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Abstract: CuM and AgM (M = Cr, Fe) catalysts were synthesized, characterized, and evaluated in
methane reforming with CO, with and without pretreatment under a Hy atmosphere. Their textural
and structural characteristics were evaluated using various physicochemical methods, including XRD,
B.E.T., SEM-EDS, XPS, and H-TPR. It was shown that the nature of the species has a significant effect
on these structural, textural, and reactivity properties. AgCr catalysts, presenting several oxidation
states (Ag?, Ag*!, Cr¥*, and Cr* in Ag, AgCrO,, and AgCr,0y), showed the most interesting
catalytic performance in their composition. The intermediate Cr,O3 phase, formed during the
catalytic reaction, played an important role as a catalytic precursor in the in situ production of highly
dispersed nanoparticles, being less prone to coke formation in spite of the severe reaction conditions.
In contrast, the AgFe catalyst showed low activity and a low selectivity for DRM in the explored
temperature range, due to a significant contribution of the reverse water—gas shift reaction, which
accounted for the low H, /CO ratios.

Keywords: dry reforming of methane; CO, conversion; CuM and AgM catalysts; characterizations

1. Introduction

Natural gas is becoming a significant energy source [1] which can be converted into
more valuable compounds through the intermediate of “syngas” or synthesis gas, which is
a mixture of carbon monoxide and hydrogen obtained by methane reforming [2,3]. This
process aims at converting CHy using an oxidant (such as steam, oxygen, carbon dioxide,
or their combination) into syngas [4]. The traditionally used oxidants in methane reforming
include steam and oxygen in steam methane reforming (SMR) and partial oxidation reform-
ing (POX), respectively, or the combination of steam and oxygen in autothermal reforming
(ATR) [5]. Due to the high CO; footprint of these reference technologies, considerable
attention in the literature has shifted towards the dry reforming of methane (DRM), which
uses CO; as an oxidant. Thus, DRM is a catalytic process that utilizes both CO, and CHy4 to
convert greenhouse gases into syngas [6-11].

SRM:

CH, + H,O — CO + 3H, AH® = +206 kJ.mol ! (1)
POX:

CH,4 +1/20, — CO + 2H, AH® = —36 kJ.mol ! 2)
DRM:

CH,4 + CO, — 2CO + 2H, AH® = +247 kJ.mol ! 3)
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Despite the advantages offered by DRM in natural gas conversion and CO, transfor-
mation, process challenges persist. The DRM reaction is highly endothermic, and reforming
reactions are known to occur near thermodynamic equilibrium conditions. According
to previous thermodynamic assessments, a temperature of at least 800 °C or higher is
recommended to maintain a high syngas production while mitigating the impacts of com-
peting reactions leading to carbon formation [12-14]. Indeed, the dry methane reforming
reaction (Equation (3)) can be associated with numerous undesirable reactions, resulting,
among others, in carbon deposition (Equations (4)—(6)) or substrates favoring its formation
(Equations (7) and (8)).

2CO = Cs) + H,0 Boudouard reaction 4)
CO + H, = C(s) + HzO CO reduction (5)
CH4 = Cg) + 2H; Pyrolysis of methane (6)
CO; + Hy 22 CO + HyO Reverse water-gas shift reaction (7)
CH4 + H,O =2 CO + 3H; Steam reforming of methane (8)

Carbon formation is a major challenge, as it leads to a decreased catalyst efficiency due
to rapid deactivation [15], hindering the industrial application of DRM. Previous studies
have addressed these challenges by using various approaches related to catalytic materials,
reactor design, and energy systems [16-20].

Noble metals (Pt, Rh, Ru, and Ir) demonstrate a superior catalytic efficiency in reform-
ing reactions, particularly in the DRM process. Despite requiring comparatively small
amounts of these precious metals [21-27], given the costly nature and limited availability
of noble metals, endeavors have been undertaken to substitute them with more economical
d-block metals. Nickel catalysts are commonly employed in the DRM process due to
their affordability, wide availability, and catalytic effectiveness comparable to that of noble
metals [28,29]. To further enhance DRM catalysts considering carbon formation prevention
and additional catalytic activity improvement, using bimetallic Ni catalysts by doping
Ni with a second transition metal such as iron (Fe) or copper (Cu) has been suggested.
Regarding the latter, research is mainly focused on studying bimetallic catalysts containing
Cu [30-37] or copper incorporated into mixed oxide structures [38]. Misture et al. [39]
reported increased activity for the DRM reaction with a supported Ni-Cu bimetallic catalyst,
with stable conversion over 12 h of operation, without catalytic degradation due to coking.
These results were also observed by Reshetenko et al. [40], citing a modified morphology
of the catalytic surface due to Cu addition to the Ni-Ni lattice. Lee et al. [41] investigated
Cu addition to Ni/Al,O3 catalysts and found that low Cu loadings helped to decrease the
alloying effect caused by Cu enrichment, contributing to reducing carbon formation on the
catalysts. However, there is a lack of research on the catalytic activity of catalysts containing
only copper as an active metal for such applications [42]. Other studies have investigated
bimetallic exsolution for DRM-synthesized Co-Fe and Fe-Ni alloys. The reported CO,
conversion values using exsolved alloys (Co-Fe and Fe—-Ni) indicated a superior DMR
performance of the former [43,44]. Apart from the work of Papargyriou et al. [43], several
authors have also explored Fe-Ni alloy exsolution for DRM, particularly for solid oxide
fuel cells and electrolyzers [45-48].

