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A B S T R A C T   

This work describes the synthesis of platinum-nickel/lanthanum hexaaluminates (PtNi/LHA) and their performance 
in terms of stability and catalytic activity in the dry reforming of methane (DRM) at 973 K. An Al solution (9.40 g/L) 
obtained from an Al saline slag waste by acid extraction was used to synthesize the hexaaluminate by mixing with a 
stoichiometric amount of lanthanum nitrate and methanol/Peg400/PegMn400 under hydrothermal conditions at 493 
K for 16 h. After calcination at 1473 K for 2 h, the presence of LHA was confirmed. Wet impregnation of the synthesized 
support was used to obtain an initial Ni/LHA catalyst (10 wt% NiO) and the modified PtNi/LHA catalysts (0.2–1 wt% 
Pt). The support and catalysts were characterized by X-ray diffraction (XRD), N2 adsorption at 77 K, temperature- 
programmed reduction (TPR), scanning electron microscopy (SEM) and transmission electron microscopy (HR- 
TEM). The analysis of the TPR patterns for the catalysts allowed the type of metal support interaction and NiO species to 
be determined, with a weak interaction with the support being observed in all cases. The presence of Pt promoted NiO 
reducibility. The PtNi/LHA catalysts synthesized were found to be active and very stable in the DRM reaction after 
reaction for 50 h. The catalytic behavior was evaluated from the CO2 and CH4 conversions, as well as the H2/CO 
selectivity, with values of between 89% and 92% in almost all the time range evaluated. The presence of Pt improved 
the stability and catalytic performance of Ni/LHA thus improving resistance to coke formation.   

1. Introduction 

Global warming has driven the search for technological alternatives to 
mitigate its impact and thus avoid the increase in greenhouse gas emissions, 
with CO2 and CH4 representing an important part of the total quantity 
emitted into the atmosphere [1–4]. CO2 is present naturally (in the 
ocean–atmosphere exchange, plant and animal respiration, soil decom-
position, volcanic eruptions, etc.) and is also generated industrially. Simi-
larly, at a global level, the main emission sources for CH4 are the oil and 
natural gas industry, landfills, coal mines and biodigestive processes of 
organic matter (biogas) [5,6]. In 2015, as a consequence of this negative 
environmental scenario, 190 countries joined the United Nations Frame-
work Convention on Climate Change (UNFCCC), which aims to limit global 
temperature rise to below 2 ◦C. Therefore, new strategies that will 
accomplish this goal are urgently required [5,7,8]. This new approach has 
allowed a developing technology, known as the dry reforming of methane 
(DRM), to gain greater momentum as this treatment can mitigate pollution 
and act as an important energy source, thus allowing the development of a 
comprehensive system for capturing greenhouse gases. 

DRM is a highly endothermic reaction that is generally carried out at 
very high temperatures. As in any thermodynamic system, there are 

simultaneous reactions that compete with the main reaction. In this 
case, DRM (Eq. (1)) presents simultaneous reactions that affect the 
performance of this reforming technology, including CH4 decomposition 
(Eq. (2)), the reverse water–gas shift reaction (RWGS) (Eq. (3)), the 
Boudouard reaction (Eq. (4)), CO2 hydrogenation (Eq. (5)), CO hydro-
genation (Eq. (6)) and steam reforming (Eq. (7)), respectively [9]. 

CH4 +CO2⇌2CO+ 2H2ΔH0
298K = 247kJ/mol (1)  

CH4⇌C+ 2H2ΔH0
298K = 75.0kJ/mol (2)  

CO2 +H2⇌CO+H2OΔH0
298K = 41.0kJ/mol (3)  

2CO⇌C +CO2ΔH0
298K = − 173.0kJ/mol (4)  

CO2 + 2H2⇌C+ 2H2O ΔH0
298K = − 90.0kJ/mol (5)  

H2 +CO⇌H2O+CΔH0
298K = − 131.3kJ/mol (6)  

CH4 +H2O⇌CO+ 3H2ΔH0
298K = 206.3kJ/mol (7) 
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When using a stoichiometric ratio of CO2 and CH4, equal conversions 
should be obtained, thus leading to a synthesis gas ratio equal to 1. A H2/ 
CO ratio lower than 1 indicates that the dynamics of the system are 
being governed by Eq. (3). As such, equations (4) - (6) would be 
responsible for coke deposition on the catalyst [10]. The RWGS domain 
can be corroborated by the production of H2O and also a higher con-
version of CO2 than of CH4 ([CO2] ≫ [CH4]). The Boudouard reaction is 
characterized by an increase in the CO produced, and an increase in the 
conversion of CH4 over that of CO2 is a consequence of the decompo-
sition of CH4 [1,11]. The RWGS reaction and the hydrogenation of CO2 
and CO are responsible for coking of the catalysts, thereby negatively 
affecting the metal active sites of the catalysts [10,12–15]. 

Developing efficient and accessible catalysts that allow DRM to be 
scaled up to an industrial scale is essential in the application of this 
technology for environmental mitigation. As the support plays a key role 
in the catalytic activity, it must, therefore, be carefully selected to allow 
full advantage to be taken of its textural and chemical properties—such 
as textural characteristics, thermal stability, redox properties, oxygen 
storage capacity and basicity of the surface. This allows the metal- 
support interaction to be improved and increases the dispersion of 
active metallic particles, thereby minimizing the systemic effects of C 
deposition [16,17]. Catalysts are made up of two main parts, namely the 
support and the active phase, the latter of which can be a metal or a 
mixture of metals (Ni, Co, Pt, Mn, Fe, Cu, Cr, etc.). Hexaaluminates are 
an excellent choice for DRM catalytic supports due to their thermal 
stability [12,18–20]. 

