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A B S T R A C T

Thermo-chemical biomass valorization processes, such as tri-reforming, constitute a valid renewable alternative 
to produce chemicals, fuels, and energy. In this work, a structured Ni-based catalyst for biogas tri-reforming was 
developed for the first time by coupling a Ni/Mg/Al oxide active phase with a commercial Ni/Cr/Al-based metal 
foam support. The active phase was obtained by calcinating the layered double hydroxides (LDHs) precursor 
prepared via chemical synthesis and the catalyst was assembled by dip-coating. For this purpose, a stable 
aqueous suspension capable of dispersing the active phase and ensuring a homogeneous substrate covering was 
thoroughly optimized. The stability of the catalyst exposed to the reaction environment was evaluated by FE- 
SEM/EDX, confirming the durability of the coating. The Ni-based structured catalyst demonstrated promising 
performances, ensuring a stable CH4 conversion of 97.7 % and only a slight reduction of CO2 conversion after 
more than 17 h, with a syngas productivity >9̇500 mL•min− 1•g− 1.

1. Introduction

In recent years, the increasingly important issues related to climate 
change, global warming, and the depletion of available resources have 
forced the scientific community’s attention towards new energy effi
ciency solutions. Within this scene, the exploitation of renewable energy 
sources, such as solar, wind, hydraulics, and biomass, is fundamental 
from a circular economy perspective. Biomass can play a key role in 
reducing the carbon footprint: by giving new life to waste derived from 
agriculture, animals, plants, and industrial and urban activities is 
possible to obtain new bio-chemicals, bio-fuels, and green energy [1].

Among the various processes for converting and exploiting biomass, 
thermo-chemical processes are extensively studied, with pyrolysis and 
gasification being the most relevant. Pyrolysis occurs in an inert envi
ronment at medium (300–800 ◦C) or high (800–1300 ◦C) temperatures 
to convert biomass into products with higher energy density, such as 
bio-char, bio-fuels, bio-oils, or syngas. Gasification is focused on pro
ducing syngas, a mixture of gaseous components mainly consisting of H2 

and CO, with secondary fractions of CO2, CH4, H2S, NH3, light and heavy 
hydrocarbons, and further impurities such as ash and tar [1–3].

The optimization of the gasification process to maximize H2 and CO 
yield has led to the development of tri-reforming of methane (TRM). 
TRM is based on the coupling of three reactions: steam reforming (Eq. 
(1)), dry reforming (Eq. (2)), and partial oxidation (Eq. (3)). This com
bination allows working in autothermal conditions and avoiding 
external heating sources, which could involve potential CO2 emissions 
[4]. 

CH4 +H2O → CO + 3H2
(
ΔH0

25 ◦C =206 kJ ⋅ mol− 1) (Eq. 1) 

CH4 +CO2 → 2CO + 2H2
(
ΔH0

25 ◦C =247 kJ ⋅ mol− 1) (Eq. 2) 

CH4 +
1
2
O2 → CO + 2H2

(
ΔH0

25 ◦C = − 38 kJ ⋅ mol− 1) (Eq. 3) 

As dry reforming can be considered the combination of Reverse 
Water Gas Shift (reverse WGS) and steam reforming, another reaction 
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can be considered (Eq. (4)). 

CO2 +H2 → CO + H2O
(
ΔH0

25 ◦C =41 kJ ⋅ mol− 1) (Eq. 4) 

This reaction is driven by the equilibrium conditions and highly 
influenced by the exit temperature of the catalytic bed [5].

Generally, TRM catalysts can be grouped into two categories: noble 
metals and non-noble metals [6–10]. Noble metals are highly active and 
more resilient against fouling. In contrast, non-noble transition metals 
such as nickel- or cobalt-based catalysts demonstrated comparable ac
tivity to noble metal-based catalysts but faster deactivation. Recently, 
nickel-based catalysts have been widely used in the TRM process for 
syngas production [11,12]. This is because nickel nanophases have 
shown good activity and selectivity toward methane-reforming re
actions [13]. The main challenges of these catalysts are deactivation and 
fouling. To address these problems, the development of new 3D catalytic 
systems [14,15] has aimed at stabilizing nickel nanophases on suitable 
substrates, typically single or mixed metal oxides such as Al2O3, CeO2, 
ZrO2, TiO2, and MgO [12]. Moreover, TRM is typically conducted in 
fixed or fluidized bed reactors using pellets of the catalytic material, 
which presents several critical issues, including heat transfer limitations, 
deactivation, poisoning, and mechanical instability, leading to the 
release of dust and residues [16]. To minimize these problems, more 
complex catalysts have been developed by dispersing nickel-based 
active phases on different substrates, such as La2O3-αAl2O3 [13], FeC
rAl monolith [16], MOF-derived ZrO2 [17], or hydroxyapatite [18] 
aiming to obtain a finer dispersion of nickel nanophases. Furthermore, 
the use of structured/monolithic catalysts presents several advantages 
with respect to the conventional pellets, including an improved thermal 
conduction along the reactor and therefore a flatter thermal profile [19]. 
In this way, cold zones at the end of the catalytic bed can be avoided due 
to the occurrence of endothermic reactions, thus reducing activity losses 
and deactivation caused by the production of H2S, which is favoured at 
low temperatures. Ceramic and metallic foams are well-known sub
strates used for a long time as filters or membranes, and more recently, 
they have been applied in catalysis as supports for the active phases. 
Metallic foams offer good mechanical properties and better thermal and 
electrical conductivity, while ceramic foams provide better resistance to 
high temperatures and harsh chemical environments. Several materials 
were used to produce foams to be wash-coated for catalytic applications, 
e.g. Al2O3, ZrO2, SiC, Al, Ni, Cu, steel, stainless steel, FeCrAlY, and 
zeolite [20]. Porous metallic foams impregnated with the desired active 
phase could be an interesting solution to improve the gas flow and the 
thermal conduction through the catalyst. In this context, the dip-coating 
represents an easy, scalable, and economical technique commonly used 
also for the preparation of gas separation membranes and solid oxide cell 
components, or the impregnation of catalytic phases over electrodes 
[21,22]. Moreover, it is suitable for the controlled deposition of a thin 
layer of active phase over differently shaped and with large surface 
supports. Varying the physicochemical properties of the dip-coating 
suspension and controlling the process parameters, such as immersion 
time and withdrawal speed, the homogeneity and thickness of the 
coating layer can be properly tuned [21–23].

Recently, several authors reported the production of structured cat
alysts for thermo-chemical processes using metallic foams. Prioriello 
et al. deposited by the wash-coating method a Ru-loaded 
CaZr0.85Sm0.15O3− δ perovskite oxide on a NiCrAl foam for the Indirect 
Internal Reforming (IIR) of biogas in Solid Oxide Fuel Cell (SOFC) [24]. 
Santoro et al. prepared a structured catalyst for the dry reforming of 
methane, depositing a nickel-based samarium-doped ceria (Ni-SmDC) 
phase via wash-coating on a NiCrAl foam [25]. Basile et al. 
electro-deposited Rh/Mg/Al hydrotalcite syngas catalyst precursor on 
the surface of FeCrAlloy foam to study the catalytic partial oxidation of 
methane to syngas [26–30]. Varvoutis et al. produced a catalyst for the 
CO2 methanation; they wash-coated Ni/CeO2 nanorods on a highly 
porous NZP-type ceramic substrate of Ba1+xZr4P6–2xSi2xO24 [31]. The 

main advantages reported in the literature using these types of struc
tured catalysts are the improved thermal control and reduction of hot 
spots with consequent fouling reduction, lower pressure drops, and high 
catalytic activity due to the efficient dispersion of the active phase. 
However, the primary drawbacks of coated foam catalysts remain the 
limited understanding of transport processes in irregular structures and 
the potential peeling of the coating in the reaction environment due to 
differential thermal stresses [20].