Silver particles hold significant importance due to their exceptional optical, electri-
cal, thermal, and biological attributes. These materials have been suggested for diverse
applications across fields like bio-sensors, diagnostics, imaging, catalysts, solar cells, and
antibacterial agents [49,50]. As documented in various references, silver has been identified
to possess advantageous characteristics in deterring coke formation during reforming
reactions [51-54]. Catalysts based on silver and chromium were synthesized and tested for
their hydrogen peroxide decomposition activity with a series of nano-crystalline Ag-Cr-O
catalysts. The H,O, decomposition activity of the various Ag-Cr-O catalysts showed a
continuous decrease with an increasing calcination temperature. It was suggested that
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the calcination temperature did not alter the proposed reaction mechanism; instead, it
could influence the formed phases, which, in turn, generated surface-active Cr3*/Cré*
and Cr®*/Ag* redox couples involved in the catalytic process [55]. Within the spectrum
of chromium oxides, Cr,O3 stands out as the sole compound retaining thermal stability
beyond 500 °C [56-58]. Functioning as a catalyst, Cr,O3 demonstrates a commendable
efficacy in both methane combustion [56—-60] and ammonia decomposition [61]. Henni
et al. [62] found that a Ni/Ag catalyst with a 1:1 ratio exhibited a superior catalytic activity
for the dry reforming of methane, achieving 38% CH, and 45% CO, conversion at 650 °C
with a Hy /CO ratio of 0.7 and 71% H, selectivity. The presence of Ag species seemed to
enhance the stability and performance of the Ni catalyst in this reaction.

In the current investigation, we prepared a series of catalysts based on copper and
silver in conjunction with iron and chromium, denoted as CuM and AgM with (M = Fe,
Cr) catalysts, using the coprecipitation method. To characterize these catalysts, we em-
ployed various physicochemical techniques, including X-ray diffraction (XRD) and Ri-
etveld refinement, the BET method, X-ray photoelectron spectroscopy (XPS), a scanning
electron microscope (SEM) coupled with energy-dispersive X-ray microanalysis (EDX), and
temperature-programmed reduction (TPR). We then assessed the activity of these catalysts
for hydrogen production through the dry reforming of methane.

2. Results
2.1. Structural Characterization by XRD

X-ray diffraction analyses were conducted systematically to investigate the crys-
tal structures and phases of the AgCr-700, AgFe-700, CuCr-700, and CuFe-700 samples.
Figure 1 displays the diffraction patterns of each sample, along with the identification of
the different crystallographic phases present. For all synthesized formulations, a phase
mixture (binary or ternary) was observed. For the AgM (M = Cr, Fe) catalysts, both ma-
terials presented a ternary mixture. The AgCr-700 sample, showed the presence of (i) a
AgCrO, (ICDD: 01-070-1703) delafossite-type structure, (ii) a AgyCrOy4 (ICDD: 01-072-0858)
spinel-type oxide, and (iii) metallic silver (ICDD: 01-087-0720). The iron-based system of
AgFe-700 was mainly composed of the two following phases: (i) hematite-structured Fe;O3
(ICDD: 01-073-2234) and (ii) metallic silver (ICDD: 01-087-0720), plus some Na,O (ICDD:
01-077-2148). The quantitative analysis of these X-ray diffraction (XRD) patterns using
the Rietveld method revealed the presence of metallic silver in both the AgCr-700 and
AgFe-700 catalysts, but also a significant difference in the formed oxides, despite identical
synthesis conditions. The AgCr-700 system was characterized by a more complex com-
position, comprising two mixed oxides, AgCrO, and Ag,CrOy, present at percentages of
73% and 14%, respectively, along with metallic silver Ag at 13%. In contrast, the AgFe-700
sample exhibited a single metallic oxide, Fe;O3, as well as metallic silver, with respective
percentages of 55% and 43%. NayO, present as a minor impurity at 2%, originated from the
NaOH used during coprecipitation. Its formation during calcination may be attributed to
insufficient washing before the process.

For the CuM (M = Cr, Fe) catalysts, a binary system containing copper oxide CuO
(ICDD: 00-045-0937) and spinel-phase CuCr,O4 (ICDD: 01-085-2313) was detected for the
chromium-based catalyst, while a ternary mixture composed of CuO (ICDD: 00-045-0937),
hematite-structured Fe;O3; (ICDD: 01-073-2234), and spinel-phase CuFe,O, (ICDD: 01-
072-1174) was observed for the iron composition. The results of the quantitative Rietveld
refinements were the following: the CuCr-700 system showed two different phases of
CuO and CuCr,Oy, present at percentages of 27% and 73%, respectively, while the CuFe-
700 sample exhibited three distinct phases of CuO, Fe,O3, and CuFe;O4 with respective
percentages of 52%, 39%, and 9%.
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Figure 1. XRD patterns of CuM and AgM (M = Cr or Fe) catalysts prepared by coprecipitation and
calcined at 700 °C/7 h.

