. Further-
more, the catalytic performance of the catalysts in the dry reforming of methane was thor-
oughly investigated.

2. Results
2.1. Characterization of Fresh Catalysts
2.1.1. Thermal Study (TG-DSC-MS and XRD) of Precursors

The thermal stability of the various precursors was assessed using a combination of
techniques including thermogravimetry differential thermal analysis (TG-DSC) coupled
with mass spectrometry (MS) and X-ray diffraction (XRD) on compounds annealed at var-
ious temperatures (600, 700, 1000 and 1200 °C). TG-DSC was carried out on fresh catalysts
in the temperature range from ambient to 1000 °C. The TG-DSC curves (Figure 1) mainly
exhibit three weight loss steps up to 600 °C. Peaks in heat flow were observed at 256 °C
(endothermic phenomenon) and at 950 °C (unattributed heat flow peak) for the 2AN100
sample. Water and carbon dioxide are identified as the species responsible for weight loss.
Mass spectrometry analysis confirms the presence of water (m/z = 18) and CO2 (m/z = 44).
The first step corresponds to the removal of physisorbed water on the material’s surface,
while the second step involves the release of interlayer water and carbon dioxide from the
precursor’s structure. No additional weight loss or significant changes are observed as the
temperature continues to increase, suggesting that the material structure has reached a
state of relative stability.

100

95 | Heat Flow

90

Mass (%)

Mass

Heat Flow (uV)

85

80 T T T
0 200 400 600 800 1000
Temperature (°C)

Figure 1. TG-DSC curves of 2NA100 precursors.

To analyze the structural changes in the materials with the temperature, various heat
treatments were performed. This approach enabled the assessment of the impact of calci-
nation temperature on the phase composition. The samples were calcined at temperatures
of 600, 700, 1000 and 1200 °C (with a rate of 5 °C/min) under a constant airflow for 4 h and
then analyzed by XRD. The XRD patterns (Figure 2) obtained for these samples reveal that
whatever the annealing temperature, the main phases obtained after calcination are me-
tallic silver (PDF file number 89-3722) and nickel oxide (PDF file number 47-1049). The
catalyst’s composition remains stable after calcination at different high temperatures.
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Figure 2. X-ray diffraction profiles of precursors calcined at high temperatures (600, 700, 1000 and
1200 °C).

From TG-TDA-MS, no weight loss is observed above 600 °C. Apart from the peaks
corresponding to silver and nickel oxide, XRD analysis reveals that no other diffraction
peaks are observed even up to 1200 °C. These findings suggest that the catalyst’s compo-
sition remains stable at high temperatures. Considering that the DRM reaction occurs
within a temperature range of 600 to 850 °C, a calcination temperature of 600 °C has been
selected to preserve the structure and texture of the catalyst.

2.1.2. Study of Stoichiometry of Fresh Catalysts (ICP-OES and EDX)

A study of the stoichiometry of fresh catalysts was conducted using ICP-OES and
EDX spectroscopies. The results obtained are summarized in Table 2. As expected, the
EDX analysis confirms the presence of silver (Ag) and nickel (Ni) elements. ICP-OES spec-
troscopy showed that the measured amounts of all analyzed species are slightly lower
than the nominal ones used in the preparations (Table 2). The low amount of Ni species in
all cases can be interpreted by the low temperature of calcination (600 °C/4 h) or by in-
complete precipitation of Ni(OH): during preparation synthesis. In contrast, for all three
catalysts, the overall EDX analysis reveals a Ni/Ag mass ratio higher than the theoretical
value, indicating a relatively higher concentration of nickel in the upper layers of the cat-
alyst. Traces of sodium (Na) and silicon (Si) are detected by EDX in the 1INA600 and
1.5NA600 samples. Additionally, traces of aluminum (Al) and potassium (K) are only ob-
served in the 1.5NA600 sample. The presence of aluminum is attributed to the aluminum
sample holder used during the analysis. These impurities are typically present in small
amounts and may not be detectable by X-ray diffraction (XRD). In the case of the 2N A600
sample, no signal corresponding to Na-5i-K is observed in the EDX spectra, suggesting
that the analyzed regions are not contaminated by Na-Si-K.