Despite the growing interest in Ni-based catalysts derived from 
layered double hydroxides (LDHs), their potential applications remain 
largely unexplored in the literature. To the best of our knowledge, only a 
few studies have investigated such catalysts for TRM. Kumar et al. 
examined hydrotalcite-derived Mg–Al mixed oxide-supported Ni cata
lysts, assessing the promotional effects of Cu and Zn under reaction 
conditions of 800 ◦C, 1 atm, SV 49̇200 mL h− 1 g− 1, and a molar feed 
composition of CH4:CO2:H2O:O2:N2 = 1:0.23:0.46:0.07:0.28 [32]. Their 
best performance was achieved using a Ni–Mg–Al catalyst calcined at 
900 ◦C, with CH4 and CO2 conversions of 64 % and 75 %, respectively 
[32]. Similarly, Da Costa et al. explored Ni/Mg/Al hydrotalcite-derived 
catalysts under different reaction conditions, obtaining the highest 
average CH4 and CO2 conversions (98.2 % and 69.3 %, respectively) at a 
feed composition of CH4:CO2:H2O:O2/Ar = 1/0.5/0.5/0.1/7.9, GHSV of 
20̇000 h− 1, and a temperature range of 600–850 ◦C [33]. However, 
structured catalysts for this process have not yet been extensively 
studied. In particular, metal foams remain untested, though Solov’ev 
et al. reported the use of synthetic cordierite in the form of 
honeycomb-structured blocks (cell size 1 × 1 mm, wall thickness 0.2 
mm) as a structured support for Ni-based catalysts [34]. Among the 
different process parameters and catalyst formulations investigated, 
they achieved the best performance (CH4 conversion: 99 %, CO2 con
version: 43 %) using a NiCeAl-based catalyst at 705 ◦C with a gas feed 
composition of CH4:CO2:H2O:O2/Ar = 1/0.7/0.2/0.65/14.5 [34]. As 
reported in the literature, ceramic oxide foams used as catalytic supports 
exhibit limited thermal conductivity. Depending on the specific mate
rial, porosity type, and pore density, thermal conductivity values for 
commonly used ceramic oxides such as Al2O3, TiO2, and SiO2 have been 
observed to range from 0.027 to 0.160 W m− 1 K− 1 [35,36]. NiCrAl metal 
foam has demonstrated superior oxidation resistance at high tempera
tures compared to NiCr alloy. Additionally, NiCrAl foam exhibits higher 
thermal conductivity than FeCrAl, with reported values of 0.257 and 
0.098 W m− 1 K− 1, respectively [37]. The combination of high thermal 
conductivity, good oxidation resistance and mechanical strength makes 
NiCrAl metal foam an attractive material for use as support for struc
tured catalysts, enabling improved thermal control along the catalytic 
bed.

In this work, a commercial NiCrAl metal foam was coupled with 
NiMgAl active phase, exploiting the affinity of the two phases to develop 
an active, efficient, and resistant catalyst. The nickel-based catalyst for 
TRM supported on the NiCrAl foam was produced for the first time via 
dip-coating. The active phase catalyst was synthesized by co- 
precipitation of a layered double hydroxides (LDH) phase consisting of 
Ni, Mg, and Al, subsequently calcined to obtain mixed oxides. The 
resulting powder was used for the optimization of the suspension to be 
deposited via dip-coating. Several deflocculants, binders, and surfac
tants were employed to develop a stable water-based suspension with 
rheological properties suitable for the dip-coating process. The deposi
tion conditions and thermal treatments were adjusted to create a ho
mogenous layer of active phase. The catalyst developed in this study was 
tested in the TRM, obtaining excellent results in terms of CH4 conversion 
(97.7 %), CO2 conversion (80 %), and syngas productivity (>9̇500 
mL•min− 1•g− 1). The catalyst demonstrated very good durability, 
showing high activity after repeated testing cycles and preserving the 
homogenous structure of the coating with no sign of detachment or 
peeling off.
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2. Experimental

2.1. Synthesis of the Ni/mg/al mixed oxides active phase

The active phase is constituted by Ni, Mg, and Al mixed oxides, 
whose synthesis has been described elsewhere [38]. Briefly, Ni/Mg/Al 
layered double hydroxides (LDH) precursor was synthesized by an 
optimized coprecipitation technique [39–41], starting from nitrates. Ni 
(NO3)2•6H2O (99 %, Sigma-Aldrich), Mg(NO3)2•6H2O (99 % 
Sigma-Aldrich), and Al(NO3)3•9H2O (99 % Sigma-Aldrich) were dis
solved in water with the following stoichiometry Ni24Mg56Al20, to have 
a M2+/M3+ molar ratio of 4, with a total cations concentration of 2.0 M. 
These solutions were slowly added to 1.0 M Na2CO3 at 60 ◦C, kept at a 
constant pH of 10.0 ± 0.5 by the addition of 3.0 M NaOH. The final 
suspension was stirred for 45 min at 60 ◦C, then the solid was filtered, 
washed with 2 L of deionized water, and dried for 18 h at 70 ◦C. The 
material was ground, and the obtained LDH powder was calcined at 
650 ◦C for 12 h with a heating ramp of 10 ◦C•min− 1 to obtain the cor
responding Ni24Mg56Al20 mixed oxide phase.

2.2. Preparation of the catalyst: optimization of the suspension and dip- 
coating deposition

The catalyst was prepared via dip-coating, using, as support, a 
commercial NiCrAl metallic foam (Alantum Europe GmbH) with 450 μm 
average pore size (≈90 vol% porosity), previously treated at 1150 ◦C for 
30 min (Ar+1 %O2). These oxidizing conditions were optimized to 
develop an Al2O3 surface layer [42]. To perform the deposition of a thin 
layer of Ni24Mg56Al20 mixed oxide, an in-depth study was carried out to 
optimize the suspension. Both as-synthesized and milled powders were 
used to prepare the suspensions. The former was dispersed by combining 
the simultaneous action of a 20 kHz sonication probe (VCX 500 Ultra
sonic Microprocessor, Sonics Materials; 10 s sonication + 2 s rest, for a 
total time of 18 min, corresponding to a power delivered of 28 W) and 
magnetic stirring.

Whereas the milled powder was treated by a high-energy planetary 
ball-milling (Pulverisette 6, Fritsch) using a zirconium dioxide jar and 
beads to reduce the particle size and increase the suspension’s stability, 
30 consecutive milling cycles (10 min, 400 rpm co-rotation + 10 min 
rest) were carried out. Dip-coating was performed using a custom-made 
dip-coater manufactured by Aurel S.p.A., suitable for the depositions 
from laboratory to pre-industrial scale. Depositions were conducted 
using 6 x 5 × 1.6 cm3 NiCrAl substrates with an immersion and with
drawal speed of 0.1 mm•s− 1, and a residence time of 300 s. The coating 
was dried at 120 ◦C for 30 min, and the samples were subsequently 
calcined at 900 ◦C for 1 h to burn out the organics and oxidize the active 
phase. Repeated dip-coating cycles (from 1 to 4) were performed to 
achieve a homogeneous coating.

2.3. Powder, suspension and catalyst characterization

The mixed oxide powder was dispersed in water and a combined 
particle size analysis was carried out by dynamic light scattering (DLS) 
to measure the hydrodynamic diameter of the colloidal fraction (Zeta
sizer Nano ZSP, Malvern Panalytical) and by gravitational sedimentog
raphy to assess the diameter of the micrometric fraction (SediGraph III 
Plus, Micrometrics). The zeta potential of the suspension was studied by 
electrophoretic light scattering (ELS); the instrument (Zetasizer Nano 
ZSP, Malvern Panalytical) equipped with an automatic titrator (MPT-2) 
allowed also the titration of the zeta potential as a function of the pH 
(0.1 M HCl and 0.1 M KOH were used as titrants) and the titration of the 
zeta potential as function of the deflocculating agent’s concentration. 
Darvan 821-A (Vanderbilt Minerals), Dolapix CA (Zschimmer & 
Schwarz), and Dolapix PC 21 (Zschimmer & Schwarz) were tested as 
deflocculants to improve the suspension’s stability.