The crystallite size (Cs), calculated using the fundamental parameters approach and
presented in Table 1, varied among the samples depending on their structural composition.
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Table 1. Rietveld refinement and specific surface area results of CuM and AgM catalysts.
XRD Data S.S.A.
Catalysts Lattice Parameters
4 Detected ;1) . . . Phase (%)  JBET
Phases a(A) b (A) cd) « () B ) Y ) (m*/g)
AgCrO, 64 (4) 29860 (4) 29860 (4)  18.509 (3) 90 90 120 72 (2)
AgCr700  Ag,CrO;  41(12) 10.05(1)  7.028(7) 5.543 (6) 90 90 90 15 (2) 1
Ag 26 (5) 4088 (2)  4.088(2) 4.088 (2) 90 90 90 13 (1)
Fe,O5 89 (3) 50360 (2) 5.0860 (2)  13.7530 (8) 90 90 120 55.0 (6)
AgFe-700 Ag 113 (2) 4069 (7)  4.069 (7) 4.069 (7) 90 90 90 43 (2) 4
NayO 59 (9) 55550 (7) 55550 (7)  5.5550 (7) 90 90 90 2.2 (3)
CuCr700 CuO 70 (12) 4687 (2) 3426 (2) 5.130 (3) 90 99.52 (3) 90 27(2) A
utr- CuCr,04 46 (4) 6.028(2)  6.028(2) 7.806 (3) 90 90 90 73 (2)
CuO 71 (2) 46870(2) 34251(2)  5.1316 (3) 90 99.497 (3) 90 52.1 (9)
CuFe-700 Fe, O3 79 (2) 5.0366 (2)  5.0366 (2) 13.7505 (8) 90 90 120 39.2 (4) 6
CuFe,04 21 (3) 5819(3)  5819(3)  8.6982 (6) 90 90 90 8.7 (6)

2.2. Textural and Surface Characterization by BET, SEM-EDX, and XPS

The specific surface area of the synthetized catalysts did not depend on the nature of
the materials (Table 1), as they all exhibited very low specific surface area values not exceed-
ing 6 m?/g. This low specific surface area can be explained by the growth of nanoparticles
during calcination at 700 °C during 7 h. The calcination temperature significantly affects
the surface area of materials. Higher temperatures typically lead to a reduction in surface
area due to sintering effects. For instance, increasing the calcination temperature from 400
to 900 °C for Cu-Cr catalysts can reduce their surface area to as low as 10-17 m?2/ g. [63].
The formation of aggregates can also significantly decrease the number of pores. The SEM
images in Figure 2 present a series of granular surfaces with textures ranging from irregu-
lar to uniform, highlighting how the precursors affected the observed morphology, even
when the synthesis conditions were similar. Micrographs of AgFe-700 and CuFe-700 reveal
finer, agglomerated particles, while those of AgCr-700 and CuCr-700 show an increasingly
uniform and homogeneous distribution of particles with larger sizes. As indicated by the
XRD results, the presence of chromium in the AgCr-700 and CuCr-700 catalysts promoted
the formation of binary oxides, resulting in more homogeneous morphologies with larger
particle sizes and a more uniform distribution of elements. This increased particle size
reduced the risk of agglomeration and enhanced homogeneity. In contrast, the iron in the
AgFe-700 and CuFe-700 catalysts primarily promoted the formation of simple oxides (with
the exception of CuFe;O4 at 9% in CuFe-700), leading to finer particles. The absence of
mixed oxides, combined with the fine structure of the iron-based catalysts, led to particle
aggregation, resulting in less homogeneous morphologies. This dissimilarity in the texture
of the solids is a potentially critical element for their use as catalysts.

The elemental composition of the Cu(M) and Ag(M) catalysts was determined through
EDS analysis. EDS spectra are presented in Figure 3. The recorded values indicated only the
presence of characteristic peaks of the elements Ag, Cu, O, and M (M = Fe, Cr). The atomic
ratios of Ag/M and Cu/M (Table 2) were calculated for the different catalysts, showing
that the Ag/Cr, Cu/Cr, and Cu/Fe ratios were close to 1, reflecting the uniform phase
distribution in these catalysts. However, the Ag/Fe ratio of 0.2 (Table 2) can be attributed to
the two following possible phenomena: either the Ag™ ions did not fully precipitate during
synthesis and remained in solution, or the agglomeration of particles led to an uneven
distribution of elements at the microscopic scale.
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Figure 3. EDS spectra of CuM and AgM (M = Cr or Fe) catalysts prepared by coprecipitation and

calcined at 700 °C/7 h.
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Table 2. EDS and XPS data of CuM and AgM (M = Cr or Fe) catalysts.

EDS Data XPS Data
Catalysts Ag/M or Cu/M AgorCu* Cr or Fe * Ag/M or Cu/M
(M =Cror Fe) (eV) (eV) (M =Cror Fe)
AgCr-700 1.2 368.1 575.3 1.7
AgFe-700 0.2 368.4 711 0.2
CuCr-700 1 934.5 577 1.2
CuFe-700 0.8 933.7 710.8 0.3

* Bending Energy.

The chemical state and surface compositions of the catalysts were examined by XPS.
The obtained data are summarized in Table 2. The atomic ratios of Ag/Fe and Cu/Cr were
close to those obtained by EDS analysis (Table 2), suggesting that the chemical composition
in the bulk was close to that on the surface of these catalysts. An enrichment in iron was
observed at the surfaces of the AgFe-700 and CuFe-700 catalysts. In addition, an enrichment
in Ag was observed for the AgCr-700 catalyst (Ag/Cr = 1.7 against Ag/Cr =1).

For all formulations, the photopeak 1s of oxygen (Figure 4) revealed two main compo-
nents. The first component, corresponding to the lowest binding energy (~530 eV), was
related to the lattice oxygen O?~, and the second component of a higher binding energy
(~531.7 eV) was correlated with the presence of oxygen localized on the outer layer of the
solid and belonging to -OH groups or probably to H,O adsorbed on the surface.