Table 2. Composition, refined structural parameters and specific surface area of synthesized cata-
lysts.

Catalyst B.E.T. XRD Data EDX ICP XPS
SSA (m?/g) Phase Ratio Cs?(n m) Cs? (nm) Cs © (nm) ad(A) Ni/Ag Ni/Ag Ni/Ag
. Ni: 12.6 (2) .
NiO (69) 8.7 (6) Ni: 30 (1) 4177 (2)
1INA600 20 Ag:21.3 (2 1.3 0.73 6.7
Ag (31) 70 (4) N?O: 32 21)) Ag:20.8 (4) 4.0875 (5)
. Ni: 13.1 (1) .
NiO (71) 126 (5) Ni: 39 (3) 4177 (2)
1.5NA600 3 Ag:12.7 (1 1.9 0.96 6.5
Ag (29) 6.5 (3) N?O: 74 21)) Ag:21 (1) 4.092 (2)
. Ni: 15.1 (1) .
NiO (80)  16.8 (4) Ni: 35 (2) 4.1801 (7)
2NA600 5 Ag:12.2 (1 3 1.51 6.6
Ag (20) 7.5 (3) N?O: 76 22)) Ag:16.3 (1) 4.0917 (9)

aCrystallite size after calcination at 600 °C.? Crystallite size after reduction. <Crystallite size after the
reaction. ¢ Cell parameter, between brackets is a mass phase (%).
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2.1.3. Structural Characterization of Fresh Catalysts (XRD)

As already pointed out, the diffractograms of the three compositions of the fresh cat-
alysts (after heating at 600 °C) (Figure 2) show the presence of both NiO and Ag materials,
with peaks at 20 =37.24°, 43.27°, 62.87°, 75.41° and 79.40° corresponding to the (111), (200),
(220), (311) and (222) planes of the cubic NiO phase (PDF 47-1049) [62], while peaks at
38.12°, 44.307°, 64.45° and 77.41° belong to the (111), (200), (220) and (311) planes of me-
tallic, cubic, Ag (PDF 89-3722). These results are in good agreement with the studies con-
ducted by [63-66]. As shown in Figure 2, XRD patterns of the prepared catalysts exhibit
similar diffractograms with slight differences. In order to obtain more information on the
relative proportions of the phases present in the catalyst, a refinement using the Rietveld
method was carried out on the three preparations annealed at 600 °C.

The Rietveld refinement was conducted using the JANA 2020 program to determine
the lattice parameters, the crystallite size (using the fundamental parameter approach)
and the relative amount of each crystalline phase. These parameters are given in Table 1,
and the results on the Ni/Ag =1 are illustrated in Figure 3. The crystallite size of NiO
varies between 8.7 and 16.8 nm, indicating a difference among the samples. The results
also indicate that as the Ni/Ag ratio increases, the crystallite size of NiO also increases. For
all the catalysts, NiO is identified as the dominant phase, which aligns with the findings
from the EDX analysis. The lattice parameters (a) of detected phases NiO and Ag are sim-
ilar for all three catalysts. The relatively small crystallite size of NiO observed in the
1N A600 sample corresponds to its large surface area (20 m?/g, Table 2).

Intensity (arbitrary unit)

g R

(111)  (200) (220) (311)
__Ag [ I I I
NIO ! I i I I
30.0 40.0 50.0 60.0 70.0
2theta (°)

Figure 3. Rietveld refinement of the catalyst calcined at 600 °C (Ni/Ag =1).

2.1.4. Textural Characterization of Fresh Catalysts (BET, SEM and XPS)

The specific surface area of the catalyst powder was determined through the appli-
cation of the Brunauer-Emmett-Teller (B.E.T) method, which involves N2 adsorption—de-
sorption analysis, and the results are presented in Table 1. The morphology of the synthe-
sized materials was assessed using scanning electron microscopy. The data Sser indicate a
decrease in the specific surface area from 20 m?/g for the INA600 sample to 3 and 5 m¥/g
for the 2NA600 and 1.5NA600 samples, respectively. The results agree with the results of
the Rietveld refinement analysis. As the surface area increases, the dimensions of the NiO
crystallites decrease proportionally. This reduction in the BET surface area corresponds to
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an increase in the Ni/Ag ratio. This observation is consistent with the findings from the
scanning electron microscopy (SEM) analysis and is supported by reference [67].