The rheological properties of the suspensions were evaluated using a 

controlled stress rotational rheometer (C-VOR 120, Bohlin Instruments) 
equipped with a double gap coaxial cylinder geometry (DG40/50). 
Viscosity at 20 ◦C has been monitored within the shear rate range 10− 1- 
103 s− 1. Hydroxypropyl cellulose (HPC, 99 %, Alfa Aesar, MW 100̇000 
g•mol− 1) and polyvinyl alcohol (PVA, 99 %, Sigma-Aldrich, MW 
30̇000–70̇000 g•mol− 1, 87–90 % hydrolyzed groups) were used as 
binders to increase the suspension’s viscosity while improving the sta
bility and dispersion of the powders.

Contact angle measurements were performed using a drop shape 
analyzer DSA 30S (Krüss GmbH) with a sessile drop method. The 
wettability of the commercial foam with the powder suspension was 
enhanced by introducing a surfactant (Surfynol SE-F, Air Products) to 
improve the coating deposition.

Powders and coated foams were observed by field emission-scanning 
electron microscopy (FE-SEM, Carl Zeiss Sigma), mounting an energy 
dispersive X-ray spectroscopy probe (EDX, micro-analysis system device 
Oxford Energy X-Act) for the elemental analysis. Before the analyses, 
coated and uncoated foams were infiltrated with an epoxy resin, pol
ished, and coated with a nanometric gold layer to be observed at the 
electron microscope.

Powder X-ray diffraction (XRD) spectroscopy was carried out using a 
Bruker D8 Advance. The analysis was performed at a scan speed of 
2.4◦•min− 1, in the 2θ range 5–80◦, using Cu Kα radiation (λ = 0.15418 
nm).

Thermogravimetric analysis (TGA) and differential scanning calo
rimetry (DSC) were performed by STA 449C Jupiter, Netzsch-Gerätebau 
GmbH, simultaneous analyzer. The analyses were conducted under the 
following conditions: temperature range of 20–1100 ◦C, heating ramp of 
5 ◦C•min− 1, and airflow rate of 30 mL•min− 1.

The specific surface area (SSA) of the starting Ni24Mg56Al20 powders 
has been calculated through the BET (Brunauer, Emmett, and Teller) 
method. The analysis has been carried out through a surface area ana
lyser (SORPTY 1750 Fisons Instruments) on samples with a mass of 
about 0.1 g.

The redox properties of the samples were studied using a Thermo
Quest Instrument TPD/R/O 1100 Catalytic Surface Analyzer. The 
analysis was carried out loading one layer of the foam sample following 
the subsequent steps: 1. Pretreatment under He flow (20 mL•min− 1): (i) 
temperature increment from 50 ◦C to 150 ◦C with a heating rate of 
10 ◦C•min− 1; (ii) holding at 150 ◦C for 30 min; (iii) cooling until 50 ◦C is 
reached; 2. Reduction under 5 vol% H2/He mixture (20 mL•min− 1): (i) 
temperature increment from 50 ◦C to 900 ◦C with a heating rate of 
10 ◦C•min− 1; (ii) holding at 900 ◦C for 30 min; (iii) cooling until 50 ◦C is 
reached; 3. Oxidation under 5 vol% O2/He mixture (20 mL•min− 1): (i) 
temperature increment from 50 ◦C to 900 ◦C with a heating rate of 
10 ◦C•min− 1; (ii) holding at 900 ◦C for 30 min; (iii) cooling until 60 ◦C is 
reached. To close the cycle, another step of reduction was carried out. 
The gas mixtures were fed to the reactor, in which the sample was 
placed, and the outlet gas stream passed firstly into a trap to eliminate 
H2O traces developed during reduction cycles and then was analyzed by 
a Thermal Conductivity Detector (TCD). Through data processing, it was 
possible to obtain reduction and oxidation profiles as a function of 
temperature, hence, the amounts of the various species that were 
reduced/oxidized were detected.

Raman analysis was carried out with a micro-spectrometer Raman 
RM1000 (Renishaw/Thermo Fisher, New Mills, Wotton-under-Edge, 
Gloucestershire, UK) interfaced to a microscope Leica DMLM (objec
tive 5 × , 20 × . 50 × ). The available sources were an Ar+ laser (λ =
514.5 nm; Pout = 25 mW) and a diode laser (λ = 780.0 nm; Pout = 30 
mW). In order to eliminate the Rayleigh scattering, the system was 
equipped with a notch filter for the Ar+ laser and an edge filter for the 
diode one. The network was a monochromator with a pass of 1200 
lines•mm− 1. The detector was a CCD one (Charge-Coupled Device) with 
a thermo-electrical cooling (203 K).

Further characterizations on NiMgAl LDH derived catalyst can be 
found in Ref. [38].
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2.4. Catalytic test

The structured catalysts (Ni24Mg56Al20 @ NiCrAl foam, labelled 
NiMgAl foam) were prepared by punching the impregnated NiCrAl in 
discs of 1 cm in diameter, that were then stacked (7 layers) and thermo- 
pressed (MemoPresse, Mod. 50 P, 150 ◦C, ≈450 bar, 60 s) in order to 
obtain a structured catalysts of 1 cm height. The as-obtained catalysts 
were finally thermally treated at 900 ◦C for 1h. Conventional pellets of 
Ni24Mg56Al20 (labelled NiMgAl pellets) were obtained by pressing the 
powder in tablets, then crushed and sieved between 30 and 40 mesh, to 
be considered for comparison purposes.

The catalysts were evaluated in a fixed-bed reactor comprising a 
tubular INCOLOY 800HT reactor (length: 500 mm; internal diameter: 
10 mm) placed inside a programmable furnace. A sliding thermocouple 
was used to monitor the temperature of the catalytic bed. A total of 
0.7854 cm3 of catalyst (14–20 mesh) was loaded into the reactor. 
Reduction to metallic nickel was performed by flowing a gas mixture of 
H2/N2 (10:90 v/v) at 500 mL•min− 1, initially at 500 ◦C for 1 h to avoid 
the presence of hotspots on catalyst surface due to exothermicity of the 
reduction process, also considering the high amount of Ni content 
especially in the pelletized catalyst, followed by 750 ◦C for 3 h. Deion
ized water was delivered via a JASCO HPLC pump and fully vaporized 
before mixing with preheated oxygen. The wet effluent gas passed 
through a condenser maintained at approximately 0 ◦C to remove water 
vapor before analysis by gas chromatography (GC). The dry gas was 
analyzed using an Agilent 490 micro-GC equipped with two columns: a 
20 m MS5A column (carrier gas: N2) for hydrogen separation and a 1 m 
COx column (carrier gas: He) for analyzing CH4, CO, and CO2. Both 
modules utilized thermal conductivity detectors (TCDs). The catalytic 
tests were conducted at ambient pressure with a gas hourly space ve
locity (GHSV) of 40̇000 h− 1. Feed composition and operating tempera
tures were determined based on thermodynamic studies performed 
using Aspen + software, simulating a biogas composition with a CH4/ 
CO2 ratio of 60/40 and the point of thermo-neutrality. To assess the 
flexibility of the catalysts under variable conditions reflecting changes in 
renewable resource availability, tests were conducted across a range of 
parameters. These included temperature variations (tests 2–4), steam 
content (tests 6–8), and oxygen levels (tests 10–13). To evaluate catalyst 
stability, tests were performed at optimal thermodynamic conditions at 
the beginning and end of each parameter study (tests 1, 5, 9, and 14). 
The conditions used for the catalytic tests are summarized in the sup
porting Table S1. Methane and carbon dioxide percentage conversions 
were calculated based on the vol% of products and unreacted reagents 
measured via GC analysis, as reported in equations Eq. (5) and Eq. (6) for 
methane and carbon dioxide respectively, where XG represents the re
agent G percentage conversion, while V̇Gin and V̇Gout represent G volume 
flow rate inside and outside the reactor respectively (G = CH4 or CO2). 