25,000
180t © O1sin AgCr-700 529.8 0O1sin AgFe-700
529.8
14000 | 20000 |
12000 |
3 g 1|
& e L &
» »
Q.
Q Ww & 10000
s000 |
000
4000
2000 L L L L " X L L
6 534 532 530 528 526 536 s34 32 530 528 526
_ Bending Energy (eV) Bending Energy (eV)
0000
20000 I 045 in CuFe-700 529.8
25,000 |
16000
2000 |
) -
= 3 1200 |
< 15000 [ &
[’
e 4
© )
10000 | 8000 |
se00 |
4000 |
0
c.

s o $32 . sz sz s M 532 530 528 526

Bending Energy (V) Bending Energy (eV)

Figure 4. XPS spectra of O 1s species in AgM and CuM (M = Cr or Fe) catalysts prepared by
coprecipitation and calcined at 700 °C/7 h.
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CPS (a.u)

In the case of the AgCr-700 system, the Ag 3d5/2 and Ag 3d3/2 core level binding
energies located at ~368.1 and ~374.3 eV, respectively, were in good agreement with bulk
silver metallic values observed in the literature [64] and our previous work [62]. The
decomposition of the corresponding spectrum (Figure 5) showed a component at ~367.5 eV
assigned to silver in the Ag* oxidation state. However, this decomposition did not show
any other components (Figure 5) for the AgFe-700 sample, explaining that Ag species are
only in the metallic oxidation state for this formulation, as suggested by the XRD analysis.
The Fe2p3/2 spectra (Figure 6) display the same peak shapes for both the AgFe-700 and
CuFe-700 formulations, with corresponding binding energies of 711 eV and 710.8 eV for
AgFe-700 and CuFe-700, respectively, characteristic of the presence of Fe (III) species in
AgFe and CuFe mixed oxides. In addition, a component appeared at ~719 eV (Figure 6),
which is characteristic of the presence of Fe (III) from hematite-structured Fe;O3 (o or
v) [65,66]. It is very difficult to distinguish between x-Fe,O3 or y-Fe,O3 oxides, since the
corresponding binding energies for both oxides are practically the same. The AgCr-700
and CuCr-700 systems showed different Cr2p spectra (Figure 7), with Cr2p line binding
energy values of 575.3 and 577 eV for AgCr-700 and CuCr-700, respectively. These values
are an excellent indication of the presence of Cr>* in our formulations. In contrast, after
the decomposition of the corresponding spectrum for the AgCr-700 system, we note the
appearance of a band around 578.3 eV, which can be associated with Cr®* species [65]. The
presence of Cr®* species at the surface of the AgCr-700 catalyst was perfectly correlated
with the Ag,CrOy structure detected by the XRD analysis. Figure 8 shows the Cu 2p3/2
XPS spectra of the CuM (M = Cr or Fe) catalysts. Both the CuCr-700 and CuFe-700 catalysts
exhibited similar spectra (934.5 eV for CuCr-700 and 933.7 eV for CuFe-700) and indicated
that the copper was only in the (II+) oxidation state. The low and high binding energy peaks
were generally attributed to Cu?* located in octahedral and tetrahedral sites of CuCryOy
and CuFe,O4 spineoxides, respectively [67]. Nevertheless and as mentioned by Z. Xiao
et al. [67], the peaks were ascribed to Cu?* in CuO, CuCryO4, and CuFe, Oy for the Cu
2p3/2 spectra of both the CuCr-700 and CuFe-700 catalysts.

50000
Ag3d in AgCr-700 12000 L Ag@3d in AgFe-700 368.4
368.1
40000 [
10000 |
374.4
30000 | 374.3 : 8000 |-
w
o
3]
20000 - 6000 |
4000 |-
10000 |
367.5 L
2000 |
0L 1 1 1 1 1 1 1 1 1 1 1 1
378 376 374 372 370 368 366 364 378 376 374 372 370 368 366 364

Bending Energy (eV)

Bending Energy (eV)

Figure 5. XPS spectra of Ag species in AgM (M = Cr or Fe) catalysts prepared by coprecipitation and
calcined at 700 °C/7 h.
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Figure 6. XPS spectra of Fe2p3/2 species in AgM and CuM (M = Cr or Fe) catalysts prepared by
coprecipitation and calcined at 700 °C/7 h.
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Figure 7. XPS spectra of Cr species in AgM and CuM (M = Cr or Fe) catalysts prepared by coprecipi-
tation and calcined at 700 °C/7 h.
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Figure 8. XPS spectra of Cu species in CuM (M = Cr or Fe) catalysts prepared by coprecipitation and
calcined at 700 °C/7 h.
2.3. Reducibility Properties by Hy-TPR

Figure 9 illustrates the Hy-TPR profiles of the catalysts. Hydrogen consumption
was influenced by both the trivalent cation M (M = Cr or Fe) and the associated metals
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Cu and Ag. In terms of the influence of the trivalent cation, catalysts containing iron
exhibited a higher hydrogen consumption compared to those containing chromium, and
when comparing consumption relative to the associated metals (Cu or Ag), the catalysts
with Cu showed higher quantities than those with Ag. The H; consumption amounts
for each catalyst were the following: 3.2 mmol/g for AgCr-700, 7.9 mmol/g for AgFe-
700, 6.3 mmol/g for CuCr-700, and 15.2 mmol/g for CuFe-700. These findings suggest
that the AgCr-700 catalyst is more readily reducible, while the CuFe-700 catalyst is less
readily reducible.
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Figure 9. H,-TPR profiles of (b) AgM (M = Cr or Fe) and (a) CuM catalysts prepared by coprecipitation
and calcined at 700 °C/7 h.

