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A B S T R A C T

Ni-based catalysts for CH4 steam reforming require fine-tuning to withstand deactivation under dynamic oper
ation conditions relevant to emerging H2-driven technologies. This study investigates the impact of the Mg:Al 
ratio and Pt presence in catalyst composition on the activity and stability of industrially relevant Ni-based mono- 
and bimetallic catalysts during simulated daily start-up and shut-down cycles in various gas atmospheres. The 
evolution of the catalyst structure during extensive testing procedures was investigated in detail by comple
mentary electron microscopy, in situ/operando XAS and XRD. The results obtained revealed that catalyst deac
tivation is promoted at high Mg:Al ratios and especially affects the monometallic catalysts. By converting CH4 at 
lower temperatures, Pt regulates the extent of Ni oxidation and its incorporation into MgO lattice. Further 
prevention of catalyst deactivation was achieved by optimizing the reactor shut-down procedure to minimize the 
simultaneous exposure to high temperatures and H2O vapors. By flushing the reactor with N2 only around the 
reaction extinction temperature, a fraction of Ni species is maintained in metallic state, which is beneficial for the 
long-term activity and reaction operation economy.

1. Introduction

The chemical industry needs to undergo a profound transformation 
as the world attempts to reduce the emission of greenhouse gases (GHG) 
and approach net-zero targets. In this context, the concept of a 
hydrogen-based economy has emerged during the last decades, with 
hydrogen to be exploited both as a raw material for the chemical in
dustry [1–3] and as an energy carrier [4]. Consequently, a constant 
yearly increase in its demand has been recorded with 100 Mt/year 
encountered in 2024 and over 2 % increase from 2023 [5]. Generally, 
hydrogen can be produced by reforming reactions of fossil fuels, which 
can involve carbon capture, utilization and storage (CCUS). Depending 
on the reaction path, hydrogen is labeled as gray or blue, with the latter 
encompassing CCUS [6]. Despite recent efforts for obtaining green 
hydrogen exclusively based on renewable resources (e.g. water elec
trolysis), the state-of-the-art technologies for the bulk production of 
hydrogen and syngas (H2/CO mixtures) remain the catalytic partial 

oxidation (1) and steam reforming of methane, SRM, (2) reactions with 
subsequent water-gas-shift, WGS, (3) or their combinations (e.g., auto
thermal reforming ATR) [3,6,7]. 

CH4 +
1
2
O2⇌ 2H2 + CO (1) 

CH4 + H2O ⇌ 3H2 + CO (2) 

CO + H2O ⇌ H2 + CO2 (3) 

Currently, the steam reforming of methane (SRM) contributes to over 
60 % of the worldwide hydrogen production, with an additional 20 % of 
hydrogen produced by coal gasification [5]. To maximize methane 
conversion and achieve optimal cost-performance, SRM relies on 
steady-state reaction conditions at high temperatures (above 800 ◦C). 
The operating temperature and feedstock composition employed are 
crucial for allowing continuous and economical operation of the reactor 
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[1]. In particular, based on thermodynamic calculations, no carbon is 
expected to form at steam to carbon ratios (S:C) higher than 1.2 [1]. The 
high temperature ensures full conversion and approach to equilibrium at 
the reformer exit, but in turn promotes the sintering of the active metals.

Because of their cost-effectiveness and high reforming activity, Ni- 
based catalysts supported on metal oxides (Al2O3, MgO, CaAl2O4 and 
their mixed oxides) are widely employed for reforming reactions. In 
these materials, the Ni loading ranges between 15 and 30 wt% [1,8–10]. 
In order to activate CH4 during SRM, the presence of metallic Ni is 
required [1]. Typically, catalyst activation in industrial plants is ach
ieved at high temperatures by feeding a stream of steam and hydro
carbons [1]. As soon as some metallic Ni is available, the steam 
reforming reaction (Eq. 2) will produce enough H2 to allow complete 
catalyst reduction and activation. However, in the long term and 
depending on the operative conditions (temperature, pressure, feedstock 
composition), Al2O3-supported Ni-based catalysts suffer from deactiva
tion due to sintering and coking, together with possible incorporation of 
Ni into the support material (e.g., NiAl2O4) [1,11,12]. As feasible solu
tions, the addition of magnesium (Mg) and/or noble metals (NMs) into 
Ni-based catalysts was shown to enhance their long term stability 
[8–10]. In this regard, catalysts supported on hydrotalcite (HTC)-der
ived Mg-Al mixed oxides [11,13] or bimetallic catalysts [11,14] have 
recently attracted much interest. Herein, exploiting the strong interac
tion between Ni and MgO [15–21] and/or adding small amounts on 
noble metals (NM) like Pt, Pd, Rh [14] to the Ni-based catalysts im
proves its resistance toward sintering and coke formation.

Hydrogen production for use in polymer electrolyte fuel cells for 
auxiliary power units has recently emerged as a promising solution to 
the fluctuating heat and energy demands in domestic applications [22, 
23]. However, the current lack of a suitable H2 delivery infrastructure 
and the risks associated with H2 storage at high pressure [24] advocate 
for pure H2 production on demand and on site via SRM as a viable so
lution. Nevertheless, in contrast to the common continuous industrial 
operation, the reactor requires in this case a daily start-up and 
shut-down (DSS) operation mode, in line with the peaks and pits in 
power demand. Under such dynamic conditions, steam is normally used 
as a safety purge gas for idling and coking clean-up [8,25,26], which 
limits the stability of Ni-based catalysts [25,27]. Instead, the use of inert 
gas appears as a possible solution. Depending on the required gas purity, 
this approach could result in additional operating costs. Furthermore, 
water and/or oxygen traces in the inert gas stream still represent a threat 
for the catalyst performance. Ohi et al. [25] have shown that applying air 
or steam during the reactor purge, despite being convenient from the 
technical point of view, results in severe deactivation for monometallic 
Ni/Mg(Al)O catalysts. The authors related the pronounced activity drop 
to Ni oxidation and formation of Mg(OH)2, which underlines the 
importance of tuning the support composition to achieve an optimal 
metal-support interaction. However, these conclusions mostly rely on ex 
situ characterization of the used catalysts. Considering the dynamic 
change in catalyst structure under SRM conditions [27], in situ/operando 
studies are especially important when studying catalyst deactiva
tion/reactivation phenomena [25,28–33]. For example, Vogt et al. [34]
used operando infrared (IR) spectroscopy to find experimental de
scriptors for catalytic activity of Ni/SiO2 catalysts. Furthermore, Braga 
et al. [35] employed in situ XPS to track the surface composition of 
Ni-Fe/CeO2 catalysts, and correlated the surface segregation of Fe spe
cies with a lower catalytic activity and higher resistance towards coke 
formation. During reverse water gas shift reaction, Liu et al. [36] were 
able to track the Ni-Pt interaction with in situ XAS measurements and 
understood the alloying dynamics between the two metals. The scarcity 
of analogous studies in the field of catalytic SRM is most probably linked 
to the challenges arising from the demanding reaction conditions. Only 
recently, thanks to the availability of a new in situ/operando cell able to 
reach temperatures up to 1000 ◦C [37], our group reported on the 
evolution of Ni species and their interaction with the support material 
under reaction conditions [27]. Our operando XAS investigations 

showed that the oxidation of Ni and formation of mixed oxides occur to a 
certain extent in both mono - and bimetallic Ni-based catalysts at low 
temperatures in the SRM gas mixture due to the presence of water vapor 
and decreased CH4 conversion. Such in situ and operando studies are 
particularly important in the context of dynamic catalyst operation, 
where monitoring the structural changes occurring during 
start-up/shut-down procedures can provide insightful guidelines for 
knowledge-based catalyst design and the implementation of optimized 
reactor operation protocols.

In this regard, we report a systematic investigation on the effect of 
the support composition and reactor purging conditions during dynamic 
operation mode of mono- and bimetallic Ni or Ni-Pt catalysts supported 
on HTC-derived Mg-Al oxides. In addition to the effect of Pt promotion 
on the catalyst activity and durability, the Mg:Al ratio was varied to 
elucidate its influence on the Ni-support interaction and catalyst deac
tivation behavior. Various SRM reactor shut-down procedures were 
simulated (i.e., steam, inert, reaction gas mixture), which are relevant 
options during the application of small-scale fuel reformers with daily 
start-up and shut-down operation. Finally, the ability of the mono- and 
bimetallic catalysts to self-regenerate directly during SRM (S:C=3) 
without a pre-reductive step was tested, as a necessary prerequisite for 
their industrial implementation. Beside extensive performance tests, the 
catalyst structural changes occurring during the SRM light-off, reductive 
treatment, reactor shutting down and catalyst reactivation steps were 
monitored by complementary in situ/operando X-ray absorption spec
troscopy (XAS) and X-ray diffraction (XRD) measurements. The ob
tained outcome allowed to identify an optimal catalyst composition and 
prototypical shut-down procedure with minimal effects during long- 
term application of Ni-based SRM catalysts under dynamic reaction 
conditions.

2. Experimental methods

2.1. Catalyst preparation

Mg-Al hydrotalcites, commercially available from SASOL GmbH 
with nominal molar ratios of Mg:Al= 3 (PURAL MG70) or Mg:Al= 0.5 
(PURAL MG28), were used as precursors to obtain supports for the 
mono- and bimetallic Ni–Pt catalysts after calcination at 900 ◦C for 12 h 
in static air. Subsequently, incipient wetness impregnation (IWI) was 
used to synthesize the supported catalysts, employing tetraamine plat
inum nitrate (Pt(NH3)4(NO3)2) and/or nickel nitrate hexahydrate (Ni 
(NO3)2⋅6 H2O) as active metals precursors. The bimetallic Ni–Pt cata
lysts were prepared via co-impregnation. The resulting samples were 
dried at 70 ◦C for 12 h and afterwards calcined at 500 ◦C for 5 h in static 
air (ramp rate 10 ◦C/min). The nominal metal concentrations in the 
mono- and bimetallic catalysts were 15 wt% Ni and 1 wt% Pt. Accord
ingly, the mono- and bimetallic samples are denoted as 15Ni/MGXX and 
15Ni1Pt/MGXX, respectively. XX= 28 represents MG28 (Mg:Al=0.5) 
and XX= 70 represents MG70 (Mg:Al=3) supports, depending on the 
hydrotalcite used to obtain the carrier material.

2.2. Catalyst characterization

The specific surface area of the samples was determined by N2 
physisorption at − 196 ◦C using a BELSOPRP-mini instrument (Micro
tracBEL, Osaka, Japan) and according to the Brunauer–Emmett–Teller 
theory [38]. The samples were degassed at 200 ◦C for 2 h in vacuum 
before the analysis and the adsorption isotherms were evaluated in the 
range of p/p0 = 0.05–0.3.