SEM images of the catalysts are presented in Figure 4, revealing noticeable variations
in particle shapes. The contrast in the SEM image is due to the presence of both NiO and
Ag phases. For the INA600 sample, the micrograph in Figure 4a displays the surface com-
posed of Ag and NiO nanoparticles aggregated to form clusters of different sizes dis-
persed randomly. The formation of relatively larger spheres can be attributed to the ten-
dency of NiO nanoparticles, which are antiferromagnetic in nature, to aggregate [68]. Re-
garding the 1.5NA600 sample, SEM micrographs in Figure 4b demonstrate that the pow-
der consists of aggregates of nanoscale particles coexisting with larger-grain aggregates.
Pronounced differences in particle shapes can be observed, and agglomeration is more
prominent compared to the INA600 sample. For the 2NA600 sample, the surface mor-
phology of NiO exhibits the random growth of nanocubes with varying dimensions, as
shown in Figure 4c. Small and larger nanocubes are formed, consistent with Ajeet Singh’s
findings [69]. Figure 4c displays more agglomeration than the INA600 sample but less
than the 1.5NA600 sample. In summary, it is evident that the Ni loading significantly in-
fluences the morphology of the catalysts.

Figure 4. SEM pictures of (a) INA600, (b) 1.5NA600 and (c) 2NA600.

The surface chemical properties of the INA600, 1.5NA600 and 2NA600 catalysts after
calcination at 600 °C for 4 h under airflow were examined by XPS measurements. The
binding energy for both species (Ag and Ni) does not vary practically (Figures 5 and 6),
whatever the content used during the synthesis. The decomposition of XPS spectra (Fig-
ures 5 and 6) does not show any components, and the recorded binding energy values
show clearly that Ag and Ni are in a unique oxidation state (only 1 oxidation state for each
species), thus explaining the formation of the unique phases corresponding to each species
(formation of a single phase for each species) as observed by XRD analysis. The binding
energies of Ag 3d photopeaks are at 368.8 eV (INA600), 368.7 eV (1.5NA600) and 368.5
eV(2NA600) and those of Ni 2p3/2 are at 854 eV (1NA600), 854.1 eV (1.5NA600) and 853.7
eV (2NA600). In the literature, the Ag 3d5/2 and Ag 3d3/2 core level binding energies ap-
pear at 368.1 and 374.1 eV, respectively, in good agreement with bulk silver metallic values
[70]. In our case, the metallic bulk binding energy values for the Ag 3d core levels were
obtained as expected. These results are in good agreement with the presence of fcc metallic
silver structure obtained by XRD. For nickel species, the binding energy of Ni(Il) was
found at close values of 854.9 eV for NiO accompanied with a shoulder at ~1.2 eV [71,72].
This perfectly confirms that Ni(II+) is from the NiO phase and not from another phase that
can form during the synthesis containing Ni species (in accordance with XRD data). As
observed by EDX analysis, the Ni/Ag ratios (Table 2) were also higher for the three sam-
ples suggesting that the surface of INA600, 1.5NA600 and 2N A600 samples was enriched
by Ni(II) species. This surface behavior is in good accordance with the large amounts of
NiO phase estimated by Rietveld Refinement (Table 2).
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Figure 5. XPS spectra of Ag species of INA600, 1.5NA600 and 2NA600 catalysts.

1NA600 g 1.5NA600 H 2NA600

Figure 6. XPS spectra of Ni species of INA600, 1.5NA600 and 2NA600 catalysts.