Upon closely examining each TPR profile, for the Cu-M catalysts, it is noted that,
for the CuCr-700 catalyst (composed of CuO and CuCr,O;), a prominent peak emerged
around 237 °C, accompanied by a much weaker peak around 298 °C. These two peaks
could indicate the reduction of CuO to metallic Cu, a process typically occurring between
200 °C and 300 °C, as mentioned in the literature [68]. Additional peaks were also observed
at 420 °C, 481 °C, and 528 °C. The peak at 420 °C can be attributed to the reduction of
Cu?* in CuCr,0y4. This reduction process is challenging due to limitations in penetration
within these particles rather than surface conditions [69], while the peaks at 481 °C and
525 °C can be associated with the reduction of strongly interacting CuO/CryO3 species [70].
For the CuFe-700 catalyst (consisting of CuO, Fe;O3, and CuFe,Oy), two prominent peaks
were detected. As mentioned for the CuCr-700 catalyst, for the peak around 284 °C, even if
the reduction peak moved to a higher temperature and the peak height of the reduction
peaks also increased, this suggests the reduction of CuO to metallic Cu. Additionally, it is
plausible that this peak indicated the partial reduction of CuFe;O4. The subsequent peak at
469 °C might be linked to the reduction of Fe,O3 to Fe30,. According to the literature, the
temperature range of 300-500 °C is associated with the reduction of Fe3* to Fe?* [71,72].

For the H,-TPR profiles of Ag-M, interpreting the results requires considering the
presence of metallic silver in both samples. Indeed, metallic silver possesses a high thermal
and electrical conductivity, which can lead to a more uniform and rapid reduction of the
oxides present in the catalyst, resulting in the appearance of peaks at lower temperatures
than those expected in the TPR profile [73]. As observed with the AgCr-700 catalyst (mainly
composed of AgCrO,, Ag,CrOy4, and metallic silver), a peak appeared at 291 °C, followed
by a shoulder at 364 °C. The first peak could correspond to the reduction of Ag,CrOy4 to
AgCrO; or metallic silver, which typically occurs at a higher temperature. The shoulder
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observed at 364 °C could indicate the partial reduction of silver or chromium compounds,
the reduction of AgCrO, to metallic silver, or the reduction of CrO3 to CrpO3.

The influence of metallic silver can also be observed on the AgFe-700 catalyst (com-
posed of metallic silver and Fe,O3), which exhibited a sharp peak at 637 °C, preceded
by a shoulder at 531 °C. These successive peaks can be associated with the reduction of
Fe,O3 to metallic iron. This reduction process typically occurs in two or three steps at
temperatures up to 750 °C [72,74]. 1t is, therefore, assumed that the presence of metallic
silver in the catalyst accelerated this reduction. The TPR profile of AgFe-700 showed a final
peak at 979 °C of low intensity, which could be related to the interaction between metallic
silver and iron oxide and/or the reduction of Fe,O3 particles located within the bulk of the
catalyst, which are not easily reducible at lower temperatures.

2.4. Catalytic Properties

The dry reforming of methane (DRM) was conducted in a temperature range from
600 to 825 °C. The catalytic performances of different formulations were evaluated at each
reaction temperature, as shown in Figures 10 and 11, respectively, for the conversions
of CHy and CO,, as was the selectivity for H, and H,/CO ratios. The results revealed
that the four catalysts, AgM and CuM, exhibited relatively low conversions for CH4 and
CO,, not exceeding 18% for CH4 and 30% for CO,. For all formulations, the conversion
of CO; exceeded that of CHy. The H,/CO ratios were very low (below 0.5) compared
to the stoichiometry of the reaction (Hy/CO = 1). In the methane reforming process,
several reactions generally occur, including the reverse water—gas shift (RWGS) reaction
and the reverse Boudouard reaction, which are favored at high temperatures. The high CO,
conversion rates compared to CHy, along with the low H; /CO ratio, can be attributed to
the significant contribution of the RWGS reaction, which could also explain the formation
of a substantial amount of water.
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Figure 10. CHy (a) and CO; (b) conversion obtained on AgM and CuM (M = Cr or Fe) catalysts
calcinated at 700 °C (CHy = 20%; CO, = 20%; 100 mg; F = 100 mL/min).
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Figure 11. H; selectivity (a) and Hy /CO ratios (b) obtained AgM and CuM (M = Cr or Fe) catalysts
calcinated at 700 °C (CHy = 20%; CO, = 20%; 100 mg; F = 100 mL/min).