Hexaaluminates have a high resistance to thermal shock and exhibit 
high phase composition stability above 1873 K. The general formula for 
hexaaluminates is ABxAl12-xO19, where AB represents a large cation such 
as Ba, La, Na, etc. and a transition (Co, Cu, Fe, Mn, Ni, etc.) or noble 
metal (Ir, Pd, Rh, Ru, etc.) [21–25]. These materials have various uses as 
catalysts for high temperature applications, superionic conductors and 
luminescent laser materials, ceramics and matrices for immobilization 
of radioactive elements, amongst others. Their main disadvantages 
include their low porosity and some structural defects. 

Noble metals such as Pt, Ru and Ir have been used for decades in 
DRM, generally showing higher activity and better resistance to C 
deposition than Ni [26–28]. The use of bimetallic catalysts has expanded 
in recent years, thus allowing advantage to be taken of the synergy of the 
active phases and providing benefits to the catalyst and, therefore, its 

performance during DRM. Ni is one of the most widely used metals due 
to its availability and low cost compared with others such as Ru-Rh. The 
presence of Pt in Ni-based catalysts inhibits the global formation of C, in 
particular carbon nanotubes (CNT) or whisker C, as long as it is well 
distributed over the Ni particles. In addition, Pt promotes the relative Ni 
content and prevents the sintering of Ni, thus allowing a displacement of 
the reducible mass fractions, such as free metallic particles and/or 

Table 1 
Chemical composition of the solution after acid extraction by ICP-OES.  

Composition Si Al Ca Cu Fe K 

g/L 0.33 9.40 1.19 0.090 1.03  0.081  

Composition Mg Mn Na Ti Zn  
g/L 0.36 0.058 0.12 0.042 0.18   

Table 2 
Chemical composition of the saline slag before acid treatment by FRX.  

Composition Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO 

wt.% 8.65 2.76 41.71 4.23 0.05 0.52 11.83 4.40  2.08  

Composition TiO2 Cr MnO Fe2O3 Ba Cu F Zn  
wt.% 0.31 0.04 0.17 2.05 0.08 0.35 0.41 0.18   

Table 3 
Chemical composition of the saline slag residue after Al extraction by FRX.  

Composition Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO 

wt.% 0.77 6.49 55.23 4.23 0.07 0.41 0.47 0.50  2.12  

Composition TiO2 Cr MnO Fe2O3 Ba Cu F Zn  
wt.% 0.65 0.07 0.26 1.25 0.07 0.51 0.41 0.17   
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Fig. 1. XRD patterns of the Ni-Pt/hexaaluminates synthesized using La and Al 
extracted from saline slags (the hibonite and other patterns are included for 
comparison). A), B), C), D) correspond to 1, 0.5, 0.2, 0 wt% Pt with 10 wt% NiO 
on La-hexaaluminate); E) La-hexaaluminate support. Symbols: |Hibonite 
pattern #00–007-0785, |NiO pattern #01–073-1523, La0.85Al11.55O18.60 
#01–077-0338, |Θ-Al2O3 # 23–1009. 

Table 4 
BET specific surface areas, pore diameter and crystallite sizes for the samples 
synthesized.  

Sample SBET 

(m2/g) 
dp 
(nm)  

cristallite size 
(nm)    

LaHA NiO 
(mean) 

MPt4 45 39 35 13 
MPt3 39 37  18 
MPt2 43 40  17 
MPt1 42 41  13  
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bimetallic grains of different sizes, at a lower temperature. Despite the 
high cost of Pt, small amounts of this metal are needed to obtain bene-
ficial results and a reduction in the adsorption capacity of the CO pro-
duced, thus avoiding poisoning of the active sites and favoring the 
increase of H2 [29–34]. Another important aspect arising from the 
addition of Pt to Ni is a substantial increase in the dispersion of Ni 

particles on the support. The morphology and type of C generated de-
pends on the size of the Ni particles. Thus, larger particles generate 
filamentous C and smaller particles generate graphitic C. Depending on 
the interaction between the metals, it is possible to generate different 
core–shell structures, intermetallic alloys or monometallic hetero-
structures [29,35–37]. 

Fig. 2. A) TPR patterns of the Ni-Pt/hexaaluminate samples calcined at 1473 K. B) Peak deconvolution for MPt1 (0 wt% Pt), MPt2 (0.2 wt% Pt), MPt3 (0.5 wt% Pt), 
MPt4 (1 wt% Pt). 
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Hexaaluminates have received particular attention in recent years 
and, as such, a number of different synthetic methods have been 
developed, including freeze drying, nitrate decomposition, solid-state 
reaction, C template, sol–gel, co-precipitation, reverse microemulsion, 
and hydrothermal synthesis, amongst others [38]. The most popular 
method for the synthesis of hexaaluminates is co-precipitation, in which 
the precursors are homogeneously mixed in the form of ions and 
precipitated simultaneously. Although significant efforts have been 
made in recent years to improve the textural properties of the synthe-
sized materials using nonconventional drying methods and raw mate-
rials that enable technological scaling while lowering production costs, 
metallurgical slags could yet play a leading role [38]. 

During the recycling of secondary Al, wastes known as aluminum 
saline slags are generated. These slags contain metallic Al, various ox-
ides and flux brines as main components, with variations in the per-
centage of non-metallic products depending on the nature of the 
material to be recycled [39–41]. This difference in composition makes it 
difficult to develop a standard recovery method and, at present, waste is 
mainly stored in controlled landfills. Due to their difficult final disposal, 
these slags have been used recently to synthesize several materials, 
including alumina [42–45], calcium aluminate [46–48], layered double 
hydroxides [49–54], microporous aluminophosphate molecular sieves 
[55,56], zeolites [57–62], pillared clays [63] and hexaaluminates 
[64,65]. Motivated by the need to find efficient environmental solutions 

that combine different technological stages, we have recently combined 
greenhouse gases with industrial waste to produce fuel. In this work, we 
continue with the development of bimetallic PtNi/La-hexaaluminate- 
based catalysts in order to valorize a high-impact industrial waste 
derived from the secondary Al manufacturing industry, evaluating its 
structure, activity and stability in DRM over a reaction period of at least 
50 h. 