2.1.5. Reducibility Studies of Fresh Catalysts (TPR and XRD after Reduction)

Reducibility studies were conducted using H: temperature-programmed reduction
(TPR) of the fresh catalysts followed by X-ray diffraction (XRD) analysis for reduced cat-
alysts. These experiments aimed to investigate the influence of Ag on the reducibility of
Ni? ions in the catalysts. Figure 7 illustrates the hydrogen consumption as a function of
temperature for the different systems studied. For all three samples, a slight difference in
H2 consumption was observed (~5-9 mmol/g). The TPR curves of the three catalysts ex-
hibit also a similar pattern, showing two main peaks of hydrogen consumption between
100 and 400 °C. The first peak can be attributed to the reduction of nickel species located
on the surface, as species on the surface tend to be reduced at lower temperatures com-
pared to those in the volume. The second peak is related to the reduction of surface and/or
surface-bulk NiO, representing Ni-reduction mechanisms [73-76]. Previous literature
suggests that large NiO particles with lower interaction with other phases can be reduced
at low temperatures [77-79]. The peak at 350-500 °C can be attributed to the reduction of
NiO [80]. For the 1.5NA600 sample, a small peak observed at very high temperatures
(~1000 °C) may be associated with residual species that were not completely eliminated
during calcination [81,82]. This different behavior of 1.5NA by the appearance of a peak
at high temperature compared to the other two solids, in particular to INA600, could be
assigned to the reduction of sodium carbonates detected by EDX analysis as mentioned

above; this phenomenon is also observed in our previous works [83]. The TPR curves in-
dicate a two-step reduction of nickel, with the second peak showing higher intensity com-
pared to the first peak. As Ni/Ag content increases, especially for the INA600 and 2NA600
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samples, there is a slight shift towards higher temperatures in TPR peak positions, as well
as an increase in peak area. This suggests that the presence of silver lowers the reduction
temperature of nickel.

20 - 316 — 1NAB0O (6.4 mmolig)
[ — 1.5NAG00 (5.5 mmol/g)
— 2NAG00 (8.6 mmolig)

-3.2

-3.4 -
-3.6 -
-3.8
-4.0

-4.2

Hp Consumption (a.u.)

-4.4
-4.6

-4.8

-5.0
0 200 400 600 200 1000

Temperature (*C})

Figure 7. H>-TPR profiles of fresh catalysts.

The catalysts were subjected to an in situ reduction at 400 °C for 1 h after being
mounted into the tubular reactor. XRD analyses were then performed on the reduced cat-
alysts. XRD patterns (Figure 8) displayed two or three distinct phases, depending on the
concentration. The different peaks were identified as metallic Ag (PDF 89-3722) with
peaks at 20 = 38.12° (111), 44.307° (200), 64.45° (220) and 77.41° (311); metallic Ni (PDF 04-
0850) with peaks at 20 = 44.5° (111), 51.8° (200) and 76.4° (220) and NiO (PDF 47-1049)
with peaks at 20 = 37.24° (111), 43.27°(200), 62.87°(220) and 75.41° (311) for both 1.5NA600
and 2NA600 samples. In the case of the INA600 sample, no NiO peaks were observed,
indicating that NiO had been completely reduced to metallic Ni during the reduction pro-
cess. Conversely, the presence of NiO peaks in the diffractogram of the 1.5NA600 and
2NA600 samples suggests that NiO was not fully reduced to Ni during the H> treatment
probably due to the high concentration of nickel oxide present in the sample as observed
by EDX analysis (Table 2). The crystallite size of metallic species increases after reduction
(Table 2); this increase is very remarkable for the low ratio formulation (Ni/Ag = 1).
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z [INickeI oxide
m =
Z
o
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FE AN ~\ ~
(1} N
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E (111) I
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j)\ S\ ‘ZANSOOafterreductlo-r/\/I\( ) ) b
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Figure 8. XRD patterns of reduced catalysts after reduction at 400 °C for 1 h.
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2.2. Catalytic Performance in COz Reforming of Methane
2.2.1. The Catalytic Activity Versus Temperature Test