The AgCr-700 catalyst demonstrated a high reactant conversion, attributed to the
presence of AgCrO; and AgyCrOy, which can facilitate the dissociation of CHs and COs,.
Additionally, the small size of the silver crystallites (26 nm) may have contributed to better
dispersion and a higher density of active sites, essential for reactant conversion. Hydrogen
selectivity increased progressively with temperature, reaching 24% at 825 °C, suggesting
that this catalyst promotes hydrogen formation over a wide temperature range. This
behavior may be linked to the thermal stability of the silver and chromium compounds,
maintaining their catalytic activity. Regarding the AgFe-700 catalyst, it showed a significant
conversion of reactants that increased with temperature, but hydrogen selectivity remained
very low, reaching only 2% even at 825 °C. The presence of Fe,O3 could have favored the
reforming reaction, but the low specific surface area limited the number of active sites
available for the reaction. Moreover, the presence of metallic silver with a large crystallite
size (113 nm) also reduced the active surface area, and the presence of Na,O, even in
small amounts, could modify the surface properties and impact the overall activity. For
the CuCr-700 catalyst, a moderate reactant conversion was observed, increasing with
temperature. Hydrogen selectivity followed the same trend, reaching 18% at 825 °C. This
performance can be attributed to the predominant presence of CuCr,O, with a relatively
small crystallite size, improving the dispersion of active sites. As for the CuFe-700 catalyst,
the reactant conversion rates remained very low up to a temperature of 650 to 700 °C, where
conversion began and increased slightly with temperature. A sudden increase in hydrogen
selectivity to 21% from 725 °C may indicate catalytic activation in this temperature range.
The interactions between copper and iron oxides became particularly favorable, leading to
an improvement in catalytic activity.

The reactivity results of the four catalysts for the dry reforming of methane reaction
allow them to be ranked in terms of hydrogen selectivity as follows: AgCr-700, CuFe-700,
CuCr-700, and finally, AgFe-700. This ranking shows that the catalytic activity of the AgM
and CuM systems depended on both the metal used (Ag or Cu) and the nature of the
trivalent cation M (M = Fe or Cr). The AgCr-700 and CuFe-700 catalysts exhibited the
highest reactivity. Despite its lower specific surface area, AgCr-700 demonstrated a better
reactant conversion. The reduction temperature observed in the H>-TPR profiles was lower
for AgCr-700 than for CuFe-700 (final peak/shoulder at around 364 °C versus 469 °C),
and the Ag/Cr and Cu/Fe ratios (XPS: 1.7 versus 0.3 and EDS: 1.2 versus 0.8) favored an
increased dispersion of silver species on the surface of the AgCr-700 catalyst. As obtained
in our previous work [75-77], the presence of iron generally leads to low activity in the dry
reforming of methane, however, the presence of iron in combination with copper yielded
more favorable results. Although the CuFe-700 catalyst had a larger specific surface area
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(6 m?/g versus 1 m?/g), the AgCr-700 catalyst exhibited a better hydrogen selectivity at
825 °C. This could be attributed to the nature of the silver compounds in the AgCr-700
catalyst, which presented two oxidation states, (0) and (+I), as suggested by the XRD
and XPS analyses. These states may be more effective in promoting the reaction towards
hydrogen rather than other products.

To better understand the results of the various catalytic tests, the catalysts were first
sieved to remove SiC and then analyzed after the reaction by X-ray diffraction (XRD) to
determine the structural changes that occurred (it is worth noting that some SiC peaks may
appear in the diffractograms). Figure 12 shows the diffractograms of the four catalysts
after the catalytic test (DRM1). The results of the XRD analysis on the CuCr-DRM1 sample
revealed significant transformations under the methane dry reforming conditions. Indeed,
after the catalytic test, the diffractogram can be indexed using a mixture of CuO, Cu metallic,
and Cr,O3 (plus some peaks coming from the SiC support). The presence of metallic copper
and CuO indicated that the catalyst possessed balanced redox properties, facilitating the
activation of reactants. These transformations led to the formation of a catalytic system
with well-dispersed active phases due to metallic copper, thus explaining a significant
catalytic activity compared to other catalysts. The XRD analysis of the CuFe-DRM1 sample
also showed structural changes under the methane dry reforming conditions, including
the formation of metallic copper and Fe3O4. Note that while it is possible to explain the
diffractogram using either pure copper, it is also possible to conclude the formation of an
alloy between Cu and Fe (as, for instance, FeCuy, ICDD: 03-065-7002). Metallic copper (or
alloy copper and iron), combined with Fe3Oj, constitutes an active catalytic system capable
of activating reactants and stabilizing reactivity, even if it does not continuously increase.

For the AgM catalysts (M = Cr or Fe), the complete reduction of silver species to
metallic silver was observed, along with the formation of Cr,O3 in the AgCr-DRM1 sample
and Fe3Oy in the AgFe-DRM1 sample. The good results obtained with the AgCr-700
catalyst can be attributed to the transformation of the initial phases into Cr,O3, which
is known to be highly active for methane dry reforming, as observed in our previous
works [78]. Metallic silver acted as a stabilizer for the catalyst and aided in the dispersion
of active phases, and further increasing the temperature enhanced the catalytic activity and
selectivity for hydrogen. In contrast, the AgFe-700 catalyst yielded insufficient results for
the reaction. Fe,O3 transformed into Fe;O4 during the reaction, which is known for its
catalytic properties, but the transformation of Fe,O3 was incomplete. This suggests that
the conditions did not favor the formation of even more active phases such as metallic iron
or iron carbides. While silver can aid in the dispersion of Fe,O3, it is not very active for
this reaction by itself. Note also that, even in small quantities, the presence of Na,O can act
as a poison for certain catalysts, reducing their active surface area or altering their redox
properties. This could have contributed to the reduced activity of this catalyst.