XCH4 =100 ⋅
V̇CH4in − V̇CH4out

V̇CH4in
(Eq. 5) 

XCO2 =100 ⋅
V̇CO2in − V̇CO2out

V̇CO2in
(Eq. 6) 

Experimental and equilibrium conversions were also reported in 
Table S1.

The syngas productivity expresses the outlet flow of syngas (flow of 
H2 + flow of CO) over the mas of catalyst and it has been calculated as 
follows (Eq. (7)): 

Syngas productivity
(

mL
min⋅g

)

=

H2 OUT

(
mL
min

)

+ COOUT

(
mL
min

)

mass catalyst (g)
(Eq. 7) 

3. Results and discussion

3.1. Optimization of the suspension

Ni24Mg56Al20 mixed oxides powder (SSABET = 120 m2 g− 1 and 
apparent density 0.996 g•cm− 3) was dispersed in water at a concen
tration of 2.5 wt% using a sonication probe and magnetic stirring 
simultaneously. Water was selected as a non-harmful, non-hazardous, 
and economical medium to properly disperse the oxides and the 
required additives. The as-obtained suspension was used for the physi
cochemical and colloidal characterization. A properly diluted (1:100 in 
mass) aliquot was prepared for the assessment of the zeta potential 
measured at the diluted suspension’s natural pH (10.1) resulting in − 6 
± 2 mV, Table 1. This absolute value was not high enough to grant a 
proper electrostatic stabilization of the suspension, in fact, it was 
observed a fast sedimentation. Three different commercial deflocculat
ing agents were tested to increase the stability: Darvan 821-A, Dolapix 
CA, and Dolapix PC 21. Deflocculants were selected as negatively 
charged electro-steric agents, contributing to improve suspension sta
bility thanks to both electrostatic and steric actions [15,43,44]. Titra
tions reported in Fig. 1, demonstrate how more negative zeta potentials 
can be achieved by increasing deflocculant concentration, until the 
plateau corresponding to the saturation of the particles’ surface; for 
concentrations higher than 120 mg of deflocculant per g of powder, the 
zeta potential results close to − 45 mV. The best behavior was observed 
for Dolapix PC 21, which grants a slightly more negative plateau zeta 
potential, close to − 50 mV (Fig. 1). Therefore, this deflocculant was 
chosen for the stabilization of the suspensions.

Despite the use of an appropriate deflocculant, sedimentation phe
nomena were observed in the as-prepared aqueous suspension. As 
shown by the FE-SEM image reported in Fig. S1 the as-synthesized 
Ni24Mg56Al20 starting powder shows a bimodal particle size distribu
tion constituted by fine aggregates with a diameter below 1 μm and 
larger clusters with dimensions up to 100 μm.

A more accurate particle size analysis has been conducted at the 
suspension level, Table 1. The average hydrodynamic diameter of the 
colloidal fraction has been determined by DLS, resulting to be 350 ± 20 
nm with a polydispersity index (PDI) value of 0.57 ± 0.06, representing 
a highly dispersed population, Fig. 2-a. The particle size distribution of 
the larger fraction constituted by micrometric aggregates has been 
evaluated by sedimentation analysis (Fig. 2-b), resulting in an estimated 
particle size of 16 ± 14 μm. The suspension’s results are well aligned 
with the FE-SEM observations of the powder, indicating the presence of 
large aggregates and high polydispersity.

To reduce the presence of undesired aggregates and achieve a more 
homogenous and smaller-sized particle population, a high-energy ball- 
milling of the Ni24Mg56Al20 raw powder has been performed [45]. DLS 
and sedimentation analyses were repeated on the milled suspension and 
comparisons between pre-milling (raw powder) and post-milling pow
ders are reported in Fig. 2. For the post-milling powders the average 
hydrodynamic diameter is reduced to 239 ± 2 nm and a more homog
enous distribution is obtained (Fig. 2-a), compared to the multimodal 
population of the raw material. This also results in a slightly lower PDI of 
0.39 ± 0.01, which does not represent a perfectly monodisperse popu
lation, partially due to the presence of a micro-sized tail shown in the 
graph in Fig. 2-a. A longer milling treatment could lead to a 
smaller-sized and more homogenous population, but it was avoided in 
order to prevent possible damage to the active phase structure due to the 
high-energy process. The diameter reduction and distribution narrowing 
trends were even more pronounced in the analysis of the microscopic 
fraction, where the particles’ average size was reduced from 16 ± 14 μm 
to 2 ± 6 μm (Fig. 2-b). The high-energy milling treatment significantly 
disrupted larger aggregates, resulting in a more suitable particle distri
bution for the deposition of the catalytic coating. As previously dis
cussed, the milling was not further pursued to prevent structural damage 
to the active phase, since, as reported below, the suspension remained 
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stable for the subsequent operations.
To better understand the behavior of the material once dispersed in 

water, a titration of the zeta potential as a function of the pH was per
formed. As reported in Fig. 3-a, it is evident that the milling treatment 
strongly affects the properties of the powders and consequently their 
zeta potential. The post-milling suspension exhibited a highly positive 
zeta potential of 44.2 ± 0.5 mV at its natural pH (9.8), indicating a 
strong electrostatic contribution to the colloidal stability (Table 1). This 
effect, combined with a smaller particle size distribution, resulted in a 
stable suspension suitable for dip-coating.

For what concerns the pH titrations, the isoelectric point (IEP) was 
shifted to a more basic pH, increasing from 9.1 for the pre-milling 
powder to a value higher than 12.9 for the post-milling powder 
(Table 1). Along with the IEP, the whole curve reported in Fig. 3-a was 
shifted, indicating that a higher OH− concentration was required to 

reach a negative zeta potential. This may be due to the reduction of the 
particle size, exposing a larger surface area of the layered double hy
droxide structure of the material, requiring a higher concentration of 
OH− ions to reach a negative zeta potential.

Even if the post-milling suspension demonstrated excellent stability 
without adding a deflocculant, the titration of the zeta potential as a 
function of the concentration of Dolapix PC 21 was conducted, and re
sults are reported in Fig. 3-b. The comparison between the pre- and post- 
milling samples revealed that, like the pH titration, a higher amount of 
deflocculating agent was required to reach a negative zeta potential (0.7 
mg•g− 1 pre-milling vs. 59.7 mg•g− 1 post-milling, concentration re
ported as milligrams of deflocculant per gram of powder). Additionally, 
the post-milling sample exhibited a more negative plateau, shifting from 
− 50 mV pre-milling to − 60 mV post-milling. This phenomenon 
confirmed that the reduction of the particle’s size due to the milling 
increased the sample’s exposed surface area, allowing it to accommo
date a larger amount of Dolapix PC 21. The titrations of the zeta po
tential as a function of pH or deflocculant concentration confirmed the 
previous observations: the milled suspension did not require further 
stabilizers. Therefore, this system, without the need for deflocculants or 
pH adjustments, will be used for the study of the binder.

The binder plays a key role in the processing of ceramic suspensions, 
as it can strongly influence the viscosity of the material. The binder can 
also improve the stability of the suspension, mainly thanks to its steric 
hindrance. To achieve a successful and homogenous deposition via dip- 
coating, it is fundamental to modulate the viscosity of the sample, as 
both withdrawal speed and viscosity are crucial parameters for this 
technique [46]. Typically, a faster withdrawal speed and higher vis
cosity are correlated with thicker coatings [47].