The crystallinity of the materials was assessed via X-ray diffraction 
(XRD) using a D8 Advance (Bruker) diffractometer using Cu Kα radiation 
(λ=1.5406 Å). The patterns were recorded between 10◦ and 120◦ 2θ 
using a step size of 2θ= 0.017◦ and 10 s per step dwell time.

Temperature-programmed reduction with H2 (H2-TPR) was per
formed on an AutoChem II instrument (Micromeritics, Norcross, USA) 
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by heating the calcined sample (45 ± 5 mg of 125–250 µm sieved frac
tion) from room temperature (25 ◦C, RT) to 900 ◦C with 10 ◦C/min 
heating rate while dosing 50 mL/min of 10 vol% H2/Ar. Before the 
reduction step, adsorbed species were removed by heating the sample in 
50 mL/min of 10 vol% O2/He from RT to 500 ◦C (15 min holding time). 
The H2 consumption was monitored using a thermal conductivity de
tector (TCD).

For all catalysts, Ni, Pt, Mg and Al metal loadings were determined 
by inductively coupled plasma optical emission spectroscopy (ICP-OES) 
using an OPTIMA 4300 DV spectrometer (PerkinElmer, Waltham, USA). 
30 ± 0.05 mg of the samples was dissolved in 4 mL hydrochloric acid, 
4 mL sulfuric acid and 2 mL hydrogen peroxide at 250 ◦C for 1 h in the 
XPERT microwave digestion system (Berghof). The analysis of the ele
ments was accomplished with four different calibration solutions and an 
internal standard (Sc). The range of the calibration solutions did not 
exceed a decade. Three wavelengths of the elements were used for the 
calculations.

High-angle annular dark-field (HAADF) scanning transmission elec
tron microscopy (STEM) imaging combined with energy dispersive X- 
ray spectroscopy (EDXS) was used to investigate the particle size dis
tributions and the elemental distributions of Ni, Mg, Al and Pt (when 
present) in all the catalysts. The investigations were performed on a FEI 
Osiris ChemiSTEM microscope at 200 keV electron energy, equipped 
with a Super-X EDXS system comprising four silicon drift detectors. The 
particle size distribution was determined based on the evaluation of 
~300 nanoparticles (maximum Feret Diameter) using the software 
ImageJ (version 1.54p) [39]. Concentration profiles of different chem
ical elements within single nanoparticles were determined after the 
quantification of EDXS spectra measured along a line-scan that passes 
through their center (EDXS line scans). EDXS line scans were quantified 
with the FEI software package “TEM imaging and analysis” (TIA) version 
4.7 SP3. The EDXS maps were analyzed by using the ESPRIT software 
(version 2.3) from Bruker. The ure of Ni-Pt nanoparticles was investi
gated by high-resolution (HR) transmission electron microscopy (TEM). 
The measurements were performed on an aberration-corrected FEI 
Titan3 80–300 microscope at 300 keV electron energy. HRTEM images 
were evaluated by calculating the two-dimensional Fourier transform 
(FT), which yields information on the crystal structure (lattice param
eters and crystal symmetry) of single nanoparticles. The analysis was 
performed by comparing the experimental FT and the calculated 
diffraction patterns with Miller indices, with the latter obtained by using 
the Jems electron microscopy simulation software [40].

Raman spectroscopy measurements were conducted with an inVia 
Reflex Spectrometer System (Renishaw) equipped with a He–Ne laser 
(633 nm, 17 mW) and an optical microscope (Leica). The data was 
collected in a spectral range from 130 to 3470 cm− 1, with a resolution of 
3 cm− 1 by means of a 600 lines/mm grating, using 10 % laser power and 
100 s acquisition time. Data treatment, including cosmic ray removal, 
noise filtering and baseline subtraction, was done with the software 
WiRE 4.4 (Renishaw).

2.3. Catalytic tests

Systematic catalytic tests were performed for all the catalysts in a 
plug flow microreactor. A high temperature cell, previously reported by 
Eggart et al. [37], was used for these experiments. 5 mg of catalyst (sieve 
fraction 100–200 μm) was loaded into a quartz capillary of 1.5 mm 
diameter (wall thickness 0.02 mm). The sieve fraction was chosen to 
minimize mass-transport limitations and ensure low pressure drops in 
the microreactor. As a first step, the catalysts underwent a prereduction 
treatment for 1 h at 900 ◦C (5 vol% H2/N2, 50 mL/min total flow, ramp 
rate 10 ◦C/min). Afterwards, the reaction mixture (RM: 6600 ppm of 
CH4, 2 vol% H2O in N2; 50 mL/min total flow) was dosed over the 
catalyst bed using mass flow controllers (Bronkhorst) and a water vapor 
gas saturator (kept at room temperature, RT) at a weight hourly space 
velocity (WHSV) of 106 mL⋅gcatalyst

–1 ⋅h–1. This steam to carbon ratio of 3 

was chosen to avoid carbon deposition during the catalytic tests. The gas 
atmosphere during the switches was changed using a motorized 
four-way valve (VICI Valco Instruments). For catalyst degreening, the 
reactor was kept at 900 ◦C under RM for 2 h. Next, the reactor was 
cooled down to room temperature (RT) under different atmospheres, 
namely: a) RM; b) N2; c) H2O-saturated N2; d) RM until 600 ◦C, then 
switched to N2 until RT. The cooling ramp rate was of 10 ◦C/min. To 
evaluate the catalyst regeneration ability, the RM was dosed again in the 
reactor and the catalyst was heated with 10 ◦C/min to 900 ◦C (light-off), 
with 5 min holding time. The cooling ramp was also performed in RM 
(light-out). Supplementary catalyst stability evaluation tests were per
formed by simulating several start-up/shutdown cycles during four 
consecutive days of operation. During the first 24 h, after activation for 
1 h at 900 ◦C (5 vol% H2/N2, 50 mL/min total flow, the catalyst was 
exposed to RM at 900 ◦C for 8 h and subsequently cooled down to RT in 
N2 (50 mL/min). For each of the following three days, the start-up 
procedure consisted in heating up the reactor in RM to 900 ◦C and 
holding this temperature and reactor gas feed for 8 h. At the end of each 
day, the reactor was cooled down to RT in N2. Between the 
shut-down/start-up cycles, the reactor was kept in N2 overnight. The 
applied heating/cooling ramps were of 10 ◦C/min. During the whole 
testing procedure, the outlet gas composition was monitored with a 
quadrupole mass spectrometer (Pfeiffer Vacuum, Omnistar GSD 320) 
and an online Fourier transform infrared spectroscopy (FTIR) gas 
analyzer (MultiGas 2030, MKS Instruments). The onset temperature 
(Tonset) was defined as the point where the auxiliary line through the 
rising edge of the m/z = 2 (H2) signal from the mass spectrometer (MS) 
intersects the linearly extrapolated baseline, while the temperatures 
corresponding to 50 % and 90 % CH4 conversion (T50 and T90) were 
extracted from the data obtained by the FTIR spectrometer. The CH4, 
CO, and CO2 equilibrium concentrations at 1 atm and different tem
peratures (100–900 ◦C) were calculated by solving both SRM and WGS 
reactions equilibria in an iterative way using the inlet gas composition as 
starting concentrations. Equilibrium constants were taken from Hou 
et al. [41].

2.4. In situ and operando X-ray absorption spectroscopy (XAS)

The in situ/operando XAS measurements were performed at the P65 
beamline of the PETRA III synchrotron (DESY, Hamburg, Germany). 
Energies of the incident X-rays were selected via a water-cooled Si (111) 
double crystal monochromator. The Ni K (8333 eV) and Pt L3 
(11564 eV) edges were continuously monitored during the same 
experiment for the bimetallic catalysts, alternating the scans between 
the two edges. Ion chambers were used to collect the data in trans
mission mode at Ni K edge, while a passivated implanted planar silicon 
(PIPS) detector was used to record the fluorescence at Pt L3 edge. During 
the whole experiment, the middle of the catalyst bed was monitored 
with a beam size of about 0.3 mm × 1.5 mm (V × H). For energy cali
bration, reference XAS spectra of Ni and Pt metal foils were recorded 
simultaneously with the catalyst data. Data evaluation, including energy 
calibration and normalization, was performed using Athena and Artemis 
software from the IFEFFIT software package [42]. For the linear com
bination fitting (LCF) of the XANES region, the normalized spectra were 
analyzed in the region − 30 eV to + 50 eV around both edges. Spectra of 
Ni and Pt foils, together with NiO and PtO2 pellets (both obtained from 
commercial chemicals) were used as references. As an additional 
reference for NiMgOX, a 15 wt% Ni/MgO sample obtained by incipient 
wetness impregnation and calcination at 550 ◦C (ramp rate 10 ◦C/min) 
for 5 h was used. The extended X-ray absorption fine structure (EXAFS) 
data χ(k) collected at room temperature were background subtracted, 
and subsequently analyzed in the k-space range of 3–14 Å–1 for Ni K 
edge, and 3–11 Å–1 for the Pt L3 edge. For the fitting of the Ni K edge, the 
region between 1.0–3.2 Å was selected in the Fourier-transformed (FT) 
R-space data for the calcined samples, while the 1.0–3.0 Å range was 
used for the reduced samples. For the Pt L3 edge, the region between 
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1.0–2.2 Å was used for the calcined samples, while 1.0–3.0 Å was used 
for the reduced samples. The amplitude reduction factor (S0

2) estimated 
from the foil fitting was 0.76 for Pt and 0.80 for Ni. At the Ni K edge, the 
Ni fcc structure (ICSD 37502) was used to model the metallic Ni–Ni shell. 
NiMgOX mixed oxide (ICSD 13774) was used for evaluating the forma
tion of a Ni–Mg bond and track the metal-support interaction, while the 
Ni–O and Ni–Ni scattering paths were modeled based on NiO structure 
(ICSD 9866). At Pt L3 edge, the Pt-O scattering path was modeled from 
PtO2 (ICSD 202407), while the Ni–Pt interaction was modeled using a 
NiPt alloy structure (ICSD 105318). Coordination numbers (CN), mean 
square deviation of interatomic distances (σ2), interatomic distances (R), 
and energy shift (ΔE0) were refined as parameters during the fit. The 
overall misfit between data and fitting was obtained via the R factor. The 
number of free parameters used for all the fits is below the maximum 
number according to the Nyquist criterion [43].