In order to more accurately evaluate the catalytic properties of the AgCr-700 catalyst,
a new sample was heated from room temperature up to 700 °C under inert gas and
then exposed to the same DRM reaction conditions as before, with a reaction time of 2 h.
Figure 13 shows the evolution of the CH4 and CO; conversions, Hj selectivity, and H, /CO
ratio over time. The conversions of CH; and CO, were relatively low and somewhat
decreased compared to those recorded during the previous temperature ramp-up of the
DRM. It is possible that certain components of the catalyst started to agglomerate or
undergo structural changes, thereby reducing the number of available active sites for the
CH,4 and CO; conversions. Nevertheless, the conversions seemed to remain fairly stable
over time, particularly for CH,. However, it was still observed that CO, conversion was
higher than that of CHy4 conversion. Although the overall conversion of reactants was low,
the selectivity for hydrogen increased over time, surpassing the values recorded during
the previous temperature ramp-up for the DRM. This could be explained by the effect
of a prolonged exposure to temperature on the adsorption of reactants on the catalyst
surface. A weaker adsorption of CH4 and CO, could reduce competition for active sites,
thus promoting a better selectivity for hydrogen.
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Figure 13. Isothermal test of catalytic performance in term of conversions (CHy and CO,), H,
selectivity and Hp /CO ration of AgCr-700 catalyst (CHy =20%; CO; = 20%; 100 mg; F = 100 mL/min).

The AgCr-700 catalyst, primarily composed of AgCrO,, Ag,CrOy, and metallic silver,
underwent hydrogen pretreatment at 400 °C in a mixture of 10% H;, and 90% Ar for one
hour. Figure 14 shows the evolution of CHy and CO; conversions, H, selectivity, and
H,/CO as a function of temperature. This treatment is commonly used to reduce oxidized
species and activate catalytic sites. However, following this pretreatment, a decline in
catalytic performance was observed as follows: although the conversion rates of CHy and
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CO; remained within the same range as before the pretreatment, hydrogen selectivity was
halved. Several explanations can be offered for this performance decrease. Hydrogen
pretreatment may have reduced the silver compounds to a pure metallic state, which is
not necessarily the most active state for the reforming reaction. The excessive reduction or
modification of active sites could have affected the reactivity and selectivity of the catalyst.
Additionally, the pretreatment temperature may have induced changes in the catalyst
structure, such as the sintering of metal particles, thereby reducing the specific surface area
and the number of available active sites. It is also possible that pretreatment promoted the
formation of carbon deposits on the catalyst surface, blocking active sites and reducing
hydrogen selectivity. Furthermore, pretreatment may have affected the dispersion of metals
on the catalyst, which can also decrease hydrogen selectivity.
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Figure 14. Catalytic performance after reducing H; pretreatment in terms of conversions (CH4 and
CO,), Hy selectivity and Hp /CO ration of AgCr catalyst calcinated at 700 °C (CHy = 20%; CO, = 20%;
100 mg; F = 100 mL/min).

The AgCr-700 catalyst tested in an isothermal reaction was also analyzed by XRD.
Figure 15 shows the diffractogram of the sample, with the results, as with the previous four
samples, indicating a significant structural change. The silver species were fully reduced to
metallic silver, and the extended reaction time led to the appearance of metallic silver in the
two following structures: cubic and hexagonal. This last polymorph is not so common, but
has already been observed in extreme conditions such as reductive thin films synthesis or
nanoparticles [79-81]. The reaction time did not affect the reduction of chromium species,
as they were reduced to CrpO3, similar to the AgCr-DRM1 sample. These results confirm
the slight decrease in reactivity observed during the isothermal test due to the excessive
reduction of silver species.
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3. Materials and Methods
3.1. Chemicals

Copper (II) nitrate hexahydrate (Cu(NO3)2.6H,0, >98%, Sigma Aldrich, Saint Louis,
MO, USA), silver (I) nitrate (AgNO3, 99%, Sigma Aldrich, Saint Louis, MO, USA), iron
(III) nitrate nonahydrate (Fe(NOs3)3.9H,0, >98%, Sigma Aldrich, Saint Louis, MO, USA),
chromium (III) nitrate nonahydrate (Cr(NOs3)3.9H,O, >99%, Sigma Aldrich, Saint Louis,
MO, USA), and sodium hydroxide (NaOH, >98%, Sigma Aldrich, Saint Louis, MO, USA)
were used in the catalysts” preparation. All reagents were of analytical grade and were
used without any further purification. Distilled water and absolute ethanol were used in
the synthesis and washing processes.

3.2. Catalyst Preparation

The catalysts were prepared by the coprecipitation method using metallic precursors
such as copper, silver, iron, and chromium nitrates. Stoichiometric amounts of nitrates
corresponding to the Cu/M = 1:1 and Ag/M = 1:1 molar ratios (M = Cr, Fe) were individu-
ally dissolved in distilled water at room temperature. These solutions were then mixed in
a single container. The coprecipitation of the metal ions was achieved by adding NaOH
solution to adjust the pH to 10, with stirring at room temperature. The resulting precipitate
was separated from the solution by centrifugation, followed by washing with distilled
water until neutralization (pH = 7) and absolute ethanol to remove impurities. After a final
centrifugation, the solid was dried at 80 °C for 12 h. Finally, the dried material was ground
in a mortar to obtain a fine and homogeneous powder. The obtained powder underwent
a calcination step at a temperature of 700 °C for a duration of 7 h under static air. The
obtained catalysts were denoted as AgCr-700, AgFe-700, CuCr-700, and CuFe-700.

