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b Instituto de Nanociencia y Materiales de Aragón-INMA, CSIC-University of Zaragoza, Zaragoza, Spain 
c Dipartimento di Scienza e Alta Tecnologia, via Valleggio 9, Como, 22100, Italy   

A R T I C L E  I N F O   

Keywords: 
Clean biogas 
Reforming 
Open-cell foam 
Rh 
Ni 

A B S T R A C T   

The valorisation of clean biogas (CH4/CO2 = 60/40 v/v) by steam reforming over metal open-cell foam-based 
structured catalysts was investigated. NiCrAl foams were coated by RuMgAl or RhMgAl hydrotalcite-type 
compounds through electrodeposition to obtain, after calcination, a thin and stable catalytic film of oxides. 
The active sites for the reforming reactions are highly dispersed Rh or Ru nanoparticles stabilized by a strong 
metal support interaction, large Ni particles segregated from the support during reduction and reaction, and Rh/ 
Ni bimetallic particles formed by the interaction of the two formers. Rh-based catalysts show superior activity 
and stability with the time on stream than Ru catalysts, and a low carbon deposition, which is mainly ascribable 
to the presence of large Ni particles. In comparison to a pelletized catalyst, the structured catalysts are allowed to 
operate at high space velocities and low Steam to CH4 ratio, increasing the biogas valorisation and thus the 
productivity.   

1. Introduction 

Clean biogas produced by anaerobic digestion of biomass and/or 
organic wastes, pre-treated to remove sulfur and other undesirable 
components as ammonia or siloxanes, can be valorized in delocalized 
small plants through reforming processes, converting CH4 and CO2 into 
syngas (CO + H2). The direct conversion through Biogas Dry Reforming 
(BDR) has the potential to fully exploit the biogas content and to miti
gate the environmental challenges associated with green house gas 
(GHG) emissions. However, this process has many limitations related to 
its remarkable endothermicity (ΔH0

298K = 247 kJ mol-1), the high car
bon formation rate and the catalyst deactivation observed at the harsh 
reaction conditions needed [1]. Different operational configurations 
have been proposed to deal with heat issues, carbon formation and exit 
composition of the syngas [2]. The addition of steam reduces carbon 
formation and leads to a syngas composition with exploitable H2/CO 
values close to 2 [3]. In the case of Steam Reforming of Biogas (BSR), the 

simultaneous reactions of CH4 with CO2 and H2O are highly endo
thermic, and the use of a high steam/CH4 (S/CH4) ratio increases the H2 
selectivity, but significantly suppresses the CO2 conversion [4–7]. 

Noble and transition metal-based catalysts have been extensively 
studied to promote the reforming reactions. Due to their lower price, Ni- 
based catalysts are widely used in the combined steam reforming (SR) 
and dry reforming (DR) of CH4 [8–10], albeit their tendency to 
re-oxidation [11], sintering, and poor resistance against carbon forma
tion cause major operational drawbacks, especially at low S/CH4 values 
[4,12]. Rh [13,14] and Ru [15–17] overcome the Ni drawbacks since 
they are very active in reforming processes and less prone to carbon 
formation, however, their loading in the catalytic formulation should be 
minimized to reduce the catalyst cost. Nickel-noble metal bimetallic 
catalysts represent a good compromise between associated costs and 
catalytic activity. Ru-Ni catalysts show a lower tendency to coke depo
sition in the combined steam and dry reforming [18] owed to the Ru-Ni 
interaction, which improved carbon gasification as demonstrated by 
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other studies on DR reaction [19,20]. The co-presence of Rh and Ni, 
modifies the electronic properties of the latter, promoting its reducibility 
and dispersion, avoiding the sintering of the metallic particles [21–23]. 