The catalysts obtained after calcination at 600 °C were tested for DRM. We initially
established a standard reaction condition to evaluate the performance of the catalysts. In
the first series of experiments, the activities of the catalysts were tested at temperatures
ranging from 600 to 850 °C. Figures 9 and 10 illustrate the plots of activity, including CHa
and CO: conversions, Hz selectivity and Hz/CO ratio, as a function of temperature. The
CHas and CO2 conversions exhibit similar trends for the three catalysts. The highest CHa
and CO:z conversions are achieved at 650 °C for INA600. Catalysts 1.5NA600 and 2N A600
exhibit comparable conversion behaviors. CO: activation initiates at 650 °C for catalyst
INA600, 700 °C for 1.5NA600 and 750 °C for 2NA600. There is a variation in the H2/CO
ratio among the three catalysts. At 650 °C, the H2/CO ratio reaches its maximum value of
0.7 for INA600. In contrast, 1.5NA600 and 2NA600 yield values of 0.1 and 0.4, respec-
tively. Regarding selectivity, 2N A600 demonstrates the highest selectivity. The maximum
selectivity of 85% is achieved at 600 °C for 2NA600. At 650 °C and 850 °C, the H: selectivity
reaches its highest values of 71% and 73%, respectively, for INA600. The contribution of
side reactions, such as (i) CO + 3H2 — CHa + H20, (ii) CO2 + 4H> — CHa + 2H20 and/or (iii)
RWGS (CO:z + Hz2 <> CO + H20), is probable and conducted mainly to lose the activity. The
participation of CO + 3H2 — CHs + H20 and CO: + 4H2> — CHa4 + 2H20 reactions can be
excluded for thermodynamic reasons (AG < 0 if T <500 °C for both reactions, at 800 °C,
AG(i)~+55.41Kj/mol and AG(ii)~+55.98Kj/mol). The contribution of RWGS reaction which
tends to reduce H2 production seems thus the most likely (AG~0.5 Kj/mol), leading to a
reoxidation of the active sites (Ni°) by H2O vapor formed during the catalytic test.

The textural and structural properties of INA600 may explain its higher activity com-
pared to 1.5NA600 and 2NAG600 catalysts. The higher surface area (20 m%/g vs. 3-5 m?/g)
and smaller crystallite size of NiO (Cs =8.7 A vs. 12.6-16.8 A) in INA600 likely contribute
to the increased conversion of reactants. The reducibility patterns (Figure 7) observed for
2NA600 differ from those of INA600 and 1.5NA600, which could explain its higher selec-
tivity. The unexpectedly low activity of 1.5NA600 and 2NA600 is quite surprising consid-
ering the significant amount of Ni species used (Ni/Ag = 1.5 and 2), which plays a crucial
role in the DRM reaction. Above 750 °C, the curves of CHs and CO: conversion no longer
exhibit significant changes, indicating progressive deactivation of the catalysts, possibly
due to sintering [84]. According to previous literature [84-86], coke deposition is at-
tributed to metallic nickel particles. Effectively, catalysts may undergo significant modifi-
cations during the reaction. Most probably, the NiO species are reduced to form metallic
nickel, which is then could be responsible for the high carbon deposition [84]. It is worth
noting that INA600 and 2NA600 exhibit low carbon loss, while 1.5NA600 shows no loss.
Despite the reduction of NiO, the low carbon deposit observed may be attributed to the
introduction of Ag, which minimizes carbon deposition in DRM [11]. Additionally, the
disappearance of the active Ni-metallic phase is probably due to the formation of Ni-Ag
alloy. Ni-Ag alloy was not detected by XRD analysis (after the isothermal tests). Indeed,
we cannot totally exclude the possibility of Ni-Ag alloy formation for many reasons. Ni-
Ag alloy could be present in extremely low amounts or maybe well-dispersed, which
makes it difficult to detect by the XRD technique. Also, as suggested, Ni-Ag alloy cannot
be detected probably due to its amorphous phase.
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Based on the research findings presented in references [49,51], it is evident that both
Ag and Ni exhibit a significant energetic driving force that favors the formation of a sur-
face alloy instead of a bulk alloy. Specifically, Ag tends to concentrate on the step sites,
which are specific crystal defects found on the material’s surface. Benrabaa et al. [85] sug-
gest that the stabilization of Ni metallic species in this alloy could prevent surface sinter-
ing and, consequently, the formation of coke. In contrast, the absence of coke deposition
in 1.5NA600 can be attributed to its low activity, which is further diminished by the pres-
ence of impurities and its specific physicochemical characteristics. In conclusion, INA600
demonstrates the best catalytic activity indicating that a Ni/Ag ratio of 1 provides the op-
timal performance among these formulations.
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11