2. Experimental 

2.1. Materials, reagents and gases 

Lanthanum(III) chloride heptahydrate (99.9%, Sigma-Aldrich), 
nickel(II) nitrate hexahydrate (99% Panreac), polyethylene glycol 400 
(Merck), polyethylene glycol monolaurate 400 (PegMn400, Aldrich), 
methanol (99.8%, ACS) and diamminedinitritoplatinum(II) (Pt 
(NH3)2(NO2)2) 5 wt% solution in dilute ammonium hydroxide were 
used as materials and reagents for the synthesis of hexaaluminates and 
supported catalysts. CO2 (99.996%, Praxair), He (99.999%, Praxair), H 
(99.999%, Praxair), CH4 (99.5%, Praxair) and N (99.999%, Praxair) 
were also used in the characterization and catalytic performance studies. 

Al was extracted from saline slags using the following procedure: 50 
g of saline slag was added to 750 mL of an aqueous reagent solution (HCl 
2 mol/L) in a reflux system consisting of a 1000 mL Erlenmeyer flask 
with tube condenser, thus avoiding volume losses. The slurries were 
heated to 373 K and kept at that temperature for 2 h. The solution was 
then allowed to cool and separated by centrifugation. The most impor-
tant constituents of the filtered solution were determined by ICP-OES, 
using a VARIAN ICP-OES VISTA MPX with radial vision. The results 
obtained are summarized in Table 1. The composition of the separated 
powder before and after acid extraction was determined semi- 
quantitatively by X-ray fluorescence (XRF) using a PANalytical AXIOS 
instrument (see Table 2 and 3, respectively). 

The synthesis of La-hexaaluminate-support was performed with a 
La/Al molar ratio of 1:11 using a previously reported method [64,65]. 
The slag solution was concentrated to one third of its initial volume to 
obtain a yellow liquor. A microemulsion was then prepared using 
methanol/Peg400/PegMn400/Al solution in a volumetric ratio of 1/ 
0.8/0.4/0.6. Thus, lanthanum chloride was added to the Al solution at 
353 K, under vigorous stirring. After 10 min, the methanol was added 
slowly, maintaining stirring for 10 min, then the Peg400 and PegMn400 
were added and the temperature was increased to 373 K, maintaining 
the mixture under these conditions for 20 min prior to digestion in the 
autoclave. The resulting final mixture was heated in a stainless steel 
autoclave at 493 K for 16 h, dried in an oven until the liquid matrix had 
been eliminated, then calcined at 673 K for 1 h and 1473 K for 2 h, in 
both cases with a heating ramp of 10 K/min. 

Wet impregnation of the La-hexaaluminate support synthesized was 
performed using 10 wt% of NiO and various loadings of Pt (0.2, 0.5, 1 wt 
%). The catalyst with the impregnated metallic phase was subsequently 
calcined at 673 K for 2 h. Four samples, denoted as MPt1, MPt2, MPt3, 
MPt4, corresponding to 0, 0.2, 0.5, 1 wt% Pt, respectively, were 
obtained. 

2.2. Characterization techniques 

The structural phases were analyzed using an X-ray diffractometer 
(model Siemens D5000) equipped with an Ni-filtered CuKα radiation 
source (λ = 0.1548 nm). The crystallite size was determined from the 
experimental diffractograms using the Debye–Scherrer equation. The 
main textural properties of the solids were determined by N adsorption 
at 77 K using a Micromeritics ASAP 2020 Plus adsorption analyzer. Prior 
to the adsorption measurements, 0.3 g of sample was degassed at 473 K 
for 2 h at pressures lower than 0.133 Pa. The BET surface area (SBET) was 
calculated from adsorption data obtained over the relative pressure 
range 0.05–0.20. The total pore volume (VP) was calculated from the 

Table 5 
Maximum temperature (Tmax) and peak areas (A) of the TPR curves for the four 
PtNi/La-hexaaluminate catalysts.  

Samples Pt 
(wt.%) 

Tmax 

(K) 
A 
(%) 

peaks Interacction type 

MPt1 0.0 616  30.96 1 α 
654  69.04 2 

MPt2 0.2 400  1.53 1 α 
603  38.88 2 
643  44.77 3 
756  14.82 4 β1 

MPt3 0.5 426  10.59 1 α 
600  26.81 2 
641  34.33 3 
789  28.27 4 β1 

MPt4 1.0 484  24.01 1 α 
591  39.54 2 
631  36.45 3  

Fig. 3. Distribution of areas and interaction peaks for MPt1 (0 wt% Pt), MPt2 
(0.2 wt% Pt), MPt3 (0.5 wt% Pt), MPt4 (1 wt% Pt). 
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amount of Ni adsorbed at a relative pressure of 0.99. Temperature- 
programmed reduction (TPR) studies were performed using a Micro-
meritics TPR/TPD 2900 equipment instrument. TPR tests were then 
performed from room temperature to 1273 K under a total flow of 30 
mL/min (5% H2 in Ar, Praxair). Finally, the morphological analysis and 
chemical composition of the samples were carried out by SEM (INSPECT 
F50, Mode: 30 kV - Map, Detector: BSD Full) and TEM (FEI Tecnai F30, 
Accelerating voltage: 200 kV, Detector: HAADF-STEM). 