Dip-coating performs properly in a specific viscosity (1–500 mPa•s) 
and shear rate (1-100 s− 1) range, working with a Newtonian fluid, with 
optimal values depending on the substrate and the suspension [21–23,
48,49]. For this study, we selected two types of binders: hydroxypropyl 
cellulose (HPC) and polyvinyl alcohol (PVA). The comparison between 
HPC and PVA has been performed working with a 2.5 wt% suspension of 
Ni24Mg56Al20 milled powder, loaded with the same amount, 2.5 wt%, of 
either HPC or PVA. Results reported in Fig. S2 highlighted a predomi
nantly Newtonian behavior (constant viscosity as a function of the shear 
rate) for both binders. However, HPC provided a higher viscosity, ≈27 

Table 1 
Comparison of the physicochemical properties of the Ni24Mg56Al20 suspensions with pre- and post-milling powders. Particle size analysis including hydrodynamic 
diameter (φDLS), polydispersity index (PDI), and sedimentation diameter (φsedimentation). Suspension’s stability investigation includes natural pH and zeta potential, 
isoelectric point (IEP), and deflocculant isoelectric point (deflocculant IEP).

Sample φDLS (nm) PDI φsedimentation (μm) pH Zeta potential (mV) IEP (mV) Deflocculant IEP (mg•g− 1)

Pre-milling 350 ± 20 0.57 ± 0.06 16 ± 14 10.1 − 6 ± 2 9.1 0.7
Post-milling 239 ± 2 0.39 ± 0.01 2 ± 6 9.8 44.2 ± 0.5 >12.9 59.7

Fig. 1. Titrations of the zeta potential as a function of the deflocculant’s con
centration, reported as milligrams of deflocculant per gram of powder: Darvan 
821-A (black), Dolapix CA (red), and Dolapix PC 21 (blue). A magnification of 
the curves in the 300–500 mg•g− 1 concentration range is reported in the inset. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)

Fig. 2. Particle size analyses of pre- and post-milled Ni24Mg56Al20 powder: (a) hydrodynamic diameter distribution assessed by DLS and (b) particle size distribution 
measured by sedimentation analysis.
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mPa•s, compared to PVA ≈2.4 mPa•s and the suspension without ad
ditives ≈1.8 mPa•s, making it more suitable for the desired application. 
After this first screening, HPC was selected as the binder for the 
dip-coating formulation. Further rheological investigations for the sus
pensions using HPC as a binder and Dolapix PC 21 as a deflocculant were 
performed. As shown in Fig. S3, the suspension containing milled 
powder, HPC, and Dolapix PC 21 was characterized by higher viscosity 
and non-Newtonian behavior, not suitable for dip-coating. Since the 
suspension was stable without Dolapix PC 21, these rheological com
plications led to the decision to avoid the use of deflocculants.

Contact angle measurements demonstrated slightly hydrophobic 
properties of the NiCrAl foam against the water-based suspension. In 
fact, once a sessile drop of the Ni24Mg56Al20 suspension was deposited 
on the substrate, contact angles greater than 90◦ were recorded 
(Table 2). Pre-milling suspension was correlated to higher contact angles 
compared to the equivalent post-milling compositions. Furthermore, the 
suspension with hydroxypropyl cellulose exhibited less hydrophobic 
behavior and a time-dependent change in the contact angle, with 
decreasing values observed after 30 and 60 s, as shown in Fig. S4.

To achieve a perfect wettability of the catalyst’s support and to 
reduce bubble generation during suspension processing, Surfynol SE-F 
surfactant was implemented in the formulation. The surfactant action 
lowered the surface tension of the suspension, and a 0.15 wt% concen
tration of Surfynol SE-F led to the instantaneous permeation of the foam. 
In this way, a more homogeneous coating should be produced. Viscosity 
measurements confirmed that adding Surfynol SE-F did not change the 
rheology of the sample. In fact, the viscosity profiles of the suspension 
with and without Surfynol SE-F were perfectly superimposable (Fig. S5).

3.2. Dip-coating

The optimized suspension (Ni24Mg56Al20 2.5 wt%, HPC 2.5 wt%, 

Surfynol SE-F 0.15 wt%) was used for the production of the catalyst via 
dip-coating. As described in the Experimental section, NiCrAl oxidized 
foams were dipped with controlled immersion and withdrawal speeds, 
oven-dried, and the deposition repeated up to four times. The final 
product was thermally treated in a furnace. Previous dilatometric 
analysis demonstrated the thermal stability of the oxidized NiCrAl foam 
up to approximately 1000 ◦C. The maximum thermal expansion coeffi
cient (16•10− 6 ◦C− 1) was recorded at 1100 ◦C, corresponding to the 
foam softening and coefficient reduction [42]. The thermal behavior, up 
to 1100 ◦C, of the coating suspension and the foam substrate was studied 
by TGA-DSC, and results revealed good stability of the substrate and the 
consolidation of the active phase at the processing temperature of 
900 ◦C, supporting Fig. S6–a and Fig. S6–b.

The selected dip-coating conditions (immersion and withdrawal 
speed 0.1 mm•s− 1, residence time 300 s, drying 120 ◦C for 30 min) 
allowed the deposition of a thin layer of the Ni24Mg56Al20 active phase 
on the NiCrAl substrate. To improve the homogeneity of the coating and 
the active phase load, up to four deposition cycles were performed. In 
Fig. 4, the amount of material deposited during the process is reported. It 
is interesting to note the comparison between Ni24Mg56Al20 dispersed in 
water (black) and the optimized suspension (red): the combination of 
hydroxypropyl cellulose and Surfynol used as binder and surfactant 
respectively, enhanced the material deposition about six times, leading 

Fig. 3. Zeta potential titrations of pre- and post-milling sample: (a) as a function of the pH and (b) as a function of the deflocculant’s concentration reported as 
milligrams of deflocculant per gram of powder.

Table 2 
Contact angle analysis. Measurements were repeated after 0, 30, and 60 s after 
the drop deposition over the NiCrAl substrate. Comparison of the results ach
ieved using pre- and post-milling powder, with or without the use of HPC as a 
binder.

Treatment Sample Contact angle 
(◦) t = 0 s

Contact angle 
(◦) t = 30 s

Contact angle 
(◦) t = 60 s

Pre- 
milling

NiMgAl 130 ± 3 129 ± 3 129 ± 3

Pre- 
milling

NiMgAl +
HPC

128 ± 2 116 ± 8 115 ± 8

Post- 
milling

NiMgAl 125 ± 1 124 ± 1 124 ± 1

Post- 
milling

NiMgAl +
HPC

113 ± 10 99 ± 10 97 ± 11

Fig. 4. Mass deposited after consecutive dip-coating cycles, reported as milli
grams of coating per cubic centimetre of NiCrAl foam. Comparison between the 
NiMgAl powder suspension (black) and the NiMgAl + HPC + Surfynol opti
mized suspension (red). Solid lines represent the inorganic load measured after 
calcination (900 ◦C, 1 h), and dashed lines represent the total load measured 
after the drying step (120 ◦C, 30 min). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.)
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to an active phase load of 110 ± 21 mg•cm− 3 (milligrams of coating per 
cubic centimetre of foam) after 4 depositions. The dashed lines reported 
in Fig. 4 represent the mass of coating deposited and measured after the 
drying step at 120 ◦C, including both the inorganic and organic com
pounds, while the solid lines represent the mass of coating weighted 
after the calcination at 900 ◦C, related only to the final inorganic coating 
constituted by the Ni24Mg56Al20 mixed oxides active phase. For the 
water dispersion, the solid and dashed lines are perfectly superimpos
able since no organic additives were present. Conversely, for the opti
mized suspension, formulated with a 1:1 wt ratio between the HPC and 
powder, a strong correlation was observed, with twice the mass detected 
before the additives burn out during the calcination.