The properties of the support, such as thermal stability [24], oxygen 
storage capacity [13,25–27] and basicity [8,28,29] as well as the dis
tribution and interaction of the active species with the support [8,30], 
are of paramount importance since they control the sintering phenom
ena and the formation of carbonaceous species on the surface of the 
catalyst, as well as the activation routes of H2O and CO2. For instance, 
the oxygen storage capacity of CeO2 [13,26] and the basicity of Ca, Mg 
and La enhance the resistance of the catalyst to the formation of 
carbonaceous deposits [8,31]. While the confinement or embedment of 
Ni on the support forms well-dispersed Ni particles that are resistant 
against sintering [32,33]. Bulk hydrotalcite-type (HT) derived catalysts 
(e.g. RhNiMgAl, NiMgCeAl) show a strong metal-support interaction, 
well dispersed metal particles and a surface basicity that enhance CO2 
conversion and assure high catalytic activity and stability [32,34,35]. 

The choice of the catalyst formulation is a key factor in the steam 
reforming of the biogas, but also on the heat transfer issues should be 
tackled. The combination of both highly endothermic SR and DR re
actions in the reactor provokes a decrease in the temperature, and in 
turn, may affect the activity. Structured catalysts, especially those made 
by metallic supports, enhance mass and heat transfer rates and decrease 
pressure drop, thus being an optimum choice to decrease temperature 
gradients working at high GHSV under transient conditions [36]. 

Ni and/or noble metal-based catalysts deposited on honeycomb 
monoliths or open-cell foams have been proposed for the BSR as well as 
for the single DR and SR of CH4 reactions. A Ni-containing catalyst, 
promoted with small amounts of Ru, coated on cordierite monoliths, 
shows an enhanced activity in the dry reforming of CH4 in comparison to 
a packed bed reactor; however, the enhancement is related to the larger 
contact time over the monolith rather than to the effect of the structured 
support itself [19]. Replacing the cordierite honeycomb monoliths (500 
cells per square inch, cpsi) with Al2O3 open-cell foams (30 pores per 
inch, ppi) improves the performance in the steam reforming of biogas of 
Ni/CeO2 and Ni-Rh/CeO2 catalysts [37]. The tortuous geometry of 
foams favours the gas-solid interaction and therefore the heat and mass 
transfer, while still keeping an acceptable pressure drop at high space 
velocities [36]. In the steam reforming of biogas over Rh/CeO2 on Al2O3 
foams at high space velocities, like for other catalytic processes, the ppi 
modify the catalytic properties [38]. However, producing ceramic 
open-cell foams with high ppi and mechanical strength is challenging, 
instead metallic open-cell foams can be easily prepared. 

A Ni foam is used to improve the heat transfer of a reactor for the 
combined steam-CO2 reforming of methane, in the GTL-FPSO (gas to 
liquid-floating production storage and offloading) process [39], namely 
in a process where the same reactions as for the BSR are taking place. 
Consequently, a Ni/γ-Al2O3/Ni foam has a uniform temperature distri
bution along the catalyst-bed, the adhesion of the coating to the foam 
surface being of paramount importance. Moreover, a NiCrAl metal-foam 
coated by a 0.09 wt.% [Pd(7)–Rh(1)]/(CeZrO2–Al2O3) catalyst is 
compared with commercially available alumina-supported 8.0 wt.% Ru 
and 13.0 wt.% Ni catalysts for steam reforming of a model biogas [40]. 

Recently, we have studied the coating of high pore density NiCrAl 
open-cell foams by RhMgAl HT compounds through electrodeposition 
and, after calcination at 900 ◦C, stable and active catalysts for the cat
alytic partial oxidation of CH4 have been obtained [41]. Herein, we 
propose the intensification of the steam reforming of clean biogas pro
cess, at low S/CH4 ratios, over Rh and Ru activated NiCrAl open-cell 
foams, prepared by electrodeposition of RhMgAl and RuMgAl com
pounds and calcination, also investigating the mechanism of carbon 
formation. Catalytic tests are performed at 5 bar to be closer to a real 
application and at high GHSV to highlight the differences among the 
different catalysts used [4]. 