10

03

H4/CO Ratio
=

600 630 T00 T30 00 850

Figure 10. H>/CO ratio (a) and Hz selectivity (b) obtained on the fresh catalysts performed between

=— 1nAs00 {a)
|-m— 1.5M ABOD
I —m—2NARD

200mg, 100 mL/min

Temerature {*C}

600 and 850 °C.

8

Hs Selectivity ()
2 B N OB & D o OB =

=

—u— 1N AGDD
[ |—®— 1.5NAGO0
—B— 2N AGDD

/

(b}

200mg, 100 mLimin

mn 850
Temperdure{ C}



Catalysts 2024, 14, 400

12 of 19

2.2.2. The Time-on-Stream Test

Afterwards, a series of 4 h time-on-stream tests were conducted at 650 °C to evaluate
the stability of the synthesized catalysts over time, as illustrated in Figures 11 and 12. Iso-
thermal tests were performed using a new catalyst sample heated to the reaction temper-
ature (650 °C) in inert gas and exposed to reactants for approximately 4 h under the same
reaction conditions. Among the catalysts, INA600 exhibited higher conversion compared
to 1.5NA600 and 2N A600, but the conversion of reactants gradually decreased with time.
On the other hand, the conversion of reactants for 1.5NA600 and 2NA600 remained rela-
tively low and stable throughout the studied period (up to 240 min). The CHa conversion
was similar for both 1.5NA600 and 2NA600 catalysts. The sample INA600 catalyst
showed signs of deactivation starting from the 12th minute, which could be attributed to
sintering. However, some residual activity was observed after 150 min. The isothermal
reactivity test at 650 °C is aligned with the results of the temperature rise test at the same
temperature.

In contrast to the temperature rise test at 650 °C, which showed no conversion of CO,
the isothermal reactivity test of 2NA600 revealed a low conversion of CO: at the 50th mi-
nute. The H>/CO ratio for INA600 initially reached its maximum value of 0.5 but gradually
decreased and stabilized around 0.3 after the 100th minute. For 2NA600, after an unex-
pected drop, the H2/CO ratio progressively increased, approaching the value of 0.6. In the
case of 1.5NA600, it reached its maximum value at the 30th minute and remained stable.
While the H: selectivity tended to decrease with time for INA60O, it started to increase
again from the 130th minute. On the other hand, it continued to increase over time for
2NA600 and 1.5NA600.

It is worth noting that the CHas conversion was higher than the CO2 conversion for
the 1.5NA600 and 2NA600 catalysts, which could be attributed to the combustion of me-
thane given the low H2/CO. This combustion is linked to the reduction of the catalyst,
which releases oxygen responsible for the oxidation of methane. The results obtained at
the 20 min mark for the three catalysts are consistent with those obtained during the tem-
perature rise catalytic test at the temperature of 650 °C.
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Figure 11. CH: (a) and CO:z (b) conversions obtained on the fresh catalysts performed at 650 °C.
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XRD (Figure 13) and Raman spectroscopy (Figure 14) analyses were conducted on
the catalysts after the isothermal tests. XRD reveals lines corresponding to the cubic struc-
ture of silver (PDF 89-3722) with peaks at 20 = 38.12° (111), 44.307° (200) and 64.45° (220)
and the metallic nickel phase (PDF 04-0850) with peaks at 20 = 44.5° (111), 51.8° (200) and
76.4° (220). Furthermore, despite the prior sieving of the catalysts, characteristic peaks of
SiC are observed. Raman spectra show mainly the line of SiC at 760, 780 and 960 cm™,
with no lines at 1500 cm™ suggesting that there is no deposited carbon. The analyses after
the reaction indicate that deactivation might be due mainly to sintering phenomena. After
the reaction, a volcano change in crystallite size was observed (Table 2); the INA600 sam-
ple shows the lowest crystallite size value of Ni metallic species (30 nm).
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Figure 13. XRD analysis obtained on the spent catalysts performed at 650 °C.