2.3. Catalytic performance 

DRM was carried out at 973 K using an automated bench-scale cat-
alytic unit (Microactivity Reference, PID Eng&Tech). The reactor was a 
tubular, fixed-bed, downflow type, with an internal diameter of 0.9 cm 
and a length of 30 cm. Catalyst samples (25 mg) were mixed with an 
inert material (SiC, VWV Chemicals-Prolabo) to dilute the catalyst bed 
and avoid hot-spot formation. The reaction mixture consisted of CH4 and 
CO2 with a molar ratio of 1:1 (concentration of 12% in the feed), with He 
as equilibrium gas up to a total feed flow of 40 mL/min, thus achieving a 
gas high spatial velocity (GHSV) of 9.6⋅104 mL/g h. Before the reaction, 
the catalyst was reduced in situ using 30 mL/min of H2 at 973 K for 2 h. 
The reagent and product streams were analyzed using an Agilent 6890 
gas chromatography system. 

3. Results and discussion 

3.1. Catalyst characterization 

The X-ray diffractograms of the hexaaluminate catalysts synthesized 
using different Pt loads (0, 0.2, 0.5 and 1.0 wt%) and 10 wt% NiO are 
summarized in Fig. 1, comparing them with the support with no active 
phase. The support was calcined at 1473 K for 2 h and the catalysts with 
Pt-Ni were obtained by wet impregnation and calcined at 673 K for 2 h. 
The maximum peak of the diffractograms was at about 32.7◦ (2θ). The 

structure and size of the crystals were not affected by the subsequent 
impregnation of Pt-Ni, since the catalysts present the same crystallo-
graphic profile, namely that of the support together with peaks corre-
sponding to NiO. The presence of NiO grains on La-hexaaluminate can 
be observed in A), B), and C), with peaks at 37.22◦, 43.25◦ and 62.83◦

(2θ), respectively. The NiO peaks are intense, well-defined and very 
homogeneous in all samples and coincide with the NiO pattern # 
01–073-1523. No peaks for Pt (metal or oxides) are observed in any of 
the samples. There may be several causes that justify these results. On 
the one hand, the low amount of incorporated Pt can make it not 
detectable by XRD, that it is not deposited forming crystals (they present 
an amorphous form) or that it is in a very dispersed form (very small 
crystals) not sensitive to the technique. Additionally, it is important to 
note that in the 2θ (⁰) positions corresponding to the Pt pattern (# 
65–2868 and similar ones), 39. 75, 46.23, 67.45, there are peaks of 
defined intensity of the hexaaluminate support, superimposing the po-
sitions where they would be found the Pt grains detectable during the 
XRD measurements, thus not observing changes in these bands of the 
catalysts and the support. 

The textural properties of the catalysts and the support, specific 
surface area (SBET), pore diameter (pd) and crystallite size are presented 
in Table 4. The average crystallite size, as obtained using the Debye–-
Scherrer equation, is 15.15 nm, with an SBET of 43 m2/g. It is important 
to note that the impregnation of NiO and the different Pt loads do not 
significantly reduce the specific surface area. 

If a stream of reducing gas (H2/Ar) is passed through the metal 
catalyst as the temperature is increased, the TPR analysis, it can provide 
qualitative information about the interaction between the active 
metallic phases and the support. There are various degrees of reduction 
closely linked to the MO-Al interaction force. The degrees of reduction of 
metallic oxides can be classified into four different types: α, β1, β2 and γ, 
depending on their level of interaction and range of reduction temper-
ature. In the case of the reduction of NiO species, the α type corresponds 
to NiO species that interact weakly with the hexaaluminate support 

Fig. 4. SEM images of the catalysts calcined at 1473 K. A), B), C), D) correspond to MPt1, MPt2, MPt3 and MPt4, respectively.  
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(573–673 K, free NiO species); β1 corresponds to NiO species (reduction 
range 673–873 K, Ni rich in mixed-oxide phase), thus showing a soft or 
slight interaction with the support; β2 corresponds to the NiO species 
with a strong oxide/support interaction (873–1023 K), which are 
therefore less reducible than the previous ones; and finally, the γ type 
belongs to the much less reducible NiO in the nickel aluminate phase 
with the spinel structure, with a reduction band in the range 1023–1123 
K [66–69]. The addition of Pt to the catalysts generates a marked 
reducibility effect, which causes a decrease in the reduction temperature 
of the Ni while also providing resistance and improving the activity of 
the catalyst [6,33,70,71]. Additionally, the TPR analyses could also 
allow the reduction mechanism to be identified and the activation en-
ergy, kinetic rate of reaction and the parameters that determine its 
behavior to be determined. In the same way, the morphology in which 
the grains of the active phase grow during reduction could also be 
predicted [65]. 

As no peak was found in the TPR analysis carried out for the support, 
the appearance of peaks during the catalyst-reduction process must be 
directly related to the reductive stages of the Pt-Ni metal species. The 
TPR patterns for the different La-hexaaluminate samples, with their 
respective Pt-Ni loads (10 wt% NiO and 0, 0.2, 0.5, 1 wt% Pt), can be 