For the in situ/operando experiments, 5 mg of catalyst (sieve fraction 
100–200 μm) was loaded into a quartz capillary of 1.0 mm diameter 
(wall thickness of 0.02 mm, WJM-Glas Müller GmbH). A hot gas blower 
(FMB Oxford, UK) was used to heat the capillary reactor. The procedure, 
reductive and reaction gas mixtures (RM) were identical to those applied 
during the laboratory catalytic tests, with the exclusion of the last 
cooling ramp that was performed in He at the beamline instead of RM In 
a first step, the catalysts underwent a prereduction treatment while 
continuously collecting XANES spectra to monitor the variations in Ni 
and Pt (when present) structure. Afterwards, the reaction mixture was 
dosed into the reactor at a WHSV of 106 mL⋅gcatalyst

–1 ⋅h–1 (comparable to 
the lab scale experiments). The catalyst was kept at 900 ◦C under RM for 
2 h. Afterwards, the methane flow was set to 0 mL/min and He dosage 
via water saturator was increased to keep a total flow of 50 mL/min in 
the reactor. The reactor was then cooled down to RT (25 ◦C) in H2O- 
saturated inert atmosphere with a cooling rate of 10 ◦C/min. Lastly, the 
RM was dosed again in the reactor and the catalyst was heated with 
10 ◦C/min to 900 ◦C, with 10 min holding time. Afterwards, the gas 
atmosphere was changed from RM to inert (50 mL/min He) using the 
motorized four-way valve (VICI Valco Instruments) before cooling down 
the sample to RT with a cooling rate of 10 ◦C/min. During the whole 
testing procedure, the outlet gas composition was monitored with a 
quadrupole mass spectrometer (Pfeiffer Vacuum, Omnistar GSD 320) 
and an online FTIR gas analyzer (Gasmet, DX4000).

2.5. In situ and operando X-ray powder diffraction

In situ/operando X-ray diffraction experiments were conducted at the 
DiffAbs beamline of the SOLEIL Synchrotron (Saint-Aubin, France) using 
a procedure and setup identical to those applied for the in situ/operando 
XAS measurements. The energy selected for the XRD data collection was 
8.2 keV, selected using a double Si(111) crystal monochromator and two 
Rh-coated mirrors. During the experiment, the middle of the catalyst bed 
was monitored with a beam size of about 0.25 mm × 0.3 mm (V × H). A 
Circular Hybrid Pixel Array Detector (CirPad) was used [44], which 
consists of 20 XPAD modules assembled together in a circular arch ge
ometry. The angular range of each acquisition was 4.5–140◦ 2θ, the 
angular opening was 0.0115◦ 2θ and the acquisition time was 30 s per 
2D image. While continuously acquiring 2D images, the angular position 
of the detector (δ angle) was alternated from δ= 0◦ to δ= 0.5◦ with an 
image taken at each angle. By using a Python script implemented at the 
beamline, each image was individually converted to a diffractogram 
(intensity vs 2θ) and a background correction for each XPAD module 
was applied. The obtained diffractograms were merged in groups of 2 
(consecutive, δ=0◦ and δ=0.5◦) to retrieve the final diffractograms. The 
last step was done to eliminate dead zones in between the XPAD 
modules.

3. Results and discussion

3.1. Structural features of the as prepared catalysts

After calcination of the PURAL precursors, nanocrystalline and 
porous support materials were obtained (Fig. 1a and S1). The XRD re
flections of MgO (ICSD 9863) and MgAl2O4 (ICSD 31373) could be 
identified in both supports and corresponding catalysts, with different 
relative intensities. Indeed, in agreement with the nominal Mg:Al ratio 
of the parent hydrotalcites, MgO represents the dominant crystalline 
phase of MG70 while MgAl2O4 is the principal component of MG28 after 
calcination at 900 ◦C for 12 h. Despite the nominal Mg:Al ratio of PURAL 
MG28 corresponding to the stoichiometric MgAl2O4 mixed oxide, the 
support obtained after calcination also showed minor reflections from 
the MgO phase indicating the presence of both species. Nevertheless, the 
very broad MgO reflections compared to the ones measured for the 
support derived from MG70 indicate significantly different crystallite 
sizes of MgO domains. More specifically, smaller MgO crystallites are 
formed in the support derived from the MG28.

Table 1 summarizes the results obtained by ICP-OES analysis and N2 
physisorption for the four synthesized catalysts. In all mono- and 
bimetallic samples, the nominal Mg:Al ratio of the hydrotalcite precur
sor was maintained, yielding two catalysts with Mg:Al= 0.5 (MG28) and 
two catalysts with Mg:Al= 3 (MG70). The actual metal loadings are in 
the range 10.4–13.3 wt% for Ni and around 0.83 wt% for Pt, which 
result in a Ni:Pt molar ratios of 43–48 (large excess of Ni) in the bime
tallic samples. The corresponding Ni:Mg molar ratios are 1:3 and 1:6 for 
the catalysts supported on MG28 and MG70, respectively.

Ex situ XRD measurements conducted for the calcined catalysts also 
showed reflections that can be ascribed to NiO (ICSD 9866). Due to the 
isostructural nature and comparable lattice parameters, NiO and MgO 
exhibit similar crystallographic properties, which prevented quantifi
cation of the relative amounts based on the obtained XRD patterns. 
Nevertheless, when comparing the XRD of the bare supports 
(Figure S1a) and the XRD of the corresponding calcined Ni-based cata
lysts (Fig. 1a), a general increase in the intensity of the reflections 
matching both MgO and NiO can be noticed for all samples. This vari
ation can only be correlated with the formation of either NiO or mixed 
NiMgOX entities during the catalyst calcination [15,18,27]. At high 
angles, the diffraction peaks of NiO, MgO and NiMgOX are easier to 
disentangle [45,46]. In particular, the (420) reflection of MgO (2θ =
109.55◦) is expected to shift to slightly higher angles when Ni2+ ions 
diffuse into its lattice, while the (420) reflection of pure NiO is expected 
at (2θ = 111.08◦). For both catalysts supported on MG70, the (420) 
reflection appeared at 2θ = 110.4◦, advocating for the formation of 
NiMgOX entities. In contrast, for the catalysts supported on MG28 only a 
diffraction peak at 2θ = 111.3◦ could be observed, which results from 
the convolution of the (420) reflection of NiO and the (751) reflection of 
MgAl2O4 (Figure S2). Concerning the presence of metallic phases, after 

Table 1 
Specific surface area (SSA) and elemental analysis of the samples investigated in 
this study.

Sample SSA 
(m2/ 
g)*

Ni 
(wt 
%)**

Pt 
(wt 
%)**

Mg 
(wt 
%)**

Al 
(wt 
%)**

Mg:Al 
(mol/ 
mol)

Ni:Pt 
(mol/ 
mol)

15Ni/ 
MG28

80 10.4 
± 0.2

- 13.1 
± 0.4

29.4 
± 1.0

0.49 
± 0.02

-

15Ni/ 
MG70

74 13.3 
± 0.3

- 30.9 
± 1.0

11.0 
± 0.3

3.12 
± 0.13

-

15Ni1Pt/ 
MG28

72 10.5 
± 0.2

0.82 
± 0.02

13.1 
± 0.3

30.1 
± 0.7

0.48 
± 0.02

42.6 
± 1.3

15Ni1Pt/ 
MG70

68 12.0 
± 0.2

0.84 
± 0.02

32.0 
± 0.8

11.9 
± 0.3

2.99 
± 0.11

47.5 
± 1.4

* Determined by N2 physisorption of the pre-reduced catalyst.**Determined by 
ICP-OES for the calcined catalyst.
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the calcination step at 500 ◦C no reflections from reduced Ni or Pt 
species could be identified, as previously reported for similar systems 
[27].

To trace the distribution of Ni, Mg, and Al species in the as prepared 
monometallic catalysts with different Mg:Al ratios, HAADF-STEM and 
EDXS investigations were additionally performed. As reported in 
Fig. 1b-i, on the support with a higher Mg:Al ratio (i.e. MG70) the 
overlap of the spatial distributions (obtained by EDXS mapping) of Ni 
and Mg suggests that the Ni-Mg interaction is promoted in this sample 
due to the large excess of MgO [15,17]. Furthermore, the X-ray char
acteristic intensity of the Ni-K line in the corresponding EDXS maps is 
substantially lower in the Al-rich regions, i.e., supposedly the regions 
where the MgAl2O4 phase is present. For the support comprising a lower 
Mg:Al ratio (i.e. MG28), the formation of Ni aggregates of various sizes 
(5–15 nm) was noticed, with only minor correlations between Ni and Mg 
locations.

To further assess the local structure of Ni in the as prepared catalysts, 
ex situ XAS data were collected for the catalyst pellets. The XANES re
gion of Ni K edge is reported in Figure S3a. All spectra show similar 
white line intensity to that displayed by the 15Ni/MgO reference. 
Nevertheless, above ca. 8356 eV the spectrum profile of 15Ni/MG28 is 
different in comparison to those measured for the other catalysts, 
resembling more the shape of the NiO reference. As a next step, linear 
combination fitting (LCF) was performed for the XANES region 

(Figure S3b), confirming the visually identified trends regarding the 
presence of both NiO and NiMgOX species in all catalysts. The corre
sponding FT-EXAFS data are reported in Figure S3c, while the fitting 
results are displayed in Table S1-S3 and Figure S4-S5. The first coordi
nation shell at 2.09 Å with a refined coordination number (CN) of 6 for 
all samples corresponds to Ni in octahedral coordination geometry with 
6 oxygen atoms. This cross-confirms the highly oxidized state of Ni 
species in all calcined samples, in line with the results derived from the 
LCF analysis of the XANES region. The second coordination shell at 
2.95 Å was found to be represented by the Ni-Mg bond of a NiMgOX 
reference structure (details in the experimental section and in the SI). 
Despite the second coordination shell is expected to involve 12 atoms in 
a mixed oxide, the results from the fitting were below 8 for all investi
gated samples, suggesting a relatively small size or flattened shape [47]
for Ni-containing particles. Interestingly, the 15Ni/MG28 sample 
showed the lowest CN for the Ni-Mg path (4.5 ± 1.2) among the 
investigated catalysts, which is in line with the different spectral fea
tures resembling more the NiO reference. This suggests a limited 
incorporation of Ni in the mixed oxides for this particular sample. 
Combining these results with the electron microscopy and XRD data, 
considerable incorporation of Ni2+ ions into bulk NiMgOX was identified 
on the MG70 support, while only a minor surface incorporation of Ni2+

ions into MgO was observed on the MG28 support.
To elucidate the local structure of Pt in the bimetallic catalysts, ex 

Fig. 1. (a) XRD patterns (λ = 1.5406 Å) of the as prepared (after calcination) catalysts. HAADF-STEM images of (b) 15Ni/MG28 and (f) 15Ni/MG70 in the calcined 
state. Corresponding EDXS elemental maps for Al (Al-K line, purple, c, g), Mg (Mg-K line, green, d, h) and Ni (Ni-K line, red, e, i).
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situ XAS data were collected for the catalyst pellets at the Pt L3 edge. The 
XANES region is reported in Figure S6a. The obtained spectra show 
similar profiles to that displayed by the PtO2 reference, indicating a 
highly oxidized state of Pt after catalyst calcination. The corresponding 
FT-EXAFS data are reported in Figure S6b. The fitting results are re
ported in Table S4-S6 and Figure S7. The first coordination shell at 2.0 Å 
with a calculated CN of 6 for both bimetallic Ni-Pt samples corresponds 
to the Pt-O bond in the PtO2 structure. The absence of pronounced 
features above 2.0 Å suggests a poor interaction with Ni after calcination 
and formation of relatively small entities. No features resembling 
reduced Pt were observed, cross-confirming the highly oxidized state of 
the noble metal that was also indicated by the analysis of the XANES 
region. The results obtained in this study on the oxidation states of Ni 
and Pt species in the catalysts supported on Mg-Al mixed oxides are in 
line with previous XAS investigations of similar bimetallic samples [27].