3.3. Catalysts Characterization

Several physicochemical techniques were employed to characterize the catalysts.
Powder X-ray diffraction (PXRD) analysis was carried out using a Bruker AXS D8 Advance
diffractometer operating (Bruker AXS GmbH, Karlsruhe, Germany) in a Bragg—Brentano
geometry with Cu K« radiation (A = 1.5418 A) and equipped with a LynxEye detector. Data
were collected at room temperature with a 0.02° step size and a counting time of 0.5 per
step. Phase identification was conducted using the EVA software (version 6.1.0.4, Bruker
AXS GmbH, Karlsruhe, Germany). To gain deeper insights into the crystalline structures of
the samples, we employed Rietveld refinement to fit the XRD patterns using the structural
models outlined in the experimental section. The quantitative analysis involved Rietveld
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refinement of the XRD data using the Marquardt least-squares algorithm, implemented in
the JANA2006 software package. Through Rietveld full-pattern fitting with various models,
we determined the unit cell parameters, weight percentages, and crystallite sizes of the
individual phases present in each sample (using fundamental parameters, as implemented
in the Jana2006 software).

X-ray photoelectron spectroscopy (XPS) analysis was conducted using a Kratos Analyt-
ical AXIS Ultra DLD spectrometer (Vacuum Generators, Seoul, Republic of Korea) equipped
with a monochromatic Al K« X-ray source. All XPS binding energies were calibrated with
respect to the Cls core level at 285 eV.

A HITACHI SU3800 SEM with a Bruker Quantax ultrathin window EDX detec-
tor (S5-3400N, Hitachi, Tokyo, Japan) was used for SEM/EDX (scanning electron micro-
scope/energy dispersive X-ray) analyses. The chemical components of the particles were
determined from EDX data acquired in region mode within each particle.

The specific surface areas (Sgg) of the different solids were determined from nitrogen
adsorption isotherms measured at —196 °C using (30 vol% N, /He) nitrogen adsorption
experiments conducted on the FlowSorb III instrument (Norcross, GA, USA). All samples
were degassed for 30 min at 150 °C prior to analysis.

The reducibility of the catalysts was analyzed using temperature-programmed reduc-
tion (TPR). Hydrogen temperature-programmed reduction (H,-TPR) was conducted using
a Micromeritics AutoChem II 2920 (Norcross, GA, USA) apparatus equipped with a thermal
conductivity detector (TCD) to monitor hydrogen consumption. Following the calibration
of hydrogen on the TCD, the samples were enclosed in a U-shaped quartz tube reactor and
pretreated under an argon atmosphere to eliminate surface impurities. Subsequently, the
temperature was increased from 25 to 1000 °C at a rate of 5 °C/min in a stream containing
5vol% H, /Ar.

3.4. Catalytic Reforming Experiments

The catalytic CO, reforming of methane tests were conducted at atmospheric pressure
using a fixed-bed U-type quartz reactor. Prior to loading into the reactor, 200 mg of catalyst
was thoroughly mixed with SiC powder. The gas mixture, consisting of CH4:CO,:Ar = 20:20:60
with a total flow rate of 100 mL/min, was introduced and the catalytic reaction was performed
in temperature-programmed mode, ramping from room temperature to 825 °C at a heating
rate of 5 °C/min. The gas flow was continuously monitored online using a Prisma 200 Pfeiffer
mass spectrometer (OmniStar, Pfeiffer Vacuum, Asslar, Germany). Isothermal reactivity was
assessed by heating a new catalyst sample to the reaction temperature (700 °C) in argon,
followed by exposure to the same reaction conditions for approximately 2 h.

Alternatively, catalyst activation was achieved through 1 h of pretreatment at 400 °C
using a gas mixture containing 10 vol% Hj; and 90% argon Ar to initiate catalyst reduction.
The activated catalyst was then utilized for the dry reforming reaction of methane (CHy)
with carbon dioxide (CO,) under the same conditions.

4. Conclusions

CuM and AgM catalysts (M = Cr or Fe) were prepared using the coprecipitation
method and then calcined at 700 °C. Structural and textural characterizations revealed
significant differences depending on the precursors used for each sample. XRD showed
that silver-based catalysts revealed the presence of metallic silver, while chromium-based
catalysts favored the formation of mixed oxides. BET analysis indicated a low specific
surface area for all samples, with values not exceeding 6 m?/g. Grain morphology and
elemental composition were determined by SEM-EDX, showing finer and more agglomer-
ated particles for the CuFe-700 and AgFe-700 catalysts, while the CuCr-700 and AgCr-700
catalysts exhibited larger particle sizes with a more homogeneous distribution. The Cu/M
and Ag/M atomic ratios were close to 1, except for the Ag/Fe ratio. The AgCr-700 catalyst
was the most easily reducible, displaying lower reduction temperatures due to the presence
of metallic silver in its composition. The CuM and AgM catalysts were tested for the



Molecules 2024, 29, 4597 19 of 22

catalytic reaction of dry methane reforming, and the results showed relatively low catalytic
activity, especially for the AgFe-700 catalyst. The AgCr-700 catalyst was the most efficient
of the four catalysts and, thus, underwent stability testing and pretreatment to improve its
catalytic performance. The catalyst showed a good stability throughout the test (2 h), with
an increasing reactivity over time. The pretreatment, however, halved the catalytic activity,
indicating that this step is not beneficial for this catalyst in the catalytic reaction of the dry
reforming of methane.
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