2NA600

1.5NA600

\
1NAGOO ’ \

L o . N ‘.\

— — ~

M 1 1 L 1 L
200 400 600 800 1000 1200

Wavenumber (cm')

Figure 14. Raman spectra obtained on the spent catalysts performed at 650 °C.
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3. Materials and Methods
3.1. Chemicals

Nickel (II) nitrate hexahydrate (Ni(NOs)2,6H20, 297%, Rectapur), silver nitrate
(AgNOs, 298%, Alfa Aesar), sodium hydroxide (NaOH, 299%, AnalaR NORMAPUR) and
ethanol absolute (C2Hs0OH, 299.8%, AnalaR NORMAPUR) were used in catalysts prepa-
ration. All reagents were analytical grade and used without any further purification. Dis-
tilled water was used in the synthesis and washing processes.

3.2. Catalyst Preparation

Catalysts based on silver and nickel were synthesized using the coprecipitation
method by varying the molar ratio of Ni and Ag (Ni/Ag =1, 1.5 and 2). The starting salts,
silver nitrate and nickel nitrate, are dissolved separately in distilled water. Then the two
solutions are mixed and placed under moderate stirring. The precipitating agent NaOH
(2M) was added drop by drop until the pH of the mixture reached the value of 10. The
product obtained was washed with distilled water and ethanol, dried at 100 °C, then
ground and calcined at 600 °C. The obtained powders are afterward denoted 1NA600,
1.5NA600 and 2NA600 in this manuscript.

3.3. Catalysts Characterization

Several physicochemical methods were used for the characterization of the catalysts
before and after heating treatment and also after catalytic tests.

Thermogravimetry differential thermal analysis (TG-DSC) was performed on a TA
instrument SDT Q600. The sample was heated at 5 °C/min from 25 to 1000 °C. The analyses
were carried out with a total flow rate of 100 mL/min (20% Oz in helium). The released
gases that evolved during the analysis were monitored by a Pfeiffer Omnistar mass spec-
trometer. X-ray powder diffraction (XRD) was performed using a Bruker AXS D8 Advance
diffractometer working in Bragg-Brentano geometry using Cu Ka radiation (A = 1.54 A),
equipped with a LynxEye detector. Patterns were collected at room temperature, in the 20
=10-80° range, with a 0.02° step and 96s counting time per step. The EVA (version 6.1.0.4
Bruker AXS GmbH, Karlsruhe, Germany) software was used for phase identification, and
the unit cell parameters were optimized by Rietveld refinement using the Jana2020 crys-
tallographic software. The elemental analysis was performed by inductively coupled
plasma-optic emission spectroscopy (ICP-OES) 720-ES ICP-OES (Agilent, Santa Clara, CA,
USA) with axially viewing and simultaneous CCD detection. The quantitative determina-
tion of metal content in the catalysts was based on the analysis of certificated standard
solutions. The ICP ExpertTM software (version 2.0.4) provides the concentration of metal
in samples allowing estimating the weight percentage of Ag and Ni. All the analyses were
performed 40 min after the spectrometer was turned on to achieve a stable plasma as well
as constant and reproducible sample introduction. The sample preparation was made by
dissolving 10 mg of dried and ground samples catalyst in concentrated 4 mL of HNOs. All
the sample solutions were heated to 80 °C in a sonicator for 2 h. Then, the solution was
diluted up to 20 mL with ultrapure water before being analyzed by ICP-OES. The surface
areas were calculated from N2 adsorption—-desorption isotherms measured on a FlowSorb
IIT Micromeritics (Norcross, GA, USA) analyzer by Brunauer-Emmett-Teller (B.E.T). The
morphology of catalysts was examined by scanning electron microscopy (SEM) (S-3400N,
Hitachi, Tokyo, Japan). The energy-dispersive X-ray spectra (EDX) (Thermo, Waltham,
MA, USA) SCIENTIFIC UltraDry) of samples were also acquired during their conven-
tional scanning electron microscopic investigations. X-ray photoelectron spectroscopy
(XPS) was carried out on Escalab 220 XL (Vacuum Generators, Seoul, Republic of Korea)
spectrometer. A monochromatic Al Ka X-ray source was used, and electron energies were
measured in the constant analyzer energy mode. The pass energy was 100 eV for the sur-
vey of spectra and 40 eV for the single-element spectra. All XPS binding energies were
referred to C1s core level at 285 eV. The angle between the incident X-rays and the analyzer
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was 58°, with photoelectrons being collected perpendicularly to the sample surface. Spec-
tra were analyzed with the CasaXPS software (version 2.3.25). The reducible species that
existed in the catalysts were profiled by temperature-programmed reduction. Hydrogen
temperature-programmed reduction (H>-TPR) was measured on a Micromeritics Au-
toChem II 2920 apparatus with a thermal conductivity detector (TCD) to monitor the H
consumption. After calibration of H2 on the TCD, samples were sealed in a U-shaped
quartz tube reactor and pre-treated in an argon atmosphere to remove surface impurities.
Then, the temperature was raised from 25 to 1000 °C at 5 °C/min in a stream of 5% v/v Hz/
Ar. Laser-Raman spectra were recorded from 200 to 1500 cm™ at room temperature using
an FT-Raman spectrometer (Dilor XY Raman, Horiba France, Palaiseau, France) at an ex-
citation wavelength of 647.1 nm, laser power of 3 mW and spectral resolution of 0.5 cm™.