To assess the redox behavior of the formed Ni and Pt species and 
confirm the location of Ni2+ ions, H2-TPR measurements were con
ducted (Figure S8) in a next step. The profiles of the recorded TCD signal 
show clear differences in catalyst reducibility depending on their 
composition. In general, three regions can be assigned to the reduction 
of Ni species, namely: (i) a low-temperature region from 300 to 500 ◦C, 
(ii) an intermediate region from 500 to 750 ◦C, and (iii) a high tem
perature region above 750 ◦C. These ranges were previously assigned to 
the reduction of: (i) NiO particles on the catalyst surface, having weak 
interactions with the support [46], (ii) Ni2+ ions in the outermost layer 
and subsurface of Ni-Mg mixed oxides [18,46], and (iii) hardly reducible 
bulk NiMgOX mixed oxides [15,17,46]. In comparison, the reduction of 
bulk NiO occurs between 300 and 450 ◦C [45,48].

For the two catalysts supported on MG28, the maximum reduction 
rate of Ni species, given by the highest intensity of the TCD signal, 
occurred at approx. 560 ◦C and 515 ◦C for the mono- and bimetallic 
catalysts, respectively. At the same time, a broad shoulder was observed 
at lower temperatures, i.e., ~375 ◦C (Ni monometallic) and ~345 ◦C 
(Ni-Pt bimetallic). Finally, a shoulder is visible around 770 ◦C (Ni 
monometallic) and 700 ◦C (Ni-Pt bimetallic). These multiple reduction 
peaks indicate the simultaneous presence of NiO-like NPs having a weak 
interaction with the support material, together with Ni2+ ions in the 
outermost layer and subsurface of mixed oxide phases [45] on the MG28 
support. Notably, most Ni species supported on MG28 are reduced up to 
750 ◦C even for the monometallic catalyst. The overall trends indicate 
moderate diffusion of Ni2+ ions in the bulk of mixed oxides as well as a 
modest impact of the noble metal presence on the reducibility of Ni 
species, due to its relatively low loading.

Also, for the corresponding catalysts supported on MG70 three 
distinct reduction regions can be distinguished. However, the reduction 
peaks in the TCD signal are shifted towards higher temperatures 
compared to the previous catalyst series. These profiles confirm the 
stronger interaction of Ni with the support if a higher Mg:Al ratio and a 
large excess of MgO are used during catalyst synthesis [15,27]. In 
particular, reduction peaks around 450 ◦C, 660 ◦C and 840 ◦C are visible 
in the TCD profile of the monometallic 15Ni/MG70 catalyst. Therefore, 
the reduction of the respective Ni species occurs at temperatures 
approximately 100 ◦C higher than those observed for the equivalent 
monometallic catalyst on MG28. On the other hand, the corresponding 
bimetallic 15Ni1Pt/MG70 catalyst exhibits reduction peaks at 440 ◦C, 
575 ◦C and 820 ◦C in the TCD profile, confirming that also in this case Pt 
presence slightly promotes the reduction of Ni species.

Overall, the results of the H2-TPR experiments indicate that the Ni- 
Mg interaction can be regulated by the support composition, as also 
highlighted by the HAADF-STEM, EDXS, XRD and XAS investigations of 
the calcined catalysts. Furthermore, regardless of the support type 
(MG28 or MG70), the presence of Pt only slightly improved the reduc
ibility of the Ni2+ species in the bimetallic samples. For the bimetallic 
Ni-Pt catalysts, an additional peak between 150 and 250 ◦C was 
observed, which could be ascribed to the reduction of Pt species [27]. 
The higher reduction temperature observed for the 15Ni1Pt/MG70 in 

this temperature range could be related to the stronger interaction be
tween Pt and MgO, which was previously reported in literature [49–51].

3.2. Generation of active species by catalyst pre-reduction

In order to activate CH4 during steam reforming, the presence of 
reduced Ni is required [1]. Indeed, numerous studies that previously 
investigated Ni-based catalysts applied a reductive pretreatment (nor
mally in H2 atmosphere) [25,31,33] to generate the active species before 
feeding the reaction mixture to the reactor and proceeding with the 
catalytic tests. For these reasons and based on the H2-TPR results 
described above, all investigated catalysts were pre-reduced for 1 h in 
5 vol% H2/N2 at 900 ◦C. This procedure also helped to stabilize the 
catalysts towards thermal sintering, as SRM is normally performed at 
temperatures well above the Tammann temperature of nickel (ca. 590 
◦C) [1].

The measured specific surface area (SSA) of the pre-reduced catalysts 
is in the range of 70–80 m2/g, as reported in Table 1. The ex situ XRD 
patterns collected for the pre-reduced catalysts are shown in Fig. 2a. The 
presence of Ni fcc (ICSD 37502) reflections confirmed the formation of 
reduced Ni particles in all catalysts. The average Ni crystallite size was 
calculated using the full width at half maximum (FWHM) of the (200) 
reflection (inset in Fig. 2a, Table S7) and the Scherrer equation [52]. In 
general, the average Ni crystallite size followed the ranking 
15Ni/MG70 > 15Ni/MG28 ~15Ni1Pt/MG70 > 15Ni1Pt/MG28, with 
values ranging between 4 and 8 nm. No reflections corresponding to Pt 
fcc (ICSD 243678) could be identified, which excludes the presence of 
ordered Pt domains larger than 3–4 nm. Among the mono- and bime
tallic samples, the shift in ◦ 2θ of the Ni fcc (200) reflection did not 
exceed 0.05◦ compared to the position of the pure metallic Ni (51.85◦). 
Moreover, no trend was observed when comparing the mono- and 
bimetallic samples (see Table S7 and detailed calculations in the SI). The 
minimal and incoherent shifts observed among the mono- and bimetallic 
catalysts are most likely due to peak asymmetry in the XRD measure
ments, i.e., they fall within typical measurement/peak-broadening un
certainties. HAADF-STEM measurements combined with EDXS mapping 
were employed to further characterize the pre-reduced mono- and 
bimetallic catalysts. The results obtained are displayed in Figure S9 and 
Figure S10, respectively. In the case of 15Ni/MG70, a preferential 
spatial association of Ni with Mg, and opposed to Al species was 
observed in their corresponding EDXS maps, which is consistent with the 
observations derived for the as prepared samples (calcined state, 
Figure S9). On the other hand, for 15Ni/MG28, Al and Mg spatial dis
tributions are overlapping, in line with the stochiometric Mg:Al ratio 
and the fact that MgAl2O4 represents the main crystalline phase in this 
case. For this sample, no preferential spatial association between Ni and 
Mg can be derived after the pre-reduction step on their EDXS maps 
(Figure S9). Consequently, the difference between the Ni particle size in 
the two monometallic catalysts is significant. As summarized in Fig. 3, 
average nanoparticle (NP) sizes of 11.9 ± 3.5 nm and 8.6 ± 2.1 nm 
were obtained for the 15Ni/MG70 and 15Ni/MG28 samples, respec
tively. Both Pt-promoted catalysts exhibit decreased average NP sizes; 
specifically, 5.9 ± 4.1 nm and 4.4 ± 2.3 nm were derived for the 
15Ni1Pt/MG70 and 15Ni1Pt/MG28 samples, respectively. The rela
tively high standard deviation/relative error obtained for both bime
tallic samples is caused by the bimodal particle size distribution, with 
over 30 % of the measured NPs having a size between 1 and 3 nm. At the 
same time, Pt appears to be more homogeneously distributed in the 
15Ni1Pt/MG28 sample relative to the 15Ni1Pt/MG70 catalyst. When 
comparing the spatial distribution of Ni and Pt in the collected EDXS 
maps (Figure S10) for the bimetallic catalysts, no perfect Ni-Pt co-lo
cation could be established. To further investigate these aspects, con
centration profiles of Ni (Ni-K line) and Pt (Pt-L line) within single 
nanoparticles were determined after the quantification of EDXS line 
scans. These analyses, carried out for selected nanoparticles, revealed 
inhomogeneities in the Ni-Pt concentrations and spatial distribution at 
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atomic level, suggesting a decrease in Pt content with increasing NP size 
(Figure S11 and Table S8), in particular for 15Ni1Pt/MG28. Despite the 
simultaneous presence of Ni and Pt in Ni-rich nanoparticles is indicated 
by the EDXS (Figures S10-S11) and XAS investigations (Fig. 2) for both 
bimetallic samples, no change in crystal structure or lattice parameters 
from the ones of Ni fcc were detected during the HRTEM evaluation of 
single nanoparticles (Figure S12-S13). Analogous, for Pt-rich nano
particles a good agreement was found between the experimental 
two-dimensional FT and the calculated diffraction pattern of bulk fcc Pt. 
As detailed in the supporting information, in both cases this is consistent 
with the presence of only minor traces of the other element, which are 
insufficient to influence the primary lattice parameters. From previous 
studies, it is known that anchoring of Ni clusters on MgO is inversely 
proportional to the cluster size [53]. Furthermore, for bimetallic Ni-Pt 
nanoparticles with Ni:Pt molar ratio > 8, (as in the current study) Pt 
atoms are expected to be mostly located on the surface and subsurface of 
Ni-Pt NPs, increasing their thermal stability towards sintering [54]. 
Considering this information and the results of the TPR measurements 
(Figure S8), the bimodal size distribution observed in the pre-reduced 
bimetallic catalysts can be rationalized. In particular, an initial forma
tion of Pt clusters (up to 300 ◦C) would be followed by the reduction of 
Ni species in Pt proximity via hydrogen spillover and formation of small 
Pt-rich particles (up to 700 ◦C). At the same time, the slow nucleation 
and reduction of Ni species occurs further away from Pt. The overall 
growth of Ni-rich particles is expected above 700 ◦C.

Since electron microscopy techniques only provide local information 
for small portions of sample, complementary ex situ XAS measurements 
were performed for the pre-reduced catalysts to obtain bulk averaged 

information on the catalyst structure [43]. The XANES regions collected 
at both Ni K and Pt L3 edges are reported in Figure S14. Around Ni K 
edge, all spectra show isosbestic points which are shared with the Ni foil 
and NiO references. This implies that each catalyst spectrum can be 
described as linear combination of these two references. Linear combi
nation fitting (LCF) was therefore performed and the results are reported 
in Table S9, indicating partial reoxidation of Ni particles to NiO during 
exposure to ambient air. When comparing the metallic Ni fraction with 
the average Ni crystallite size Fig. 2a, an inverse trend between these 
two physical measures emerges. This may be attributed to a comparable 
thickness of the NiO passivation layer among the pre-reduced samples.