2. Experimental part 

2.1. Preparation of the catalysts 

Chemicals used for the experiments include Rhodium (III) nitrate 
solution (~10 % wt.% Rh in >5 wt.% HNO3, Sigma Aldrich), Ruthenium 
(III) nitrosyl nitrate solution (Ru 1.5 wt.%, diluted in HNO3, Alfa Aesar), 
Magnesium nitrate hexahydrate (Sigma Aldrich, 99 %), Aluminum ni
trate nonahydrate (Aldrich Sigma, 98 %), and ammonia solution (25 %, 
Merck). Structured support is a NiCrAl open-cell foam (disks in a 
dimension of 10 mm diameter x 1.6 mm thickness, 450 μm cell size) 
supplied by Alantum. Prior to coating, foam disks were pre-treated in 
HCl 1 M for 15 min, followed by rinsing thoroughly in ultra-pure water 
[41]. Then, M/Mg/Al (M = Rh or Ru) HT materials were in situ coated 
on the clean foam by the electro-base generation technique in a double 
compartment electrochemical flow cell controlled by a potentiostat 
(Autolab, PGSTAT128 N, Eco Chemie). Detailed information on the cell 
configuration can be found elsewhere [42]. Electrolytes are aqueous 
nitrate solutions (total concentration of 0.06 M) containing a mixture of 
cations M3+/Mg2+/Al3+ (M3+ = Rh3+ or Ru3+) with two different molar 
ratios of 5/70/25 and 2/70/28. The electrolyte was adjusted to pH 3.8, 
using a concentrated ammonia solution, to favor the deposition of a 
layer of HT material rather than the electro-reduction of noble metal 
cations, forming metallic particles as reported elsewhere [43]. The 
coating process was performed at − 1.2 V vs SCE (saturated calomel 
electrode) with an electrolyte flow of 2 mL min− 1 for 2000 s for 
Rh-based samples as in our previous work [41] and 750 s for Ru-based 
samples. Note that the electrodeposition time applied for the Ru-based 
sample is adjusted, i.e. shortened to 750 s, to obtain a similar coating 
loading as for the Rh counterparts. The electrolyte containing the Ru 
nitrosyl complex favored the deposition process, hence a high rate of 
solid deposition was observed. Indeed, for the Ru-based electrolyte, a 
2000 s synthesis led to deposit a large amount of coating causing almost 
the blockage of the foam pores. After being coated, the foams were 
rinsed thrice with ultra-pure water, dried at 40 ◦C for 24 h and then 
calcined in an oven at 900 ◦C (ramp 10 ◦C min− 1) for 12 h. The samples 
were denoted as Rhx (or Rux), where x stands for molar ratios of Rh3+

(or Ru3+) in the electrolytes. Note that the target of the electrodeposition 
is to obtain a layer of HT material containing noble metals that are later 
transformed into mixed oxides during the calcination step and further 
reduced to nanoparticle size in the reduction step before the reaction. 

For comparative purposes, a powder catalyst was prepared by the 
coprecipitation method. An aqueous nitrate solution containing a molar 
ratio of Rh/Mg/Al = 0.5/70/29.5 (Rh0.5) and total metal concentration 
of 1.0 M was dropped wise into a batch reactor containing 100 mL of a 
Na2CO3 solution under vigorous stirring at 60 ◦C. The pH was controlled 
at 10 ± 0.2 by adding dropwise a 1.0 M aqueous solution of NaOH. The 
amount of Na2CO3 was calculated by the charge balance of the system 
when a trivalent cation substituted a divalent one in the brucite struc
ture with an excess amount of 50 %. The resulting slurry was aged for 0.5 
h at 60 ◦C under stirring, filtered, and washed thoroughly with warm 
distilled water (60 ◦C). After filtration, the paste cake products were 
dried and subsequently calcined under the same conditions used for the 
foam catalysts. 