3.3. Fresh catalyst characterization

The as-obtained metallic foams coated with the Ni-based catalyst 
were characterized through SEM analyses. The SEM micrographs re
ported in Fig. 5 compare the bare NiCrAl foam (surface Fig. 5-a, cross- 
section Fig. 5-b) to the sample coated by Ni24Mg56Al20 (specimen 
photo Fig. 5-c, cross-section at different magnifications Fig. 5-d,e,f). It is 
possible to observe a micrometric coating homogenously distributed 
over the substrate, with a slightly higher accumulation on the external 
surfaces.

The elemental composition of the catalyst was confirmed by EDX 
analysis reported in Fig. S7 and Fig. S8 of the supporting information. 
Results showed the elements constituting the substrate (Ni, Cr, Al) and 
the active phase coating (Ni, Mg, Al). The element maps reported in 
Fig. S7 made clearly visible the different compositions of the substrate 
compared to the coating.

The crystalline structure of the Ni24Mg56Al20 powder during the 
different steps of the catalyst production was studied by XRD (Fig. 6). 
The starting material (Fig. 6-Raw calcined) was constituted mainly by 
nickel-magnesium mixed oxide phase (PDF 24–0712, cF8), while the 
magnesium-aluminium spinel (PDF 74–1132, cF56) was nearly unde
tected, also because of partials superimposition of peaks. The crystal size 
calculated using the Scherrer equation was 4.7 ± 0.3 nm.

Due to the LDH memory effect, once the mixed oxide powder is 
dispersed into water, it hydrates and regains the typical LDH structure 
with mixed hydroxides [50–52]. In fact, after the wet milling, the dried 
powder (Fig. 6-Milled dried) revealed the typical layered double hy
droxide (PDF 48–0601) XRD pattern, coupled with the peaks related to 
the nickel-magnesium mixed oxide, indicating that the hydration 

process was not quantitative. After the wet milling treatment, the 
calculated crystal size of the LDH phase was 8 ± 1 nm.

It is important to verify the final crystal structure of the calcined 
catalyst to check the formation of the desired mixed oxides phase. The 
study demonstrated that the calcination (900 ◦C for 1 h) performed on 
the wet-milled powder led to the formation of the desired mixed oxide 
phase with increased crystallinity compared to the starting raw material 
(Fig. 6-Milled calcined). After the thermal treatment, peaks are more 
intense and sharper, allowing the detection of well-resolved nickel- 
magnesium mixed oxide (PDF 24–0712, cF8) and magnesium- 
aluminium spinel (PDF 74–1132, cF56) peaks, with an average crystal 
size calculated of 19 ± 4 nm.

For the fabrication of the structured catalyst (NiCrAl-foam-supported 
Ni24Mg56Al20, labelled as NiMgAl foam) for catalytic tests, the typical 
dip-coated substrate (6 x 5 × 1.6 cm3) was punched in discs of 1 cm in 
diameter, after the oven drying step (120 ◦C for 30 min). The discs were 
then stacked and thermo-pressed to produce a multi-layered catalyst (7 
layers: Ø = 1 cm, h = 1 cm). The hydroxypropyl cellulose still present in 
the coating helped stack and attach the layers, subsequently the organic 
was burned out during the calcination step (900 ◦C, 1 h) which also 

Fig. 5. FE-SEM images (a, b, d, e, and f) and photo (c) of the NiCrAl before and after the dip-coating: (a) surface of the uncoated foam; (b) cross-section of the 
uncoated foam; (c) photo of the specimen after the dip-coating, the upper and darker part of the substrate was not immersed in the Ni24Mg56Al20 suspension; (d) 
cross-section of the coated substrate; (e) and (f) magnification of the catalyst coating layer.

Fig. 6. XRD diffractograms of 1) starting mixed oxide phase (Raw calcined) 
powder, 2) the powder after wet planetary milling (Milled dried); 3) Planetary 
milled powder after calcination at 900 ◦C × 1h (Milled calcined).
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developed the mixed oxide catalytic phase (previously demonstrated by 
XRD analysis, Fig. 6) and consolidate the 3D structure of the catalytic 
system (Fig. 7).

3.4. Catalytic performance testing

Two different types of catalysts were tested in the TRM conditions: 
conventional Ni24Mg56Al20 (NiMgAl) pellets and the structured catalysts 
(NiMgAl foam) optimized in this work.

The first test was periodically repeated after completing each sub
sequent test set, to compare the reaction performances under the same 
conditions (see Table S1). These tests were conducted under uniform 
conditions: a temperature of 800 ◦C, a pressure of 1 atm, a gas feed ratio 
of CH4/CO2 = 1.5, O2/CH4 = 0.5, and S/CH4 = 0.2, with a gas hourly 
space velocity (GHSV) of 40̇000 h− 1. These standardized conditions 
allowed for a direct comparison of the catalysts’ stability and flexibility 
after being subjected to varying reaction environments, i.e., variation of 
temperature (tests 2–4), steam content (tests 6–8), and oxygen content 
(tests 10–13).

The results related to the catalytic activity of the two catalysts, i.e., 
pellets and structured ones, at the standard conditions are summarized 
in Fig. 8, and also compared with a non-coated foam. Both catalysts 
exhibited a stable methane conversion and a slight decline in carbon 
dioxide conversion after more than 17 h on stream. However, the 
structured catalyst demonstrated superior performance, achieving 
higher syngas productivity compared to the catalyst prepared through 
the pelletized NiMgAl catalyst, thanks to the lower amount of catalyst 
employed and to increased CO2 conversion. Regarding this, the dry 
reforming reaction can be seen as the combination of reverse water gas 
shift and steam reforming. As the reverse water gas shift is an equilib
rium and fast reaction under these conditions, the conversion of CO2 can 
help us to have a hint on the exit temperature of the catalytic bed [5]. A 
higher CO2 conversion is observed when the structured catalyst is used. 
On pelleted beds, the temperature in the catalytic bed follows a first 
increase due to exothermic reactions followed by a decrease due to 
endothermic ones, resulting in a low exit temperature hence lower 
conversion. The use of a foam as catalytic support allows to increase the 
heat exchange and homogenize the bed temperature increasing the exit 
one and thus the occurrence of reverse WGS and dry reforming leading 
to higher CO2 conversion.

As a comparison and to exclude a significant contribution from the 
material that composes the foam, tests with bare foams were conducted. 
The limited activity observed with the non-coated foam can likely be 
attributed to the presence of nickel within the foam’s structure. How
ever, this activity diminishes noticeably over time, primarily due to the 
oxidation of the non-stabilized small quantity of nickel present in the 
material.

Minimal variations in the H2:CO ratios, i.e., between 1.0 and 1.2, 
were observed for both catalysts, which is a significant advantage, 
particularly for maintaining a stable syngas composition for down
stream applications.

In Fig. 9, the results of the catalytic tests are shown as a function of 

the reaction conditions, reported as the percentage conversion of CH4 
and CO2, along with the syngas productivity expressed in millilitres of 
syngas produced per minute, normalized by the mass of the NiMgAl 
active phase. Fig. 9-a presents the catalytic performance results for the 
TRM, evaluated at different reaction temperatures. In accordance with 
TRM thermodynamic predictions, catalytic efficiency increases with 
temperature, reaching peak performance at 800 ◦C. Variations in cata
lytic behaviour among the different catalysts are evident, with NiMgAl 
foam showing superior performance. The influence of water content on 
the catalytic activity is presented in Fig. 9-b. The catalytic system ach
ieves nearly complete methane conversion under all tested conditions. 
However, CO2 conversion exhibits a slight decline as the water content 
increases, likely due to the promotion of the steam reforming (SR) 
pathway at the expense of dry reforming of methane (DRM) and reverse 
water gas shift. Finally, Fig. 9-c highlights the influence of the O2/CH4 
on reaction performance. Although modest amounts of oxygen are 
essential for achieving the autothermal condition of the reaction, an 
increase in oxygen leads to a lower CO2 conversion, while methane 
conversion remains nearly constant. The excess oxygen present in tests 
performed at standard conditions may contribute to the occurrence of 
catalytic partial oxidation, in place of steam reforming, dry reforming 
and reverse WGS and to the formation of more pronounced hot spots at 
the top of the catalytic bed. This, in turn, could hinder the performance 
of the catalyst due to sintering and oxidation phenomena on the nickel 
active phase.