3.4. Catalytic Reforming Experiments

The catalytic performance test was conducted under atmospheric pressure in a fixed-
bed quartz flow reactor, which was placed inside a programmable oven. Prior to loading
into the reactor, the catalyst (200 mg) was thoroughly mixed with silicon carbide (5iC)
powder (1000 mg). A mixture of methane, carbon dioxide and argon (CHs:COz:Ar =
20:20:60) with a total flow of 100 mL/min was introduced into the reactor, and the reaction
was initiated by gradually increasing the temperature from room temperature up to 850
°C at a heating rate of 5 °C/min. Online mass spectrometry (OmniStar, Pfeiffer Vacuum,
Asslar, Germany) was used to analyze all effluents during the reaction.

In the initial phase of the experiment, the catalysts were tested for their activities at
temperatures ranging from 600 to 850 °C. Subsequently, isothermal reactivity tests were
performed using a fresh sample of the catalyst heated to a reaction temperature of 650 °C.
The samples were exposed to the same reaction conditions for approximately 4 h. After
the evaluation through isothermal tests, each catalyst was characterized using XRD anal-
ysis.

4. Conclusions

In summary, the findings from this study on CO: reforming of methane lead to sev-
eral significant conclusions. Firstly, the catalysts exhibited relative stability in composition
and structure at high calcination temperatures. XRD analysis confirmed the presence of
metallic silver and nickel oxide as the main phases in the catalysts after calcination at dif-
ferent temperatures. EDX analysis further detected the presence of Ag and Ni elements,
with a higher concentration of nickel observed in the upper layers of the catalysts. The
morphological and surface properties of the catalysts were also investigated. BET analysis
revealed a decrease in specific surface area with an increase in the Ni/Ag ratio, indicating
the agglomeration of silver particles on the catalyst surface. SEM images showed varia-
tions in particle shapes and agglomeration patterns influenced by the loading of nickel in
the catalysts. Regarding catalytic performance, catalyst INA600 demonstrated the highest
activity, with the highest CHs, CO2 conversions and H2/CO ratio achieved at 650 °C.
2NA600 catalyst exhibited the highest selectivity, reaching a maximum of 85% at 600 °C.
1INA600 catalyst showed higher activity attributed to its higher specific surface area and
smaller crystallite size of NiO. Both INA600 and 2NA600 demonstrated low carbon loss,
while 1.5NA600 showed no loss. This study opens the path for further investigation
through adequate process conditions (e.g., by adding another metal) in order to slow the
reduction of the material or through further investigation of material design and synthesis
to better stabilize the active species.
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