2.2. Characterization techniques 

Morphology of the coating was characterized by scanning electron 
microscopy (SEM) coupled to energy dispersive spectrometry (EDS) 
using an EP EVO 50 Series Instrument (EVO ZEISS) equipped with an 
INCA X-act Penta FET® Precision EDS microanalysis and INCA Micro
analysis Suite Software (Oxford Instruments Analytical). The acceler
ating voltage was 20 kV and the spectra were collected in a duration of 
60 s. 

Porosity of the catalyst was determined by N2 adsorption/desorption 
at − 196 ◦C using a Micromeritics ASAP 2020 instrument. Due to the low 
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amount of coating on the coated foam, each measurement was carried 
out with two calcined coated foams. Samples were degassed under 
vacuum (< 30 μm Hg) up to 250 ◦C for 30 min. The specific surface area 
(SBET) was calculated using the Brunauer-Emmett-Teller (BET) multiple- 
point method in the relative pressure range p/p◦ from 0.05 to 0.3. 

Reduction properties of the catalysts were studied by H2 
temperature-programmed reduction (H2-TPR) using an AutoChem II 
(Chemisorption analyzer, Micromeritics). The catalyst (two calcined 
coated foams) was pretreated at 150 ◦C under 30 mL min− 1 of He for 30 
min. After cooling to 40 ◦C under He, the carrier gas was switched to 5 % 
H2/Ar (v/v) at 30 mL min− 1. When the baseline was stable, the tem
perature was increased to 950 ◦C with a ramp of 10 ◦C min− 1. The H2 
consumption was measured using a thermal conductivity detector 
(TCD). 

High resolution transmission electron microscopy (HRTEM) char
acterization was carried out by a TEM/STEM FEI TECNAI F20 micro
scope, equipped with an EDS analyzer. The solid coating scratched from 
the foam catalysts was suspended in ethanol under ultrasounds for 20 
min. The suspension was subsequently deposited on a Cu grid with lacey 
quanti-foil carbon film and dried at 100 ◦C before doing the measure
ment. Selected area electron diffraction (SAED) and Fast Fourier trans
formation (FFT) were applied to determine the interplanar spacing of 
the crystals. Particle size distribution was processed considering around 
150 particles in three different zones for each sample. 

Micro-Raman measurements were performed in a Renishaw Raman 
Invia configured with a Leica DMLM microscope (obj. 5×, 20×, 50×). 
The available sources are an Ar+ laser (514.5 nm, Pmax =30 mW) and a 
diode-laser (780.0 nm, Pmax =300 mW). The system was equipped with 
edge filters to cut Rayleigh scattering, monochromators (1800 lines/mm 
for Ar+ laser, and 1200 lines/mm for diode laser) and a Charge-Coupled 

Device (CCD) thermoelectrically cooled (203 K) detector. Measurements 
were performed with the Ar+ Laser (514.5 nm) at power level Pout =3 
mW (10 % power). Each spectrum was recorded by four accumulations 
(30 s for each). 

2.3. Catalytic tests 

A tubular reactor (INCOLOY 800 H T) with an internal diameter of 10 
mm was loaded with four foam disks (10 mm diameter x 1.6 mm 
thickness) placed between two layers of inert material (quartz), and 
vertically placed into an electric tubular furnace. Catalysts were reduced 
in-situ before catalytic tests with a continuous flow of H2/N2 (1/10 v/v, 
200 mL min− 1) increasing the oven temperature from 30 to 900 ◦C (5 ◦C 
min− 1) and holding this temperature for 1 h. Catalytic tests were carried 
out feeding a mixture of CH4 (60 % v/v) and CO2 (40 % v/v) regulated 
by thermal mass gas flow controllers. Water was pumped to the evap
orator using an HPLC pump and the generated steam was mixed with the 
reaction mixture. The catalyst performance was evaluated at 5 bar by 
changing the temperature of the oven from 900 to 700 ◦C and using 
steam to methane ratios (S/CH4) of the inlet stream of 1.0 and 0.5 (v/v). 
GHSV values of 30,000 and 40,000 h− 1 were used (calculated on the 
total volume of the foam support at STP conditions), corresponding to 
8.0–13.5 ⋅ 105 mL h− 1 gcat