A comprehensive analysis of the catalytic properties of the samples 
and their performance in the TRM process, following the procedure 
described in the Experimental part (“Catalytic test” section), reveals that 
the most significant results were obtained with the structured catalytic 
systems. In fact, although the performances in terms of syngas produc
tivity, methane, and carbon dioxide conversion are just slightly higher 
for the structured catalysts, it must be noted that the amount of catalyst 
deposited on the foam is around an order of magnitude lower than that 
of the pellets. The actual calculation of syngas productivity relative to 
the catalyst mass in the catalytic bed is shown in Figs. 8 and 9, clearly 
highlighting the difference between the two catalytic systems in terms of 
efficient utilization of active area for the same catalytic bed volume. The 
improved process can be attributed to several key factors: (i) a better 
heat exchange in the case of the foam, which reduces hot and cold spots 
which may affect the activity and stability, thanks to the low amount of 
catalyst deposited and the high thermal conductivity of the foam [53], 
(ii) a more important open porosity, synonym of more efficient use of the 
active metal, (iii) reduced pressure drops, resulting in decreased resis
tance to gas flow through the reactor, (iv) improved mechanical stability 
and durability, and (v) fewer diffusion limitations thanks to the depo
sition of a thin catalytic layer over the foam structures. The decrease in 
carbon dioxide conversion observed in Test 14 for the NiMgAl foam 
sample can be attributed to partial re-oxidation of nickel (Ni) during the 
oxygen content flexibility tests, as confirmed by the 
temperature-programmed reduction (TPR) analysis (Fig. 10). Notably, 
an increase in hydrogen uptake was detected in the spent sample, 
indicating a higher concentration of nickel oxide (NiO) and, 

Fig. 7. Final structured NiMgAl foam catalyst. (a) and (b) FE-SEM images taken at different magnifications of the stacked layers obtained by pressing and calcinating 
the dip-coated foam. (c) photo of the catalytic cylinder with a diameter and height of 1 cm.
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consequently, catalyst deactivation. This deactivation, which was due to 
the increase in the oxygen feed during the tests, can be avoided by 
working at a lower oxygen content, hence increasing the catalyst 
stability.

Finally, the investigation of varying reaction conditions identified 
the most promising approach for achieving high hydrogen productivity 
alongside enhanced reactant conversions. Previous findings [12,54,55] 
underscore the critical importance of attaining a CO2 conversion rate 

exceeding 60 % for the TRM process to be considered competitive with 
conventional fossil-based reforming methods. Moreover, it is important 
to emphasize that the TRM of biogas does not directly release 
fossil-derived CO2. Instead, the CO2 generated during the process orig
inates from the degradation of biomass, which had previously absorbed 
atmospheric CO2 during its growth. Operating at a temperature of 
800 ◦C, a pressure of 1 atm, and a gas feed ratio of CH4/CO2 = 1.5, 
O2/CH4 = 0.21, and S/CH4 = 0.2, with a gas hourly space velocity 

Fig. 8. Comparison of catalytic test results on NiMgAl pellet, NiMgAl foam, and non-coated foam. Reaction conditions: 800 ◦C, 1 atm, CH4:CO2 = 1.5; O2:CH4 = 0.5, 
S:CH4 = 0.2 and GHSV 40̇000 h− 1.

Fig. 9. Comparison of catalytic test results on NiMgAl pellet and NiMgAl foam. (a) Reaction conditions: [700–800] ◦C, 1 atm, CH4:CO2 = 1.5; O2:CH4 = 0.5, S:CH4 =

0.2 and GHSV 40̇000 h− 1; (b) Reaction conditions: 800 ◦C, 1 atm, CH4:CO2 = 1.5; O2:CH4 = 0.5, S:CH4 = [0–0.5] and GHSV 40̇000 h− 1; (c) Reaction conditions: 
800 ◦C, 1 atm, CH4:CO2 = 1.5; O2:CH4 = [0.21–0.6], S:CH4 = 0.2 and GHSV 40̇000 h− 1.
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(GHSV) of 40̇000 h− 1, allows the process to achieve CO2 conversion 
rates exceeding 75 % (Fig. 11). This substantially enhances the effi
ciency of the process, leading to an improvement in carbon dioxide 
conversion of over 200 % compared to the standard reaction conditions. 
This significant increase may be attributed to the milder reaction con
ditions adopted during this test. Specifically, the presence of excess 
oxygen in the previous tests could have led to the formation of more 
pronounced hot spots at the top of the catalytic bed, which may in turn 
reduce the performance of the reforming reactions (both of which are 
highly endothermic) and potentially deactivate the nickel active phase 
due to sintering and reoxidation phenomena.

3.5. Spent catalyst characterization

Raman analysis was conducted to probe the eventual presence of 
carbon formed during the reaction (Fig. 12). Deactivation by formation 
of carbon over the structured catalyst can be excluded by the results of 
Raman analysis, which showed the presence of carbon only on the 
pelleted catalyst though considering the difficulties in conducting this 
analysis on a 3D sample in the case of the dip-coated foam. The absence 
of coke in the case of the structured catalyst may be due to a more ho
mogeneous heat distribution that avoided hot spots in the first part of 
the catalytic bed, where exothermic reactions occur and cold spots in the 
last part of the catalytic bed, where the endothermic reactions occur. 
This unfavoured coke forming reactions like methane decomposition 

and CO disproportionation in those hot and cold spots.
XRD analysis was also conducted on the top and bottom of the foam 

(which indeed is submitted respectively to oxidative and reductive 
conditions due to the consumption of oxygen and steam and the pro
duction of hydrogen along the catalytic bed), Fig. S9. Typically, the 
evolution upon calcination at 900 ◦C of the LDH systems involves the 
segregation of an oxide phase (MgO) and a spinel one (MgAl2O4) is 
observed, with Ni being distributed in the two phases (Fig. 6, Milled 
calcined). After reduction the extraction of Ni0 nanoparticles occurs by 
exsolution [38,56–58] with some Ni which might remain in the oxides 
(mainly spinel), depending on LDH composition and reduction 
conditions.

The XRD of the used catalysts show the presence of the following 
phases: a NiAl alloy representative of the metallic foam, a MgO and a 
spinel phases mainly due to MgAl2O4 phase typical of the catalyst also 
reported in Fig. 6, that can contain Ni and might have the contribution of 
a side NiCr2O4 phase deriving from foam oxidation and a metallic nickel 
phase deriving from the catalyst exsolution. Comparison of the XRD 
show a decrease in the peak intensity of Ni in the top part of the foam, 
which is the one exposed to oxidative conditions (high amount of oxy
gen and steam and low hydrogen content) indicating that the slight 
deactivation is related to Ni oxidation, consistently with the TPR results. 
Moreover, in the upper part of the foam catalytic bed a slight reflects 
related to Cr oxide has been observed, suggesting Cr oxidation from the 
foam.

To further analyse the phases and element distribution and to 
determine the condition of the coating layer after the catalytic tests 
SEM-EDX analyses were conducted on the spent structured catalyst 
(Fig. 10, 11 and 13). Cross-section images (Fig. 13-d and Fig. 13-e) 
confirm the integrity and strong adhesion of the coating after conducting 
TRM under different reaction conditions.