found in Fig. 2. The superposition of the TCD curves, which show the 
reduction behavior of the impregnated species, is shown in Fig. 2 A). 
MPt1 shows a maximum peak at 654 K, followed by MPt2 (653 K), MPt3 
(641 K) and MPt4 (640 K). We can also see a decreasing displacement in 
the maximum peak reduction temperature with an increase in wt.% Pt, 
with a slope - ΔTmax of approximately 23 K, as well as the effect that this 
has on the morphology of the sintered Ni grains. This can be seen from 
the appearance of other peaks in the samples containing Pt, which are 
more or less available for reduction depending on the shape adopted 
during their growth. It is important to note that the curves show 
different reduction behaviors, although the highest reduction fraction is 
in the range of mild/weak α-type interactions characteristic of the 
reduction of metallic oxides. Fig. 2 B) and Table 5 show the deconvo-
lution of the TCD curves for all samples synthesized and the data ob-
tained from the TPR analysis, including peak area (A), maximum peak 
temperature (Tmax) and type of interaction. MPt1 exhibits two peaks 
from the deconvolution with reduction values of Tmax ≈ 616 and 654 K 
and a maximum peak area percentage (Amax) of 30.96% and 69.09% for 
P1 and P2, respectively. The deconvolution allows us to assign two types 
of interaction α, α0 and α1, based on the maximum reduction tempera-
tures. P1 falls in the middle of the α interaction region whereas P2 type 
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NiO-Pt/ LHA 
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Fig. 5. Schematic representation of the catalyst morphology before the DRM stability test.  
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appears at the α-β1 transition region, therefore the largest fraction 
(69.09%, P2) of reduced Ni species presents a slightly greater interaction 
than P1 (free particles), with a high presence of mixed oxides. Four 
different peaks are seen for MPt2 (Tmax ≈ 400, 603, 643, 756 K, with 
areas of A ≈ 1.53, 38.88, 44.77, 14.82%, respectively). As such, 82% of 
the Pt-Ni grains present a weak interaction (α), 15% present an inter-
action corresponding to mixed oxides (β1), and an α0 interaction cor-
responding to free Pt-Ni nanoparticles/grains with practically zero 
interaction represents a very low and insignificant percentage of the 
total active phase (1.53%). Therefore, the addition of Pt directly affects 
the NiO reduction profile, resulting in a greater distribution of these 
particles on the support and slightly reducing the interaction of a larger 
fraction, although this represents a smaller mass fraction with a greater 
interaction with respect to MPt1. Four characteristic peaks are also 
found for MPt3, in the range Tmax ≈ 426–789 K, with area distributions 
for peaks 1–4 of A ≈ 10.59%, 26.81%, 34.33%, and 28.27%, respec-
tively. In this case we can also observe a more uniform distribution of the 
mass fractions, with a marked displacement in both directions. Thus, 
approximately 60% of nanoparticles exhibit a low or slight interaction of 
free species and around 10% practically no interaction with the support. 
An increase to around 29% of β1 (Pt-NiO rich in mixed oxides) is also 
seen. If we compare this distribution (MPt3) with that found for MPt2, 
we can see that the increase in the amount of impregnated Pt results in 
an increase of 14% for the β1-type (P3) interaction and 9% of particles 
exhibit almost zero interaction (P1 - α0). This effect is also seen when 
comparing MPt1 with MPt2 with the appearance of a new peak at low 
temperature (see Fig. 2 B and Table 5). MPt4 presents an increase in the 
fraction of free nanoparticles with practically zero interaction (see 
Fig. 3) to 14% compared to MPt3, with the remaining 75% presenting a 

weak or slight interaction (type α1). In this case, the increase in the 
fraction of nanoparticles with no interaction may have been caused by 
the 1% increase in Pt. 

The distribution of the peak areas for the different Pt loads can be 
seen in Fig. 3. The sample containing no Pt (MPt1) exhibits only two 
overlapping peaks due to the effect of morphology and NiO grain size, 
and is characteristic of low/very weak interactions. As different per-
centages of Pt are added, the reduction profile shifts, with the appear-
ance of peaks in the range of mixed oxides (β1 ≫ α1) and of very small 
and dispersed nanoparticles (≪ α1) that are easily attacked by H2 at low 
temperatures (MPt2, MPt3). The distribution for MPt4 shows that the 
fraction corresponding to slight interaction remains essentially constant, 
with a significant increase in the amount of particles exhibiting no 
interaction. In the case of NiO reduction, we know that the appearance 
of different peaks is associated with different degrees of interaction but 
also with the presence of particles and grains of different sizes and 
morphologies, which either benefits or hinders the access of H2 to all 
oxide particles present. It is clear that the addition of Pt exerts a 
dispersing effect on the NiO on the support and also affects the distri-
bution of the mass fractions with different interactions. 

The morphological aspects of the support and the metallic phase are 
of vital importance as regards understanding, assigning and correlating 
the catalytic performance of the catalysts with the porosity, shape, size, 
distribution and ordering of the different structures found in said ma-
terials. As such, SEM images for the synthesized catalysts are presented 
in Fig. 4, where A), B), C), and D) correspond to MPt1, MPt2, MPt3, and 
MPt4, respectively. All catalysts exhibit practically the same 
morphology, which is a mixture of clusters of agglomerated tables in the 
form of rosettes (Fig. 4 C)) and amorphous agglomerates with interstices 

Fig. 6. Stability of the catalysts at 973 K for 50 h. a) H2/CO selectivity. b) CO2 conversion. c) CH4 conversion.  
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and a porosity of between 0.7 and 1.5 µm. The configuration of the 
rosette-shaped agglomerates increases the area available for the depo-
sition of metals, thus resulting in a larger number of active sites and NiO- 

Pt nanoparticles that are not conditioned by the porosity. The rosette- 
type morphology presents a diameter of 4–10 µm and amorphous clus-
ters of 1–4 µm. The schematic representation in Fig. 5 shows an example 
of the contribution of both morphologies in the distribution/dispersion 
of metals deposited on the surface of the support and how these allow an 
increase in the density of active sites. 