− 1 if the amount of deposited coating is 
considered. Reaction products were analysed on-line after water 
condensation by an Agilent Technology 7890A GC Gas chromatograph, 
equipped with two thermal conductivity detectors (TCD) and a Carbo
PLOT P7 column using H2 for the CH4, CO and CO2 analyses and an HP- 
Molesieve column using N2 for H2 detection 

A catalytic test using the Rh0.5 pelletized catalyst (fraction of par
ticle sizes collected between the standard sieves of 30–40 mesh, 

Fig. 1. SEM images of Rh2 and Ru2 precursors (a, b) and catalysts (c, d). Selected EDS measurements for Rh2 and Ru2 precursors (e, f).  
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0.420− 0.595 mm) was carried out at 900 ◦C to compare with the results 
obtained over the Rh5 catalytic foams. Thus, 105 mg of Rh0.5 pelletized 
catalyst were loaded in the reactor maintaining the same amount of 
active phase as in the Rh5 experiment. Before catalytic tests, the catalyst 
was reduced under the same conditions as foam catalysts. 

3. Results and discussion 

3.1. Characterization of Rh and Ru structured catalysts 

Electrodeposited films of nanoparticles of RhMgAl or RuMgAl HT 
precursors (Figs. 1a,b and S1a) generate, after calcination at 900 ◦C 
structured catalysts composed by a thin (ca. 15 μm) film of MgO and 
spinel phases coating the bumpy NiCrAl foam surface (Figs. 1c,d, 2 a and 

S1b). The morphology of the coatings and solid loadings (Table 1) are 
not largely affected by the composition of the deposited materials. This 
leads to rather similar specific surface area values, around 2.3–2.6 m2 

g− 1 or 45.1–51.1 m2 gcoating
− 1 , for all the catalysts (Table 1). Metallic 

loadings are 0.46 wt.% for Rh5, and 0.22 wt.% for Rh2 and Ru2 
(referred to the total structured catalyst weight, Table 1). Rh easily 
disperses in the HT-derived catalyst even at high Rh loadings [44], while 
Ru can form segregated RuO2 [45], however from SEM/EDS data, both 
elements seem to be well dispersed. 

The structured catalysts are reduced during H2-TPR experiments in a 
broad and high temperature range (Fig. 2b), note that the intensity of 
the signal is very low due to the small amount of catalyst. The reduction 
of Rh3+ and Ru4+ in HT-derived catalyst is expected to occur at 
350− 500 ◦C [43–45], the high temperatures are related to the interac
tion between noble metals and the oxide matrix, e.g. the Rh3+ could be 
inserted into the spinel forming a solid solution. However, in the 
structured catalysts here investigated, the interpretation of the reduc
tion profiles is challenging. The peaks recorded in the reduction profiles 
are a combination of catalytic coating and support reduction. In fact, the 
calcined bare foam shows a peak centred at 480 ◦C attributed to the 
reduction of NiO. Moreover, it should be noted that noble metals pro
mote the Ni2+ reduction and that a coating support interaction may 
occur. Namely, the formation of a Mg1-xNixAl2O4 solid solution may take 
place during calcination, and Ni2+ species in the spinel could be reduced 
in the high temperature range. 

3.2. Steam reforming of clean biogas 

After reduction at 900 ◦C, the catalysts have been tested in the steam 
reforming of biogas at P =5 bar, investigating the effect of the reaction 
temperature and S/CH4 ratio on the CH4 and CO2 conversions attained, 
and on the composition of the syngas produced. To know the thermo
dynamic limitations of the process at the operating conditions used, the 
equilibrium conversions of CH4 and CO2 were calculated using the 
software package Aspen HYSYS v8.4. In Table S1 the values obtained at 
700, 800 and 900 ◦C are shown. Furthermore, the influence of the 
temperature on the equilibrium conversions of CH4, CO2 and H2O, and 
on the H2/CO ratio of the outlet stream for S/CH4 = 1.0 and 0.5, 
respectively, are shown in Figs. S2a and S2b. 