EDX elemental analysis was performed to see eventual changes in the 
composition of the coating and the distrubtion of the Mg and Al con
taining phases. From the maps reported in Fig. S10 it was possible to 
observe a homogenous magnesium-containing layer (indicative of the 
NiMgAl catalyst layer) on the surface of the chromium-containing sub
strate. Nickel and aluminium were evenly distributed all over the sam
ple, as they are components of both the foam and the catalysts, while 
chromium was mainly concentrated in the inner structure, and magne
sium was confined in the surface layer. Oxygen was detected as part of 
the mixed oxides structure, and carbon represented the intruded resin 
counterpart of the sample. These observations confirmed that dip- 
coating was a suitable process for depositing a homogeneous and du
rable coating consisting of a ceramic catalytic layer.

However, some areas containing a higher amount of Cr were 
observed. In particular, EDX analysis (Fig. S11) shows: (i) areas rich in 
Mg which can be related to MgO (also reported in the XRD of the milled 

Fig. 10. TPR analysis of NiMgAl foam before (fresh) and after (spent) the 
catalytic test.

Fig. 11. Comparison of catalytic test results on NiMgAl pellet and NiMgAl 
foam. Reaction conditions: 800 ◦C, 1 atm, CH4:CO2 = 1.5; O2:CH4 = 0.21, S: 
CH4 = 0.2 and GHSV 40000 h− 1.

Fig. 12. Raman analysis: comparison of the carbon formation on the pelleted 
and structured spent catalysts.
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calcined powder), (ii) areas with a Mg/Al ratio lower than the nominal 
one which is indicative of the presence of MgAl2O4 spinel and in general 
areas with different Mg/Al ratio which entails a different distribution of 
the MgO and MgAl2O4 phases in the sample, (iii) areas rich in Cr, related 
to the migration of this element from the foam and the formation of Cr 
oxide under oxidative conditions. The formation of Cr oxides and could 
influence foams stability under oxidative conditions at longer reaction 
times under oxidative conditions.

4. Conclusions

The dip-coating technique enabled the successful production of 
structured nickel-based catalysts for the tri-reforming of biogas. A syn
thesized nickel-based active phase (NiMgAl) was selected for its optimal 
balance between catalytic activity and cost-effectiveness. Nickel is 
effective in the studied reactions while being more affordable and 
widely available compared to noble metals. A commercial nickel- 
containing metal foam (NiCrAl) was used as a support due to its supe
rior dispersion of the active phase compared to the pellet, enhanced 
thermal conduction, and the consequent reduction of hot spots that 
could accelerate the catalyst deactivation. Additionally, it offered lower 
pressure drop and minimized diffusion limitations. Optimizing the 
properties of the nickel, magnesium, and aluminium mixed oxides sus
pension was essential to ensure it met the requirements for effective dip- 
coating. Therefore, hydroxypropyl cellulose was used as a binder 
capable of achieving the rheological requirements, i.e. a fluid with 
Newtonian characteristics and a viscosity of approximately 27 mPa•s. 
Moreover, Surfynol SE-F was used as a surfactant to reduce surface 
tension and promote the wettability of the substrate, as confirmed by 
contact angle measurements. This, coupled with an accurate selection of 
the deposition parameters, allowed the deposit of a homogeneous layer 
of the active phase, as demonstrated by SEM-EDX analyses. The struc
tured catalyst, with a diameter and height of 10 mm, was obtained by 
stacking and pressing 7 layers of coated foam. It demonstrated excellent 
performance in the TRM, outperforming the NiMgAl pellet overall, 
particularly the syngas productivity, expressed in millilitres of syngas 
produced per minute, normalized by the mass of the NiMgAl active 
phase employed, was about one order of magnitude higher. Using the 
NiMgAl foam, it was possible to achieve a conversion of 97.7 % and 80 % 

for CH4 and CO2, respectively, and syngas productivity higher than 
9̇500 mL•min− 1•g− 1. The structured catalyst proved to be stable: no 
detachment of the coating was observed even after repeated cycles of 
use. From the TPR analysis, it was possible to confirm that the slight 
drop in CO2 conversion observed after 17 h of use could be due to the 
partial re-oxidation of the nickel occurring during the oxygen content 
flexibility tests. These results highlight the promising potential of these 
materials for biogas tri-reforming. Future studies will focus on further 
optimizing the catalytic system to improve its stability, durability, and 
performance. In conclusion, this work demonstrates how a simple and 
economical technique, such as dip-coating, can be successfully 
employed to produce catalysts for the valorization of biomass, aligning 
with the principles of the circular economy.

CRediT authorship contribution statement

Andrea Brigliadori: Writing – original draft, Methodology, Inves
tigation, Data curation. Filippo Suzzi: Methodology, Investigation, 
Formal analysis, Data curation. Andrea Bartoletti: Methodology, 
Investigation, Data curation. Elisa Mercadelli: Writing – review & 
editing, Supervision, Methodology. Davide Gardini: Methodology, 
Formal analysis, Data curation. Elisabetta Orfei: Writing – original 
draft, Methodology, Investigation, Data curation. Andrea Fasolini: 
Writing – original draft, Methodology, Investigation, Data curation, 
Conceptualization. Jacopo De Maron: Methodology, Investigation, 
Data curation. Francesco Basile: Writing – review & editing, Supervi
sion, Project administration, Funding acquisition, Conceptualization. 
Angela Gondolini: Writing – review & editing, Supervision, Project 
administration, Funding acquisition, Conceptualization. Alessandra 
Sanson: Resources, Project administration, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Fig. 13. Spent structured catalyst: (a) stacked catalyst; (b) delaminated layers; (c) FE-SEM image of the fracture surface of the external layer; (d) FE-SEM micro
graphs of polished cross-section image at low (d) and high (e) magnification.

A. Brigliadori et al.                                                                                                                                                                                                                             International Journal of Hydrogen Energy 168 (2025) 150939 

11 



Acknowledgments

Authors acknowledge European funding from the Emilia-Romagna 
Region, H2-Synergy - PR FESR 2021–2027 ACTION 1.1.2 CALL FOR 
STRATEGIC INDUSTRIAL RESEARCH PROJECTS TARGETING THE 
PRIORITIES OF THE SMART SPECIALIZATION STRATEGY REFERRED 
TO DGR 2097/2022 – S3 Area: Clean, safe and affordable energy 
(project number PG/2023/311159). The authors acknowledge financial 
support from PNRR MUR – M4C2 project PE00000021 “NEST - 
NETWORK 4 ENERGY SUSTAINABLE TRANSITION”. The graphical 
abstract was created in BioRender. Bartoletti, A. (2025) https://Bio 
Render.com/7e5qeq9.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijhydene.2025.150939.

References

[1] Neto AS, Wainaina S, Chandolias K, Piatek P, Taherzadeh MJ. Exploring the 
potential of syngas fermentation for recovery of high-value resources: a 
comprehensive review. Curr Pollut Rep 2025;11. https://doi.org/10.1007/s40726- 
024-00337-3.

[2] Sunkara S, Pankhedkar N, Gudi R. Valorization of refinery flue gas through tri- 
reforming and direct hydrogenation routes. Can J Chem Eng 2024;102:2136–50. 
https://doi.org/10.1002/cjce.25187.

[3] Zhang Y, Cui Y, Chen P, Liu S, Zhou N, Ding K, et al. Gasification technologies and 
their energy potentials. Elsevier B.V.; 2019. https://doi.org/10.1016/B978-0-444- 
64200-4.00014-1.

[4] Halmann M, Steinfeld A. Fuel saving, carbon dioxide emission avoidance, and 
syngas production by tri-reforming of flue gases from coal- and gas-fired power 
stations, and by the carbothermic reduction of iron oxide. Energy 2006;31: 
3171–85. https://doi.org/10.1016/j.energy.2006.03.009.
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