3.2. Catalytic performance 

Catalytic stability tests were carried out for the catalysts at 973 K for 
50 h after reduction with 5% H2/Ar for 2 h. The results obtained in the 
catalytic performance are presented in Fig. 6. Reactant conversion [X]i, 
selectivity [H2/CO], carbon balance (CB) and product yields (YCO⋅YH2) 
were calculated using the following equations (adapted to several au-
thors [65,72–80]): 

[X]CH4
=

[FCH4 ]in − [FCH4 ]out

[FCH4 ]in
(1)  

[X]CO2
=

[FCO2 ]in − [FCO2 ]out

[FCO2 ]in
(2)  

YH2 =
[FH2 ]out

2*[FCH4 ]in
(3)  

Fig. 7. Volumetric fraction of gases leaving the reactor (top: H2, CO, CH4, CO2) and carbon balance (bottom: CB) for catalysts at 973 K for 50 h in the stability test.  
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Fig. 8. Average volumetric fractions for MPt1-2–3 as a function of the weight 
load of Pt. 
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Fig. 9. SEM images for used MPt1 catalyst after DRM at 973 K for 50 h.  

Fig. 10. SEM images for used MPt2 catalyst after DRM at 973 K for 50 h.  
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YCO =
[FCO]out

[FCH4 ]in + [FCO2 ]in
(4)  

Selectivity
[

H2

CO

]

=
YH2

YCO
(5)  

CB =
[CO2]out + [CO]out + [CH4]out

[CH4]in + [CO2]in
(6)  

Volumefraction : vi =
Vi

VT
(7) 

Fig. 6 a) shows the selectivity values with respect to H2 for the cat-
alysts, with MPt4 exhibiting the most stable behavior over time, fol-
lowed by MPt3, MPt2, and MPt1 (X[H2/CO] values ≈ 92%, 93%, 90% and 
89%, respectively), in the same order that the Pt content decreases. 
MPt4 exhibits a small difference between the final and initial ΔXH2

CO 

values of − 0.95%, thus indicating a slight decrease in the H2/CO ratio at 
the end of the test. The other catalysts show a trend with fewer fluctu-
ations (always around 93%), although with a slight decrease in the last 
five hours. MPt3 shows a very similar behavior to that of MPt4, but with 
a slight increase after 30 h of reaction and a ΔXH2

CO 
value of around 1.79%. 

MPt2 and MPt1 exhibit a decreasing selectivity until 30 h, as in the 
previous cases, after which the value for MPt2 begins to increase to 
resemble that for MPt3, with a final ΔXH2

CO 
of around 0.84%. In contrast to 

MPt2-3, the value for MPt1 continues to decrease, with a slope of ΔXH2
CO 

of 

around − 4%, thus differing markedly from the rest of the samples, 
probably due to the absence of Pt. It should be remembered that the 
presence of Pt favors the reducibility of NiO as can be seen in the TPR 
analysis presented in Fig. 2. As such, it can be seen that a more stable 
behavior, in terms of the H2/CO ratio, is obtained a function of the 
amount of Pt added to the catalyst. The CO2 conversion (Fig. 6 b)) for 

MPt4-3–2 presents values of around 77%, with a very similar behavior 
between them, but different to that shown by MPt1, which starts with 
values of ≈ 80% conversion and ends with values of ≈ 74%. It should be 
noted that the conversion value for MPt4 is slightly higher than those for 
MPt3-2. As in the previous case, the conversion of CH4 (Fig. 6 c)) 
maintains the similarities between the samples containing Pt and that 
without it. Thus, MPt4-3–2 present conversion values of around 87%, 
with a similar behavior, whereas MPt1 begins with a value of around 
77% and ends with a value of around 82%, thus meaning that the con-
version gradually increases from the initial stage of the reaction. This 
increase can be divided into two regimes: during the first 25 h the 
conversion increases with a slope of 7.9%, subsequently continuing up 
to 50 h with a value of 2.1%. 

Fig. 7 shows the volumetric fractions for the different gases at the outlet 
of the reactor over 50 h for all catalysts, as well as the carbon balance. MPt1 
(Fig. 7, top) presents a different thermodynamic mechanism from the rest 
of catalysts in terms of the production of H2-CO and consumption of CH4- 
CO2, with slopes of Δvi = − 1.08, − 0.77, − 0.70,0.43% for H2, CO, CH4 and 
CO2, respectively. In other words, H2-CO production starts at a much higher 
rate than for the other catalysts, subsequently decreasing over the course of 
the reaction, possibly due to deactivation of the active Ni centers as a result 
of C deposition, probably related to the acidity of the catalysts. This results 
in blocking of the active sites, thereby decreasing the catalytic perfor-
mance. The type of C generated is not adequate and the quantity is not 
sufficient for the deactivation gradient on the catalyst. As the deactivation 
effect is only small, this C could be whisker—or filamentous—, which is less 
detrimental than other forms of carbonaceous deposits, such as graphitic C. 
The consumptions of CH4 and CO2 present opposite behaviors, with a high 
rate for CH4 in the first 25 h that decreases as the reaction progresses, 
associated with low conversion or production of this gas in parallel re-
actions. In contrast, the rate for CO2 is low in the initial stages (indicating 
high consumption) with a positive slope, thus indicating that consumption 
decreases or that overproduction occurs. In light of these results, the 

Fig. 11. SEM images for used MPt3 catalyst after DRM at 973 K for 50 h.  
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dynamics of the system in the first 30 h of reaction is possibly governed by 
DRM, CO2 methanation, and CH4 decomposition, which would explain the 
high initial H2-CO values, high CH4 output (due to generation upon CO2 
methanation), and high consumption of CO2, as well as the generation of C 
upon decomposition of CH4. In the case of MPt2-3–4, we can see that the 
thermodynamic behavior at the outlet of the reactor is very similar for both 
products and reactants, with a slight increase in the magnitudes of VCO for 

MPt4 with respect to MPt3-2 (see Fig. 8). We can also see that, as the Pt load 
increases, so does the average volumetric fraction, with values of VCO =

0.222,0.217,0.215 for MPt4, MPt3, and MPt2, respectively. With regard to 
the production of H2 and consumption of CH4-CO2, these variables exhibit 
average values of Vi = 0.194,0.024, 0.040 for H2, CH4, and CO2, respec-
tively, thus showing greater stability and better catalytic performance with 
the addition and increase of Pt as an aid to the catalytic reaction, most likely 

Fig. 12. SEM images for used MPt4 catalyst after DRM at 973 K for 50 h.  