To further characterize the local structure of the active metals, 
EXAFS data were also extracted for both Ni K and Pt L3 edges, as re
ported in Fig. 2b-c. At Ni K edge, the backscattering contribution of the 
metallic Ni-Ni at R = 2.2 Å is for all catalysts lower than that observed 
for the Ni foil, suggesting a CN < 12 (bulk Ni fcc crystal). EXAFS fitting 
at the Ni K edge data was performed within the boundary conditions 
described in Table S10 and Table S11. The results of the fits are reported 
in Table S12 and Figure S15. The calculated metallic Ni-Ni CNs are in the 
range 6.2–9.4. These trends in CN among the samples align well with 
those derived via the Scherrer equation and XRD patterns, as both cal
culations provide selective information on the metallic part of Ni NPs. 
Since pronounced reoxidation was observed after exposure to ambient 
air, oxidic paths modelled from NiO were added to the fitting model at 
the Ni K edge, improving the overall quality of the fitting. The trends in 
the obtained CN for the oxidic paths are in line with what those derived 
based on LCF of the corresponding XANES regions. In particular, sam
ples containing larger Ni NPs present a lower fraction of oxidized Ni.

Fig. 2. (a) XRD patterns of the reduced catalysts(λ = 1.5406 Å). Inset in (a) shows the (200) reflection of Ni fcc appearing for all catalysts after reduction. FT- 
transformed EXAFS (not phase shift corrected, k3 weighted) at (b) Ni K and (c) Pt L3 edges for the pre-reduced catalysts, together with the corresponding refer
ences (Ni and Pt foil, NiO, dashed).
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Overall, the partial reoxidation of Ni NPs after exposure to air could 
explain the larger NP size values derived from the HAADF-STEM and 
EDXS data compared to those obtained from the XRD data, as the first 
method does not distinguish between metallic and oxidic domains. 
These observations emphasize the importance of using complementary 
characterization techniques for complex materials such as heteroge
neous catalysts [55].

At Pt L3 edge, the FT-EXAFS profiles of both pre-reduced bimetallic 
Ni-Pt catalysts did not reflect that of Pt metal foil, but exhibited a main 
scattering contribution at 2.5 Å. This difference was previously assigned 
to the scattering on Ni neighbors indicating formation of Ni-Pt alloyed 
particles [27,56]. This was further confirmed by the shoulder observed 
at 11575 eV in the XANES profile (Figure S14b), which was as well 
linked to the formation of Ni-Pt alloys [57,58]. Due to the high Ni:Pt 
molar ratio (approximately 40–50, see Table 1) in the bimetallic sam
ples, the formation of alloyed particles could not be confirmed by the 
measurements at Ni K edge, which are dominated by scattering of other 
Ni atoms. The fit of the FT-EXAFS data obtained at the Pt L3 edge 
confirmed the Ni-Pt interaction. A CN of 6.0 ± 1.0 and 7.9 ± 1.0 was 

obtained for 15Ni1Pt/MG28 and 15Ni1Pt/MG70, respectively. Details 
on the fitting procedure and results are reported in Table S13-S15 and 
Figure S16. Compared to previous findings [27], in which the in situ 
analysis of similar catalyst after reduction and without exposure to air 
resulted in higher (i.e. 9.0 ± 0.2) Ni-Pt coordination numbers, the dif
ference in this study was attributed to passivation of the Ni nanoparticles 
due to the exposure to ambient air. On the other hand, the similarity 
between the refined CN for Ni-Pt and Ni-Ni in the two bimetallic cata
lysts points at random bulk alloy formation.

In summary, the analysis of the FT-EXAFS data obtained for the pre- 
reduced catalyst state, combined with the XRD results and HAADF 
STEM-EDXS characterization allowed to rank the Ni particle size as 
follows: 15Ni/MG70 >> >15Ni1Pt/MG70 > 15Ni/MG28 > 15Ni1Pt/ 
MG28 (Table S16). Thus, a lower Mg:Al ratio and/or Pt addition in Ni- 
based catalysts promote the formation of smaller Ni NPs during the 
activation in H2. In particular, the impact of the Mg:Al ratio on the 
average NP size could be traced back to the initial Ni-Mg interaction and 
distribution, which is especially promoted during the preliminary 
calcination step. Subsequently, the high local concentration of Ni due to 
the formation of NiMgOX favors the growth of larger Ni NPs on the 
MG70 support during catalyst reductive treatments. Furthermore, in line 
with previous studies on analogous materials [27], the EDXS and EXAFS 
characterization results confirmed the coexistence of Ni-rich, Pt-rich and 
pure Ni phases in the reduced bimetallic catalysts.

3.3. Catalytic activity during transient steam reforming of methane

As reported in Fig. 5, first light-off/light-out (LOff/LOut) activity 
tests were conducted to verify the ability of the mono- and bimetallic 
catalysts to activate CH4 in the pre-reduced state, according to the 
procedure described in Figure S17. At the same time, their stability 
during two consecutive heating/cooling (light-off/light-out) cycles in 
RM was evaluated.

For comparison, Figure S18 shows the CH4 conversion and CO, CO2 
yields at thermodynamic equilibrium under the applied testing condi
tions (pressure, feed composition), which were calculated considering 
the steam reforming of methane (SRM, Eq. 2) and water gas-shift (WGS, 
Eq. 3) as dominant reaction paths.

As expected, all the catalysts were able to activate CH4 but strong 
differences in activity were noticed already during the first light-off in 
RM (Fig. 4). As general indicators of catalytic activity, the onset tem
perature (Tonset) and the temperature corresponding to 50 % CH4 con
version (T50) were extracted from the light-off curves and are reported in 
Table S17. The observed variations in catalyst performance could be 
rationalized considering the distinct structural characteristics and 
composition of the investigated systems. Additionally, the possible re- 
oxidation of metallic Ni to Ni2+, and the formation of NiMgOX oxides 
under reaction conditions need to be considered at low temperatures 
before the reaction onset [27], when steam is present and methane is not 
yet converted into reducing agents (i.e., H2 and CO).

When Pt was present as a promoter, the reaction onset was between 
230 and 240 ◦C for both bimetallic samples. In contrast, for the mono
metallic Ni catalysts CH4 conversion started at higher temperatures 
between 420 and 440 ◦C. Accordingly, the following ranking was ob
tained for the Tonset values during the first LOff: 15Ni1Pt/MG28 ~ 
15Ni1Pt/MG70 < < 15Ni/MG28 < 15Ni/MG70. The same trend was 
obtained for the T50 values. Further catalytic data are reported in 
Figure S19. The results obtained indicate that both bimetallic catalysts 
are able to activate methane at similar temperatures, while the mono
metallic Ni-based samples showed increasing reaction onset tempera
tures with increasing the Mg:Al ratio: 417 ◦C and 441 ◦C for 15Ni/MG28 
and 15Ni/MG70, respectively. This tendency is most probably caused by 
the strong interaction between Ni species and excess MgO, which leads 
to an enhanced diffusion of the oxidized Ni2+ ions into the MG70 sup
port before the reaction onset [27].

To verify the stability of the catalysts under dynamic conditions, a 

Fig. 3. HAADF-STEM images (left column) and corresponding particle size 
distribution* (right column) obtained for the reduced (a,b) 15Ni/MG28, (c,d) 
15Ni/MG70, (e,f) 15Ni1Pt/MG28 and (g,h) 15Ni1Pt/MG70 catalysts.*300 
particles counted for each sample.
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second consecutive heating/cooling cycle in RM (red curves in Fig. 5) 
was performed. Additional data are provided in Figure S20. Only the 
bimetallic Ni-Pt catalysts maintained a low T50 over the two consecutive 
cycles (between 430 and 460 ◦C). When comparing the ΔTonset and ΔT50 
of the bimetallic catalysts (Table S17), no significant difference was 
observed between them. Independent of the support composition, this 
behaviour indicates similar active species for methane activation in both 
samples. Conversely, the difference between the T50 values (ΔT50) 
measured during the first and second light-off curves for the two 
monometallic Ni-based catalysts is larger than 100 ◦C. In particular, the 
effect of the support composition is clear for the 15Ni/MG70 sample, 
with a ΔT50 of 250 ◦C whereas this difference is only 114 ◦C for 15Ni/ 
MG28. This behavior aligns with the higher stability under dynamic 
reaction conditions of the MG28 supported catalyst, which contains a 
lower Mg:Al ratio.

In the next step, the ability of the as prepared catalysts (calcined at 
500 ◦C) to undergo autoactivation under reaction conditions was eval
uated. For industrial applications, this attribute is highly valuable, as it 
allows avoiding the use of an additional H2 stream for catalyst reductive 
activation since such conditions are always demanding and pose safety 
issues for the operation of the reactor. The results obtained indicate that 
only the bimetallic samples are able to activate CH4 without a pre- 
reduction step (Figure S21 and Figure S22). The reaction onset tem
perature was 277 ◦C and 305 ◦C for 15Ni1Pt/MG28 and 15Ni1Pt/MG70, 
respectively. As no Ni-Pt interaction was revealed in the as prepared 
catalyst state during catalyst characterization, the observed activity for 
the bimetallic catalysts is likely due to methane activation over Pt. The 
similar reaction onset temperatures measured for the bimetallic samples 
in the as prepared and pre-reduced state (Table S18 and Table S17, 
respectively) further corroborate this hypothesis. Nevertheless, 
although both Ni-Pt bimetallic catalysts exhibited similar reaction onset 

temperatures during autoactivation, their conversion profiles are 
significantly different. In fact, it was recently shown [27] that once Pt 
starts to activate CH4 and H2 is produced, the oxidized Ni in the bime
tallic catalysts is reduced as well. This process further increases the 
number of active sites for SRM. Consequently, the 15Ni1Pt/MG28 
catalyst converts 50 % of methane at 460 ◦C, while this conversion is 
achieved over 15Ni1Pt/MG70 only at 550 ◦C. This difference could 
originate in the distinct reducibility of Ni species in the two catalysts 
(Figure S8). This hypothesis is confirmed by the ability of the corre
sponding 15Ni/MG28 monometallic sample to autoactivate, despite the 
reaction onset for CH4 conversion is only around 750 ◦C. On the other 
hand, the 15Ni/MG70 sample, which contains significant amounts of 
NiMgOX species, did not show any notable conversion during the 
light-off, and only a slight increase of the H2 MS signal was detected 
above 800 ◦C.

Overall, these preliminary tests show that a lower Mg:Al ratio and/or 
Pt addition are effective ways to diminish or even prevent catalyst 
deactivation under dynamic conditions, and also promote catalyst 
autoactivation in the SRM reaction mixture. Moreover, Pt seems to 
contribute rather independently to the catalytic reaction, as also re
ported by previous investigations on similar materials [27].