The increase of the reaction temperature reduces the differences 
between the experimental conversion and the maximum CH4 and CO2 
conversions attainable at the thermodynamic equilibrium (Fig. 3a). This 
difference is also reduced increasing the S/CH4 ratio. Thus, the most 
active catalyst, Rh5, achieves a CH4 conversion of 88 % at 900 ◦C and S/ 
CH4 = 1.0, which represents the 90 % of the maximum conversion 
possible, despite the high space velocity used in the test (GHSV = 40,000 
h− 1). The reduction of the number of active sites in Rh2 and Ru2 cata
lysts provokes a decrease in conversions; Rh2 is more active than Ru2, 
mainly in the CO2 conversion. The high space velocity values used in this 
work were chosen to highlight the differences among the catalysts and 
actually, by decreasing the space velocity to 30,000 h-1, both Rh2 and 
Ru2 increase the activity by around 10 % (Fig. S3). These results are 
particularly promising taking into account the low amount of catalyst 
loaded, indeed space velocities values calculated considering the mass of 
the catalyst are in the range of 8.0–13.5 ⋅ 105 mL h-1 gcat

-1 , at least an order 
of magnitude higher than those present in literature (Table S2). 

The catalysts are still active in both steam and dry reforming at 800 
◦C, though the CO2 conversion drops faster than CH4 conversion. 
Contrarily, at 700 ◦C, the equilibrium conversions of both CH4 and CO2 
are still quite appreciable, but the experimental values are very low. 
Interestingly, the CO2 conversion at S/CH4 = 1.0 is negligible, see 
Fig. 3a, although the equilibrium conversion is around 48 %. This means 
that the catalysts exert a kinetic control of the process, favoring the 
steam reforming instead of the dry reforming. 

The syngas produced (Fig. 3b), regardless of the type of catalyst, has 
a H2/CO ratio close to 2 at 900 and 800 ◦C and S/CH4 = 1, i.e. when both 

Fig. 2. XRD patterns (a) and H2-TPR profiles (b) of bare NiCrAl foam (treated 
in HCl and calcined at 900 ◦C) and structured catalysts. 

Table 1 
Solid and noble metal loading in the structured catalysts, specific surface area of 
the structured catalyst (SBET foam) and of the coating (SBET coating).  

Catalyst Solid loading / 
wt.% 

Noble metal loadinga / 
wt.% 

SBET 

foam 

/ m2 

g− 1 

SBET coating 

/ m2 

g− 1
coating 

Ru2 5.2 ± 0.2 0.22 2.6 49.6 
Rh2 5.1 ± 0.8 0.22 2.3 45.1 
Rh5 4.5 ± 0.1 0.47 2.3 51.1  

a Real noble metal loading estimated from the composition and loading of the 
coating, and referred to the weight of the structured catalyst (foam + coating). 
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steam and dry reforming and likely the Reverse Water Gas Shift (RWGS) 
reactions occur. However, H2/CO ratio increases up to close 3 at 700 ◦C, 
because at this low-temperature dry reforming is minimized, and only 
steam reforming and Water Gas Shift (WGS) occur. The tests at high 
space velocity indicate that the observed activity of the catalysts is 

promising, even for the low-loaded Rh2 catalyst. However, under these 
conditions, CH4 is more prone to react with H2O than with CO2 [4,46] 
since H2O is adsorbed in much higher extent than CO2 and both of them 
compete for the same type of active sites [7]. Consequently, in the tests 
carried out at S/CH4 = 1.0, around half of the CO2 remains unreacted. 