Fig. 13. HRTEM, STEM-HAADF and EDS images for used MPt1 catalyst after DRM at 973 K for 50 h.  
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due to the ease in reducing NiO due to the presence of Pt. As far as the 
carbon balance is concerned, the most stable behavior is presented by MPt4 
(see Fig. 7 below), which exhibits an average value of 86.4%, with the least 
stable corresponding to MPt1, with a decreasing slope of − 3.26%. It can be 
seen from Fig. 8 that the average volumetric fraction increases with Pt load, 
thus indicating that the addition of this metal decreases the adsorption of 
CO on the catalyst and improves the resistance to coking. [30–35]. 

3.2.1. SEM-TEM analysis of catalysts after catalytic tests 
Fig. 9 shows the SEM images of MPt1 after 50 h of reaction in DRM at 

973 K. The rosette-like morphology of the support can clearly be seen, 

along with clusters of tables (Fig. 9 a) d) e)), and amorphous agglom-
erates (Fig. 9 b) c)). C whiskers can also be seen in different regions of 
the catalyst. Fig. 9 f) shows the distribution of the reduced Ni particles 
on the agglomerates, amorphous tables and rosettes. In this case, about 
70% of the agglomerated particles have a diameter of between 30 and 
70 nm and a dp = 50.16nm . Another important aspect is that there is a 
high particle density on the catalyst surface, which may be associated 
with a low metal support interaction and a high migration of nano-
particles due to thermokinetic effects, thus resulting in a size increase 
due to sintering of the Ni particles. 

Fig. 10, which corresponds to MPt2, shows that the morphologies 

Fig. 14. TEM, STEM-HAADF and EDS images for used MPt2 catalyst after DRM at 973 K for 50 h.  

Fig. 15. TEM, STEM-HAADF and FFT images for used MPt3 catalyst after DRM at 973 K for 50 h.  
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identified for MPt1 are maintained, thus allowing Ni and Pt to be 
distributed over the rosettes and table clusters. In this case, the average 
diameter of the PtNi particles is 63 nm, with a distribution in which 70% 
of particles have an apparent diameter of between 40 and 80 nm, 
maintaining a quasi-spherical morphology. In addition, it can also be 
seen that, although some whisker C is present, there is much less than for 
MPt1, in other words CMPt2 ≪ CMPt1, possibly due to the addition of 
Pt. Although the quantity of Pt added is very small by weight compared 
to Ni, it appears to be sufficient to prevent a large increase in C 
deposition. 

Fig. 11, which corresponds to MPt3, shows the absence of carbona-
ceous deposits for this catalyst. In this case dp = 49.31nm for PtNi, with 
more than 70% of nanoparticles in the range 30–70 nm, a very similar 
range to those found previously but with a much lower particle density 
than that found in MPt1. These particles are also more widely dispersed 
on the morphologies of the support (rosettes and clusters of amorphous 
tables), thus meaning that the effect of the increase in the amount of Pt, 
even suppressed but the formation of coke after 50 h in DRM, showing a 
behavior inversely proportional to the increase in Pt, that is, the greater 
the amount of Pt deposited, the lower the formation of coke. 

In the case of MPt4, a decrease in the size of the PtNi particles, with a 
dp = 27.44nm , corresponding to a distribution of between 20 and 30 nm 
for 80% of the particles, can be seen in Fig. 12. As in the case of MPt3, no 
coke deposits are observed on the metallic grains, thus corroborating the 
positive effect of adding Pt to the samples as regards the suppression of 
coke formation. The catalysts can be ordered as follows CMPt4 ≈ CMPt3 
< CMPt2 ≪ CMPt1, which in turn indicates that the catalysts with the 
highest Pt content allow a better catalytic performance given their high 
resistance to deactivation by carbonaceous deposits. Another important 
aspect is that, despite the fact that the catalyst with no Pt presents the 
highest rate of carbonaceous deposition, this type of deposited C 
(whiskers) is the least detrimental in comparison with other forms, such 
as graphitic, pyrolytic and filamentous C, which are much more detri-
mental and more difficult to remove, therefore the cost-benefit ratio 
could be used determine whether Pt is used as an efficient suppressor of 
coke deposition or not. 

The morphological analysis allows us to understand the effect of 
kinetic and thermodynamic phenomena on the catalyst during DRM and 
to identify the changes produced on the active phase (growth and size of 

crystals, deposition of detrimental products, blockages, textural prop-
erties, etc.). The HR-TEM (Fig. 13 a), b), c)) and STEM-HAADF images 
(Fig. 13 e), f)) for MPt1 are shown in Fig. 13. It can be seen that this 
catalyst, which lacks Pt, shows the presence of three types of C on the 
metallic phase, namely graphitic, filamentous (0.35 nm) and whisker C 
(Fig. 13 a), b), c)). In addition, the Ni grains present a dp ≈ 18.09nm as 
determined from the STEM-HAADF images, and the composition thereof 
is 7% Ni (Fig. 13 g)). This catalyst showed a higher deactivation rate as a 
result of the deposition of coke, which displaces the active metallic sites 
(whisker C) and blocks access to them by peripheral growth (graphitic 
and filamentous C). The box in Fig. 13 g) shows an image of MPt1 before 
the reduction-reaction step, with NiO grains with a diameter of 22 nm. 