3.4. Catalytic activity after simulated reactor shut-down in different gas 
atmospheres

In the next step, a systematic investigation of catalyst deactivation 
under different gas atmospheres was carried out following the procedure 
described in the experimental section and in Figure S23. Briefly, a 
catalyst conditioning protocol was initially applied to standardize its 
initial state throughout the extensive testing campaign. This consisted of 
an activation step in 5 vol% H2 up to 900 ◦C, followed by holding the 

Fig. 4. Catalytic activity during light-off (LOff) in reaction mixture (RM, 0.66 vol% CH4, 2 vol% H2O, N2 balance) after pre-reduction. a) 15Ni/MG70, b) 15Ni1Pt/ 
MG70, c) 15Ni/ MG28, d) 15NiPt/ MG28.

A. De Giacinto et al.                                                                                                                                                                                                                           Applied Catalysis B: Environment and Energy 385 (2026) 126305 

9 



catalyst under RM at full methane conversion for 2 h at the same tem
perature. To simulate the reactor shut-down, the catalyst was exposed 
afterwards to various gas mixtures (RM, inert or vapor-saturated inert) 
during reactor cooling from 900 ◦C to RT. Finally, a heating/cooling 
ramp in RM was performed to evaluate the residual catalytic activity.

For all these experiments, ex situ pre-reduced samples were used. 
During step (i), the partially oxidized Ni species (Figure S14) were fully 
reduced, as indicated by the in situ XANES spectra reported in Fig. 6. The 
formation of Ni NPs was confirmed by complementary in situ XRD data 
collected at λ = 1.5120 Å (Figure S24), which show the characteristic Ni 
fcc (200) diffraction peak (around 51◦ 2θ) with increasing reduction 
temperature for all catalysts. Regarding the final crystallite size, the 
broadening of the metallic Ni peak at 900 ◦C followed the trend 15Ni/ 
MG70 < 15Ni1Pt/MG70 ~ 15Ni/MG28 < 15Ni1Pt/MG28. This is 
inversely proportional to the crystallite size and in line with data ob
tained from the ex situ characterization of the pre-reduced catalysts 
(Fig. 3).

During the step (ii), all catalysts were subjected to high temperature 
(900 ◦C) and reducing conditions, as complete CH4 conversion led to H2 
and CO formation. For the duration of this step, CH4 conversion and CO 
and CO2 yields remained stable (Figure S25) over all samples, in 
agreement with the thermodynamic equilibrium. As indicated by the in 
situ XAS and XRD data respectively in Fig. 6 and Figure S26, Ni remained 
in reduced state, with no further increase in Ni crystallite size.

Generally, the deactivation induced by the simulated shut-downs is 
expected to impact the catalytic activity recorded in the subsequent 
light-off, performed up to 900 ◦C. Accordingly, the greater the deacti
vation extent, the higher the reaction onset temperature and T50 

expected during the latter step. In case of severe deactivation, no 
methane conversion is anticipated.

In comparison to the activity of the in situ pre-reduced catalysts (blue 
lines in Fig. 5), cooling in RM only led to an increase of Tonset for all 
investigated samples (Fig. 7a, Table S19). In particular, during the 
subsequent light-off in RM, a ΔTonset of over 100 ◦C was noticed for the 
monometallic samples, while only an increase of less than 35 ◦C was 
encountered for the bimetallic samples (Table S19). As found out in a 
recent study [27], the presence of Pt hinders the oxidation of Ni during 
the reaction light-out and maintains higher catalytic activity in bime
tallic samples. However, after this “controlled” shut-down procedure, all 
mono- and bimetallic samples were still able to convert methane and 
achieve full conversion during the light-off to 900 ◦C (Fig. 7a and 
Figure S27). Over the Ni-Pt bimetallic catalysts, methane is converted 
above 275 ◦C, and just minor differences were noticed between the 
MG28- and MG70-supported catalysts. As described in the Section 3.3, 
for bimetallic samples Pt promotion of methane activation is expected at 
low temperatures when Ni is partially oxidized [27]. On the other hand, 
monometallic Ni catalysts convert a significant amount of methane only 
above 550 ◦C. Additionally, despite the monometallic catalysts have a 
similar onset temperature, a difference in T50 values of ~25 ◦C was 
noticed, with a higher T50 measured for 15Ni/MG28. This difference 
could be ascribed to the dynamic interaction between Ni species and 
MgO, which is especially promoted during the last part of the cooling 
ramp in reaction mixture when CH4 is not converted anymore and water 
vapors are still present. Under these circumstances, partial oxidation of 
Ni particles to NiO and incorporation of Ni2+ ions into NiMgOX is ex
pected [27]. Hence, an increased interfacial area between oxidized NPs 
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Fig. 6. Operando XANES spectra (offset) recorded at Ni K edge during the holding time at 900 ◦C. Comparison is done between the Ni foil (black curves), the spectra 
at the end of the TPR in 5 vol% H2/He (red curves) and the spectra at the end of the 2 h holding time in RM (blue curves).
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A. De Giacinto et al.                                                                                                                                                                                                                           Applied Catalysis B: Environment and Energy 385 (2026) 126305 

11 



and superficial MgO (in case of 15Ni/MG28) might increase the amount 
of Ni2+ ions migrating in the outermost layer and subsurface of mixed 
oxides. In conjunction with methane conversion, the resulting state is 
only reversed by reduction between 550 and 750 ◦C, as described in 
Section 3.1. On the other hand, the slightly larger particles that are 
present in 15Ni/MG70 (Section 3.2) are less prone to bulk oxidation in 
the reaction mixture and also expected to reduce earlier becoming active 
at lower temperatures.

The deactivation induced by the simulated shut-down in vapor- 
saturated inert atmosphere appears for all catalysts significantly more 
severe than that produced by cooling down the catalyst bed in the SRM 
gas mixture. Based on the results displayed in Fig. 7b, the monometallic 
catalysts are more sensitive to water presence compared to the bime
tallic Ni-Pt counterparts. In particular, the 15Ni/MG70 sample did not 
show any CH4 conversion during the following SRM LOff. On the other 
hand, the 15Ni/MG28 catalyst was still able to activate CH4 after 
deactivation in water vapor, although the reaction onset occurred only 
at 750 ◦C. At the same time, both bimetallic catalysts were able to 
convert CH4 already around 270 ◦C. A higher T50 value of 554 ◦C was 
measured for 15Ni1Pt/MG70 in comparison to 514 ◦C as recorded for 
15Ni1Pt/MG28. The former sample also showed a less steep conversion 
profile and reached full conversion at higher temperatures compared to 
15Ni1Pt/MG28. This behavior indicates a higher sensitivity of MG70- 
based catalysts towards water presence, as also revealed by the in
vestigations reported in Fig. 5. In fact, when cooling the catalyst bed in 
steam (Fig. 7b) the catalysts are exposed to an oxidizing environment at 
higher temperatures and for a longer duration in comparison to the 
simulated shut-down in RM (Fig. 7a). Hence, a higher degree of Ni 
oxidation and even Ni NPs redispersion are expected, along with the 
incorporation of Ni2+ ions into NiMgOX and their migration in the bulk 
phase. The latter phenomenon is less probable in the case of MG28- 
supported catalysts due to the lower amount of MgO present, which 
explains the higher catalytic activity observed. Since a strong loss in 
catalytic activity was observed after the simulated shut-down in vapor- 
saturated inert atmosphere, Raman spectroscopy was performed on the 
spent samples to investigate the possible carbon formation during the 
following LOff/LOut (Figure S28). For a better comparison, reference 
Raman spectra were also measured for the catalysts in their calcined and 
reduced state. In general, Raman spectra of carbonaceous materials 
show two intense and distinct bands around 1350 cm− 1 and 1580 cm− 1, 
namely the D and G bands [59]. In the spectra obtained for the spent 
catalysts, depicted in Figure S28c, the observed Raman bands are shifted 
with more than 30 cm− 1 from the D band and more than 100 cm− 1 from 
the G band. Since these Raman bands at ca. 1315 cm− 1 and 1460 cm− 1 

were observed already in the calcined and reduced catalysts 

(Figure S28a,b), they cannot be attributed to carbon deposition under 
reaction conditions but rather to oxidic species already present in the 
catalysts before the exposure to methane steam reforming conditions.

In another experiment, the shut-down was simulated by cooling the 
reactor from 900 ◦C to RT in inert atmosphere (N2). The conversion of 
methane during the subsequent light-off is shown in Fig. 8a. Similarly to 
the previous experiments (Fig. 7), both bimetallic Ni-Pt catalysts still 
activate methane below 300 ◦C (Table S20), while the onset tempera
tures for the monometallic catalysts remain above 600 ◦C. Furthermore, 
the catalysts supported on MG70 suffered more severe deactivation 
compared to their counterparts supported on MG28. This highlights 
once again the effect of the Mg:Al ratio and the resulting excess of MgO 
in catalyst composition on the deactivation extent. Hence, the mono
metallic 15Ni/MG28 catalyst fully recovered its catalytic activity after 
5 min at 900 ◦C, in reaction mixture, as shown by the light-out con
version profile depicted in Figure S29c. On the other hand, 15Ni/MG70 
did not show appreciable conversion during the subsequent light-off and 
light-out. The observed deactivation for this sample is comparable to 
that reported in Fig. 7b. This tendency is caused by the short exposure 
(ca. 5 min, Figure S30) to water vapors during the switch between the 
RM and inert gas streams at 900 ◦C. Due to the very high temperature, 
the oxidation of Ni species is expected to be very rapid, and is further 
amplified by the MgO presence. In contrast, for the 15Ni/MG28 catalyst 
containing less Mg, the short duration of exposure to water vapors 
during this testing procedure in comparison to the approximately 1.5 h 
exposure during the simulated shut-down in vapor-saturated inert at
mosphere helps to rationalize the remaining activity.

To confirm the observed effect of the MgO concentration on the 
catalyst stability, long-term operation was simulated by conducting 
several start-up/shut-down cycles during 4 consecutive days. The re
sults, depicted in Figure S31 and Figure S32, show that the mono
metallic catalyst supported on MG28 can sustain dynamic operation for 
multiple cycles. In line with the tests reported in Fig. 8a, the catalytic 
activity for methane steam reforming during both start-up and contin
uous operation at high temperatures was maintained, highlighting the 
beneficial effect of using a support with lower MgO content that pre
vents excessive incorporation of Ni species. The catalyst showed com
parable Tonset (751 ± 4 ◦C), T50 (769 ± 8 ◦C) and T90 (794 ± 11 ◦C) 
values over the 3 start-ups (Table S21), which indicates that the catalyst 
did not deactivate within the boundaries of these experiments. The 
presence of carbon deposits on the spent sample was excluded also in 
this case after longer reaction time (Figure S28d).