Under operation at lower steam content in the feed, i.e, S/CH4 = 0.5 
(Fig. 3a), it is observed that, at both 900 and 800 ◦C, CH4 conversions 
decrease and CO2 conversions increase, attaining comparable values for 
the three catalysts. In this case, the competition with adsorbed H2O 
should be lower, hence CO2 not only reacts with CH4 through the dry 
reforming, but also with H2 by the RWGS [7], as evidenced by the lower 
H2/CO ratios (i.e. 1.5) of the syngas produced (Fig. 3b). Remarkably, the 
catalysts are active in the combined reforming even at low temperature 
(700 ◦C), though the production of CO2 by the WGS, especially at S/CH4 
= 1 could be not negligible [5]. 

To make a comparison between the activity of the electrodeposited 
catalysts and those previously reported in the literature is not straight
forward due to the differences in reaction conditions, mainly in the 
space velocity and volume of catalyst. Hence in Table S2, an estimation 
of the activities was made by comparing the amount of CH4 and CO2 
converted per hour and gram of catalyst (NLCH4,CO2 h− 1 gcat

-1 ). Consid
ering the data reported in Table S2, it can be stated that electrodeposited 
catalysts are promising for the reforming of biogas in comparison to both 
structured and powder catalysts reported in the literature. 

The stability of the electrodeposited structured catalysts was inves
tigated by performing a “control” test at T = 900 ◦C, 30,000 h− 1 and S/ 

Fig. 3. Steam reforming of clean biogas over Rh2, Rh5, and Ru2 structured catalysts at 900, 800, and 700 ◦C: a) conversion of CH4 (green patterns) and CO2 (red 
patterns), Doted lines: equilibrium conversions. b) H2/CO ratio of syngas product. The x-axis shows ratio of steam to CH4 v/v ratio. Reaction conditions: GHSV =
40,000 h− 1, CH4/CO2 = 60/40 v/v, S/CH4 = 1.0 and 0.5 v/v. 

Fig. 4. Conversions of CH4 and CO2 during 24 h of the stability test over Rh2 
structured catalyst. Reaction conditions: T =900 ◦C, S/CH4 = 1.0, GHSV =
40,000 h− 1. 
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CH4 = 1. Namely, after every series of tests performed at the different 
temperatures (900, 800, and 700 ◦C shown in Fig. 3a), the so-called 
“control” test was performed. The results are depicted in Fig. S3. CH4 
conversion remains rather stable, conversely, the CO2 activation seems 
to improve during time-on-stream (TOS). To further investigate the 
stability of the three types of catalysts, a 6 h test was performed at 900 ◦C 
(40,000 h− 1 and S/CH4 = 1.0) at the end of each catalytic cycle (results 
not presented here). Rh-containing catalysts are the most stable with 
TOS exhibiting constant CH4 conversion, for instance, 70 % for the Rh2 
catalyst. However, the Ru2 catalyst steadily deactivates down to 39 % of 
conversion in CH4. Lastly, the reproducibility and stability of the 
promising Rh2 catalyst were further assessed by loading new foams in 
the reactor and performing the tests at 900 ◦C (40,000 h− 1 and S/CH4 =

1.0) for 24 h TOS, including 4 shut-down and start-up cycles (cooling 
from reaction to room temperature and heating from room to reaction 
temperature under N2 flow). The results are shown in Fig. 4. After a short 
activation period within the first 5 h TOS, only a slight decrease in the 

CH4 conversion occurs, while CO2 conversion oscillates in the 35–45 % 
range. These results confirm the reproducibility and the resistance 
against the deactivation of this catalyst. 