The TEM analysis, STEM-HAADF, fast Fourier transform (FFT) pat-
terns and 3D images for MPt2 are shown in Fig. 14. The morphology of 
the amorphous clusters for the hexaaluminate support and their hex-
agonal FFT pattern (Fig. 14 a), b)) can clearly be seen. In addition, the 
PtNi grains and grooves are in accord to the FFT patterns, with this 
arrangement corresponding to Ni and the Pt nanoparticles on the Ni 
grains (Fig. 14 c), d), e)). Small quantities of graphitic C can also be seen 
on the surface of the metallic phase. The three-dimensional represen-
tation of the PtNi grooves and grains shown in Fig. 14 d) and f), where a 
crown-like formation of the reduced grains and grooves can be seen, 
provides information about the morphological growth of the particles. 
Moreover, the STEM-HAADF images (Fig. 14 g), h)) show the presence 
of Pt nanoparticles, which exhibit greater luminosity, on the metallic Ni 
grains. However, they are only seen in small quantities due to the low 
percentages deposited. Another aspect of importance is that essentially 
no C on the metallic surface, which could indicate an almost total sup-
pression of coke deposition on the catalyst even with only a low dose of 
Pt (0.2 wt% Pt). 

In the case of MPt3, the rosette-like morphology of the support, 
which benefits surface dispersion of the active phase, can be seen much 
more clearly (Fig. 15). The PtNi grains, with their respective lattice 
parameters of 0.21 nm Ni, 0.23 nm Pt and some graphitic-type C de-
posits (0.35 nm), are shown in Fig. 15 b), c), d), e). Fig. 15 f) shows a 
three-dimensional PtNi grain in which the crown shape can also be seen, 
as also corroborated by the STEM-HAADF images in Fig. 15 i), k). In 
addition, the distribution of Pt (brighter particles) on Ni agglomerates 
(Fig. 15 g), h), j), l)) is also shown, although with a higher presence of 

Fig. 16. TEM, STEM-HAAD, FFT and 3D images for used MPt4 catalyst after DRM at 973 K for 50 h.  
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crown-type grains than for MPt2. The mean size of the NiPt grains ob-
tained upon image analysis was 23 nm. As noted previously, the sup-
pression of C is almost total and is consistent with the results obtained in 
the catalytic test, which showed a high resistance to deactivation and, 
therefore, better performance than for MPt1-MPt2. 

TEM and STEM-HAADF images for MPt4, as well as the FFT patterns 
and 3D images of the PtNi grains (dP ≈ 14.17nm), are shown in Fig. 16. 
The rosette morphology of the hexaaluminate support and the deposited 
metal grains (Fig. 16 b), d)), with a Pt(100) lattice parameter of 0.23 
nm, can be seen in the box of Fig. 16 a), along with the respective FFT 
patterns corresponding to NiPt nanoparticles. A 3D image of one of the 
grains from Fig. 16 b) is shown in Fig. 16 c). This allows us to corrob-
orate the crown-like morphology of the metallic agglomerates on the 
support and the perfectly distributed arrangement of Pt (white points) 
on the rough surface of the Ni grains (dark region). The STEM-HAADF 
images show the presence of Pt nanoparticles on the Ni grains (more 
luminous particles in Fig. 16 g), h), i), j)), which maintain the crown-like 
morphology (Fig. 16 k), image taken using a band-pass filter). The 
amplified 3D image in Fig. 16 l) clearly shows the distribution of the 
PtNi grains. No carbonaceous deposits are observed, thus meaning that 
this catalyst is highly resistant to deactivation, with excellent stability 
and conversion at 973 K. In addition, although the thermodynamic 
behavior can be improved by increasing the temperature, the perfor-
mance at this temperature is nevertheless excellent. It is therefore clear 
that the addition of Pt results in catalysts that are more resistant to 
deactivation since this additive suppresses coke deposition on the 
metallic particles, thus resulting in high stability and high conversions 
and a better metallic dispersion [35,36,81,82]. Crown-type grains could 
be associated with alloy-like morphologies in which Ni and Pt particles 
are either intertwined with each other in a dispersed manner or form 
small clusters [83–85]. 

4. Conclusions 

PtNi/La-hexaaluminate bimetallic catalysts have been synthesized 
using an aluminum saline slag—a hazardous waste generated in Al 
recycling—as Al source in the synthesis of the La-hexaaluminate used as 
catalytic support. The catalysts were prepared by wet impregnation. A 
10 wt% NiO catalyst was synthesized initially, then modified by incor-
porating various amounts of Pt (between 0 and 1 wt%), also by wet 
impregnation. This synthesis method generated two types of morphol-
ogies, namely rosettes and clusters of amorphous tables, which allowed 
an excellent distribution of the metallic nanoparticles on the support, as 
determined by SEM and HR-TEM. 

The reduction temperatures of the NiO present in the Ni/LHA cata-
lyst decreased due to the presence of Pt in the modified catalysts. In 
addition to the reducing effect, the addition of Pt generated high resis-
tance to coke formation, thus resulting in a better performance of the 
catalyst in DRM. Indeed, the catalyst showed excellent stability after 50 
h of reaction at 973 K. The conversion of CH4 is higher than CO2 and the 
H2/CO selectivity is about 90%, thus suggesting the predominance of the 
Boudouard reaction over the RWGS reaction. The catalysts can be or-
dered as follows CMPt4 ≈ CMPt3 < CMPt2 ≪ CMPt1, which in turn 
indicates that the catalysts with the highest Pt content allow a better 
catalytic performance given their high resistance to deactivation by 
carbonaceous deposits. The combined analysis of SEM, HR-TEM and 
STEM-HAADF images also allows us to conclude that the presence of Pt 
reduces the size of the Ni particles, which may also be in accoed to the 
reduction in coke formation observed. 
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