Based on the observed trends in catalyst deactivation as a function of 
the gas atmosphere used during reactor cooling step, an adjusted shut- 
down procedure was implemented. The aim was to maintain most of 
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the catalyst bed under reducing gas atmosphere and limit the exposure 
to H2O vapors at high temperatures. Hence, after cooling down in RM 
from 900 ◦C to 600 ◦C (>95 % CH4 conversion over all pre-reduced 
catalysts, red curves in Figure S19), the reactor inlet gas mixture was 
switched to N2 for the rest of the cooling ramp until RT was reached. In 
this way, the catalysts were only exposed for a short time frame (ca. 
5 min) to water vapors at 600 ◦C during the system purging phase. The 
SRM activity measured during the subsequent light-offs is reported in 
Fig. 8b, and can be directly compared with the CH4 conversion obtained 
after reactor cooling in inert atmosphere (Fig. 8a). It can be immediately 
noticed that this adjusted shut-down procedure resulted in a smaller 
extent of deactivation for all catalysts. Both monometallic catalysts 
exhibited a Tonset for the SRM reaction at temperatures under 600 ◦C, 
and all catalysts showed lower T50 values in comparison to those 
measured during the N2 shut-down procedure (Table S20). Nevertheless, 
the catalytic activity is still negatively affected compared to the SRM 
performance measured for the reference pre-reduced state of all Ni- 
based catalysts (blue curves in Fig. 5). For instance, for the pre- 
reduced 15Ni1Pt/MG28 catalyst 50 % conversion was achieved at 431 
◦C while only 20 % was reached after the adjusted shut-down procedure. 
All the other samples exhibited an even more pronounced drop in cat
alytic activity. Hence, the deactivation caused by water vapors could not 
be completely avoided with this reactor shut-down procedure. Inter
estingly, the thus obtained trend in T50 and Tonset was the same as for the 
switch in inert at 900 ◦C, i.e., 15Ni/MG70 > 15Ni/MG28 > 15Ni1Pt/ 
MG70 > 15Ni1Pt/MG28. Complementary catalytic data are 

additionally reported in Figure S33 and an overview of Tonset, T50 and 
T90 is provided in Fig. 9. Overall, these obtained findings further sub
stantiate the following conclusions: (i) trace amounts of water 
contribute to catalyst deactivation and the deactivation extent scales 
with increasing exposure temperature, (ii) Pt presence in the catalyst 
composition and/or a lower Mg:Al ratio in the carrier material represent 
efficient strategies to mitigate deactivation by water vapors during 
reactor shut-down, (iii) the use of Pt-promoted bimetallic catalysts is 
necessary to retain the catalytic activity in case of prolonged exposure to 
water vapors at high temperatures without the need for additional 
reduction steps before resuming operation. To confirm and better un
derstand these observations, extensive catalyst characterization by in 
situ/operando methods was conducted as reported in the following 
section.

3.5. Insights into Ni and Pt behavior by in situ/operando XAS and XRD

Systematic in situ/operando XAS and XRD measurements were con
ducted for all mono- and bimetallic samples during simulated reactor 
shut-down. Among the different conditions applied during the extensive 
testing campaign, the cooling down in H2O/N2 procedure was selected 
as the most severe model condition to examine the influence of the 
catalyst composition on the catalyst deactivation extent by water va
pors. This condition was realized by interrupting the methane supply in 
RM (0.66 vol% CH4, 2 vol% H2O, rest inert) at 900 ◦C and subsequently 
starting the cooling of the catalyst bed to RT in 2H2O/N2.
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A first insight into the nature of Ni species generated during the 
simulated shut-down in water-saturated inert was obtained from the 
results of the linear combination fitting of the Ni K edge XANES region 
(Figure S35a). Since the metallic Ni and NiO components were not 
sufficient to reconstruct the spectra of the deactivated samples, the 
contribution of the NiMgOX reference was considered. This is based on 
our previous investigations, which showed that other phenomena rather 
than solely Ni oxidation to NiO occur during the simulated shut-down 
protocol [27]. More precisely, during exposure of MG70-based mono- 
and bimetallic Ni-Pt samples to the SRM gas mixture under transient 
heating/cooling cycles Ni oxidation and incorporation in NiMgOX oxides 
was observed at low temperatures and low methane conversion. 
Accordingly, Fig. 10 shows the LCF results for the in situ Ni K edge 
XANES spectra collected during cooling down the catalyst bed in 
H2O/N2. In general, progressive oxidation of Ni species was observed in 
all investigated samples, and especially in the monometallic ones. The 
onset of the oxidation process corresponds to the switch of the gas at
mosphere from RM to H2O/N2 at 900 ◦C. In comparison with the study 
by Tusini et al. [27], in the present work the catalysts were exposed to 
water vapor in the absence of reducing agent for longer time and from 
higher temperatures, with the aim of emphasizing Ni oxidation and 
highlighting catalytic and structural differences arising from different 
catalyst compositions. Hence, for the 15Ni/MG70 catalyst a strong and 
continuous oxidation was observed throughout the entire cooling ramp, 
leading to a final composition of 8 ± 4 % Ni, 57 ± 7 % NiO, and 35 
± 8 % NiMgOX.

On the other hand, for the 15Ni/MG28, 15Ni1Pt/MG70, and 
15Ni1Pt/MG28 samples three regions could be distinguished in the 
evolution of the different reference components: a high temperature 
region (~900–820 ◦C) where very fast oxidation of Ni species was 
observed, an induction period with a slower oxidation rate, and a low 
temperature region where further oxidation of metallic Ni occurs at an 
intermediate reaction rate. In contrast, for the 15Ni/MG70 catalyst, the 
first region was broader (900–750 ◦C) and was followed by a tempera
ture interval where Ni species were oxidized at an even higher rate. In 
the first region, NiO was formed in all catalysts accompanied by NiMgOX 
in the case of the MG70 supported catalysts. However, the oxidation 
extent within this high temperature range is increased for Ni species in 
both bimetallic samples, reaching 52 % and 23 % in case of 15Ni1Pt/ 
MG70 and 15Ni1Pt/MG28, respectively. In comparison, in the mono
metallic samples, only 19 % and 17 % of the Ni species are oxidized at 
820 ◦C in the case of 15Ni/MG70 and 15Ni/MG28, respectively. Ac
cording to previous literature, Pt addition stabilizes Ni against oxida
tion. Nevertheless, the presence of smaller Ni particles in the bimetallic 
samples (30 % in the 1–3 nm size range) might explain this behavior, 
given their increased sensitivity towards Ni reoxidation [60,61].

During the following intermediate temperature range, the diffusion 
of Ni2+ ions into MgO lattice to form NiMgOX becomes dominant for the 
MG70 supported samples and is also noticeable for the MG28 catalysts. 
The lower rate of NiO formation in 15Ni/MG28, 15Ni1Pt/MG70, and 
15Ni1Pt/MG28 between ~820–550 ◦C might be related to the intrinsic 
properties and the interaction of Ni NPs with the carrier material. 
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Alternatively, methane traces that are still present in the system might 
play a role in stabilizing reduced Ni during this stage. However, as all 
catalysts were treated in a similar manner, the different oxidation trends 
and generated species are most probably the result of the interplay be
tween particle size, metal-support interaction and Pt promotion. In 
particular, under the transient reaction conditions of this experiment, 
the oxidation of large Ni particles is expected to advance slowly and to 
be assisted by NiMgOX formation, likely at the interface with the catalyst 
support (Fig. 10a,c). As this process progresses and the size of Ni par
ticles decreases, the oxidation rate apparently increases as the temper
ature drops. In fact, the formation of NiO-like species in our study 
followed closely the formation of NiMgOX even at lower temperatures. 
At the end of the cooling ramp the molar ratio between NiO and NiMgOX 
is 2.3 and 1.6 for 15Ni/MG28 and 15Ni/MG70, respectively, indicating 
that a lower Mg:Al ratio hinders the incorporation of Ni2+ ions in the 
MgO matrix. On the other hand, the metallic Ni contribution is below 
10 % in both cases, indicating severe oxidation of Ni species. Addi
tionally, the FT-EXAFS profiles of 15Ni/MG28 and of 15Ni/MG70 
(Figure S35c and Figure S36) resemble the ones of the NiO or NiMgOX 
references, respectively.

For the bimetallic catalysts, substantially higher metallic Ni fractions 
of 56 ± 4 % and 25 ± 4 % were maintained in the case of 15Ni1Pt/ 
MG28 and 15Ni1Pt/MG70, respectively. These two values differ 
significantly despite both bimetallic catalysts having similar Ni:Pt ratios 
(Table 1). Nonetheless, a similar molar ratio close to 1 between NiO and 
NiMgOX was obtained at the end of the cooling ramp for both samples. 
The trends derived from the LCF of the XANES region were supported by 

the FT-EXAFS data obtained at Ni K edge for the deactivated catalysts, as 
reported in Figure S35c and Figure S36. Compared to the monometallic 
samples, the formation of both NiO and NiMgOX seems to be hindered by 
the presence of Pt, which additionally constrains the redox response of 
Ni species. This tendency is probably due to its noble metal character 
that is shared with Ni in the alloyed particles. In this regard, Moraweck 
et al. suggested a partial charge transfer between Ni and Pt based on 
spectroscopic and theoretical investigations [57]. Particularly for the 
MG28-based bimetallic catalyst, the effect of the lower MgO concen
tration combined with the noble metal addition resulted in the lowest 
oxidation extent of Ni particles during cooling down in vapor saturated 
inert atmosphere despite this sample containing the smallest Ni parti
cles. The influence of Pt on the Ni state was confirmed also by the in situ 
XAS measurements at Pt L3 edge. After the cooling ramp in the 2 vol% 
H2O/N2 atmosphere, similar profiles were obtained for the in situ XANES 
spectra measured at the end of the shut-down step to those collected for 
the pre-reduced bimetallic catalysts (Figure S35d vs. Figure S14b), 
suggesting the retention of the Ni-Pt interaction even after cooling down 
in H2O/N2.

The corresponding in situ XRD data collected during the cooling 
down in H2O/N2 (Fig. 11) confirmed the rather early (above ~750 ◦C, 
within 15 min from the switch) disappearance of the Ni fcc (200) 
reflection for all catalysts. This behavior indicates a progressive decrease 
in particle size and loss of ordered metallic Ni domains. In particular, the 
reflection around 51◦ 2θ is visible in all catalysts after the interruption of 
the methane supply. While for the Ni-Pt bimetallic catalysts it is 
noticeable only during the first scan at 900 ◦C, for the monometallic 
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catalysts this XRD pattern disappears only below ~750 ◦C after several 
minutes in H2O/He at high temperatures. These variations in the XRD 
patterns align to the change in the oxidation rate of Ni species before the 
induction phase, as derived based on the in situ XAS measurements 
(Fig. 10). This trend could be explained by the presence in the mono
metallic catalysts of larger Ni NPs (mostly up to 20 nm, see Fig. 3a,c), 
which are more resistant to oxidation [60,61]. Additionally, for the two 
catalysts supported on MG28, the conversion of metallic Ni into NiO and 
NiMgOX is easily discernible around 62◦ 2θ, in agreement with the XAS 
results.

Overall, the combination of in situ XAS and XRD investigations on the 
catalyst state during simulated reactor shut-down in 2 vol% H2O/N2 
provided a deeper understanding of the catalyst sensitivity towards 
oxidation due to water presence for both monometallic Ni and bimetallic 
Ni-Pt catalysts supported on Mg-Al mixed oxides. In the case of the 
bimetallic catalysts, the combined XAS and XRD results suggest the 
formation of small (below the XRD detection limit) and alloyed Ni NPs, 
whereas for the monometallic catalysts the results indicate almost 
complete transformation into NiO and NiMgOX.

3.6. Impact of the different reactor shut-down protocols on the catalyst 
structure

Considering its higher sensitivity to oxidation, the spent 15Ni/MG70 
sample was chosen to investigate the impact of the different catalyst 
deactivation protocols on the catalyst structure. For this purpose, ex situ 
XAS spectra were collected at Ni K edge at the end of the different testing 
procedures reported in Section 3.4 (cooling in controlled atmosphere 
followed by a light-off/light-out SRM cycle). The obtained EXAFS data 
are shown in Figure S34a. By visual comparison of the different EXAFS 
profiles, a similar state of Ni can be identified in the spent 15Ni/MG70 
sample after the procedure involving the reactor shut-down in N2 
saturated with water vapor as that measured for the freshly prepared 
sample (calcination at 500 ◦C in static air). As described in Section 3.1, 
in the as prepared catalyst most of the Ni species are strongly interacting 
with the support material leading to the formation of NiMgOX mixed 
oxides [27]. The corresponding LCF results (Figure S34b) confirmed this 
hypothesis, with NiMgOX species accounting for more than 80 % in the 
two mentioned cases, along minimal presence of NiO.

After the modified shut-down procedure, which minimized the time 
and temperature range of exposure to water vapor (SRM gas mixture to 
600 ◦C followed by N2 until RT), the obtained EXAFS spectrum re
sembles that of the as prepared 15Ni/MgO reference but also encom
passes characteristic EXAFS oscillations of metallic Ni around 5.1, 6.6 
and 8.1 Å− 1. The quantitative results derived from the LCF confirmed a 
decrease in the NiMgOX fraction to 49 % when cooling down in reaction 
mixture to 600 ◦C. At the same time, the share of Ni maintained in the 
metallic and active state is 23 %. Finally, the lowest NiMgOX fraction 
was measured for the catalyst cooled down to room temperature in the 
SRM gas mixture, with 25 % NiMgOX, 49 % metallic Ni and 26 % NiO at 
the end of the subsequent light-off/light-out cycle. However, despite this 
approach allows to preserve most of the Ni species in their reduced and 
active form and to minimize Ni oxidation and incorporation in mixed 
oxides, it poses environmental concerns due to CH4 slips that occurs 
once the reactor temperature and CH4 conversion drop. Furthermore, as 
previously shown in this section (black curve in Fig. 8b), switching from 
RM to N2 at 600 ◦C is effective in upholding some active sites, as the 
resulting 15Ni/MG70 sample converts CH4 above 550 ◦C. Thus, this 
adjusted shut-down procedure allows to maintain a partially active state 
even for the 15Ni/MG70, a monometallic Ni-based sample with rela
tively high Mg:Al ratio and intrinsically more sensitive to water vapor. 
As demonstrated by our activity data, after such a reactor shut-down 
protocol the catalyst reactivation is possible without the use of pure 
hydrogen by just heating up the catalyst bed in RM.

3.7. Catalyst reactivation investigated by in situ/operando XAS and XRD

To complement the in situ XAS and XRD investigations reported in 
Section 3.5, which were performed during the simulated reactor shut- 
down in 2 vol% H2O/N2, additional operando measurements were con
ducted for the mono- and bimetallic catalysts during the subsequent 
light-off in RM. These experiments focused on assessing the residual 
activity and, particularly, on evaluating the catalyst reactivation ability. 
Since the 15Ni/MG70 sample showed no activity recovery during the 
laboratory tests (Fig. 7b) after exposure to H2O/N2, this sample was 
excluded from these investigations.

The results of the LCF analysis of the operando XANES spectra 
collected at Ni K edge during the light-off in RM are displayed in Fig. 12, 
together with the simultaneously recorded methane conversion profiles. 
Complete methane conversion was achieved for all studied catalysts 
during the SRM light-off. The reaction onset occurred at 435 ◦C for 
15Ni/MG28, while for both bimetallic catalysts methane conversion 
started between 335 and 340 ◦C (Figure S37). At the reaction onset, the 
fractions of metallic Ni were 5 %, 56 % and 29 % for 15Ni/MG28, 
15Ni1Pt/MG28, and 15Ni1Pt/MG70, respectively. These values are in 
line with the Ni speciation at the end of the simulated shut-down pro
cedure (Fig. 10b-d). As the temperature increased during the SRM light- 
off, Ni reduction was observed in all catalysts. This process was sus
tained by the simultaneous increase in CH4 conversion. For the 15Ni/ 
MG28 sample, the reduction of Ni species was noticed only after CH4 
conversion exceeded 25 %, while for the two Pt-promoted catalysts the 
formation of metallic Ni was already pronounced at low (<10 %) CH4 
conversion. These results suggest that Ni species in the latter catalysts 
exhibit higher reducibility, which could be endorsed by the hydrogen 
spillover process from Pt [27,30]. At the end of the light-off, i.e., at 900 
◦C, the fraction of metallic Ni follows the order 15Ni1Pt/MG28 (92 %)>
15Ni1Pt/MG70 (76 %)> 15Ni/MG28 (62 %) which aligns well with the 
catalyst starting state (at the reaction onset) and the observed stability of 
these samples during the tests described in Sections 3.3 and 3.4.

Once the highest temperature of 900 ◦C was reached, further 
reduction of Ni2+ species to metallic Ni was observed in all catalysts 
according to the LCF of the XANES Ni K edge spectra collected while 
holding the temperature constant for 10 min (Figure S38). As a result of 
this procedure, all the catalysts contained over 75 % metallic Ni (96 % 
in 15Ni1Pt/MG28, 85 % in 15Ni/MG28, and 79 % in 15Ni1Pt/MG70). 
The 15Ni1Pt/MG70 catalyst was the only one still containing a small 
amount of NiMgOX, despite its concentration decreased during light-off 
and holding time at 900 ◦C. The observed behavior shows that, owing to 
the low Pt loading, its ability to facilitate Ni reduction does not impact 
all Ni species in the catalyst. Complementary operando XRD data 
(Figure S39) confirmed the recovery of the metallic Ni phase during the 
SRM light-off, which was easier to achieve in the Pt-promoted catalysts. 
In particular, the growth of the Ni fcc (200) reflection is observed above 
650 ◦C for 15Ni1Pt/MG28, while only above 800 ◦C for 15Ni1Pt/MG70. 
The absence of ordered Ni phases in the monometallic 15Ni/MG28 
catalyst is most likely due to the lower fraction of metallic Ni at the end 
of the experiment.

All in all, the positive effects of Pt and the lower Mg:Al ratio on the 
activity and stability of Ni-based catalysts could be ascribed to the 
higher fraction of metallic Ni present in these materials. Based on the in 
situ/operando XAS and XRD investigations conducted in this study, these 
features were also found to facilitate catalyst reactivation by reduction 
of Ni species under transient reaction conditions.

4. Conclusions

In this study, the catalyst composition was adjusted for Ni-based 
mono- and bimetallic catalysts for steam reforming of methane with 
the aim of improving catalyst stability during dynamic daily start-up and 
shut-down operation, as encountered in small-scale reformers. Starting 
from different hydrotalcite-derived supports, MG28 and MG70, two Mg: 
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Al ratios (0.5 and 3) were used for the preparation of the Ni- and Ni-Pt 
catalysts. The resulting samples were thoroughly tested and character
ized in their calcined and reduced state. The catalyst structure was 
monitored during dynamic and severe reaction conditions up to 900 ◦C 
using in situ and operando methods. Particular focus was laid on the ef
fect of the reactor shut-down procedure on the catalyst structure and 
deactivation/reactivation behavior.

The impact of the Mg:Al ratio was already observed in the structure 
of the freshly prepared catalysts. According to the electron microscopy 
and ex situ XAS investigations, the incorporation of Ni into MgO lattice is 
promoted by high Mg:Al ratios, which results in the formation of hardly 
reducible NiMgOX species. The analysis of the in situ/operando XAS and 
XRD data acquired during catalyst pre-reduction and SRM confirmed 
that Pt presence promotes the reduction of both NiO and NiMgOX, and 
contributes to an early reaction onset for the calcined or pre-reduced Ni- 
Pt catalysts. Systematic activity tests identified the highest SRM per
formance accompanied by the ability to auto-activate for the Ni-Pt/ 
MG28 catalyst. This sample was as well the most robust during 
various reactor shut-down procedures.

Overall, the following insights were obtained for the monometallic 
Ni and bimetallic Ni-Pt samples: (i) trace amounts of water contribute to 
Ni oxidation in the absence of/at low CH4 conversion, and the related 
catalyst deactivation extent scales with increasing temperature under 
such conditions, (ii) Pt addition and/or a low Mg:Al ratio represent 
effective strategies to mitigate catalyst deactivation during reactor shut- 
down, (iii) the use of Pt-promoted bimetallic catalysts in case of pro
longed exposure to water vapor at high temperatures is beneficial for 
retaining the catalytic activity without the need of further reduction 
steps before resuming operation. Finally, an optimized reactor shut- 
down procedure was identified, consisting in cooling down the cata
lyst bed in SRM gas mixture close to the reaction extinction temperature 
(600 ◦C), and only then flushing the reactor with inert gas while further 
cooling to ambient temperature. This protocol allows to maintain the 
catalyst in a partially active state even in the absence of a noble metal 
promoter and for high Mg:Al ratios in the carrier material. Furthermore, 
as shown by the operando XAS data, the subsequent catalyst reactivation 
entailing substantial Ni reduction is possible in reaction mixture without 
the use of pure hydrogen. In general, these findings provide a better 
understanding of the catalyst structural dynamics under transient re
action conditions and facilitate a knowledge-driven design of improved 
catalysts and optimized reactor operation protocols.
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Fig. 12. Results from LCF of operando XANES at Ni K edge during heating up in RM after deactivation in H2O-saturated inert for (a) 15Ni/MG28, (b) 15Ni1Pt/MG28 
and (c) 15Ni1Pt/MG70, together with the corresponding CH4 conversion data. Pt L3 edge data for the two bimetallic catalysts show that Pt remains in reduced state 
during the same procedure.
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