The catalytic results obtained in the reforming of clean biogas indi
cate that after an initial reaction period, wherein the activity is modi
fied, Rh-containing catalysts are rather stable, showing high conversions 
of CH4 (in the range of 80–90 % at 900 ◦C, S/CH4 = 1.0, GHSV = 30,000 
h− 1) and CO2 (up to 71 % for Rh5 catalyst at 900 ◦C, S/CH4 = 0.5, GHSV 
= 40,000 h− 1) despite the high space velocities used. The performance 
of the structured catalysts could be related to both the catalytic coating 
(i.e. stability of the catalytic layer and Rh metallic particles) and the 
NiCrAl foam support (e.g. enhancing mass and heat transfer). 

Making a comparison between the performance of Rh5 structured 
catalyst and a pelletized catalyst at 900 ◦C in Fig. 5, it is evident that the 
structuration fosters the CH4 conversion, while the effect on the CO2 
conversion depends on the S/CH4 in the feedstock. At S/CH4 = 1.0, the 
pelletized catalyst outperforms the structured one in CO2 conversion, 

Fig. 5. Comparison of CH4 and CO2 conversion values of a pelletized catalyst and Rh5 structured catalyst. Reaction conditions: T=900 ◦C; S/CH4 = 1.0 and 0.5; 
GHSV = 30,000 and 40,000 h− 1. The Rh loading in the reactor is kept constant for both pelletized and structured beds. 

Fig. 6. SEM images of bare foam (treated in HCl) (a, a1) and Rh5 structured catalyst (b, b1) after the catalytic tests.  
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but the opposite is observed at S/CH4 = 0.5. Note that the composition 
of the syngas is not significantly modified depending on the type of 
catalyst. 

The enhanced activity of the structured catalyst, as above com
mented, could be related to the enhanced mass and heat transfer of the 
3D support. However, the contribution of the metallic foam support to 
the activity could not be ruled out. Ni, the main element in the NiCrAl 
alloy, is active in reforming reactions, moreover, in the H2-TPR profile, it 
was observed that some Ni2+ is reduced (Fig. 2b). Actually, blank tests 
over pretreated and calcined bare foams, after reduction, confirm that 
the contribution of the foam to CH4 and CO2 activation is not negligible 
at 900 ◦C (Fig. S4). Note, however, that the activity quickly drops with 
TOS, more remarkably for the CO2 conversion. These results suggest that 
the Ni is available to the reaction mixture (vide infra), contrarily to the 
behaviours observed for a Pd-Rh/CeZrO2-Al2O3 catalyst coated on 

NiCrAl [40] and also by our group for similar Rh structured catalysts 
tested in the catalytic partial oxidation of CH4 [41]. The differences can 
be related to the pretreatment of the foam before electrodeposition. 
Indeed, tests with a calcined bare foam do not show any remarkable 
activity in the reforming of biogas. 

3.3. Characterization of spent catalysts 

After the reaction, the foam pieces placed at different bed positions 
were characterized. The samples were labelled u1, u2, u3 and u4, where 
the numbers indicate the position in the catalytic bed, i.e. 1 at the inlet 
and 4 at the outlet (Fig. S5). 

SEM images show that the coating is rather similar in spent than in 
fresh catalysts in terms of thickness and morphology; the main differ
ence in the coating properties after the biogas reforming reaction is the 

Fig. 7. HRTEM images of Rh5 used: a) TEM overview, b) HAADF (inset is particle size distribution), c) and d) TEM images showing strong metal-support interaction 
(SMSI) and coke formation by encapsulation Ni particle, e) element distribution of one selected particle. 
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development of large spherical particles (Figs. 6 and S6–S9). EDS ana
lyses reveal that these particles are not made by Rh (or Ru), but contain 
Ni (and maybe Cr) coming from the support. Remarkably, segregated 
large particles are also observed in the pre-treated and calcined bare 
foams after catalytic tests (Figs. 6a1 and S10), while they are not 
detected in the bare foams only calcined (not shown). 

HRTEM images confirm that Rh spent catalysts contain two types of 
metallic particles that differ both in size and composition (Figs. 7 and 8  

). A narrow and small Rh particle size distribution is embedded in or 
deposited on the MgO and MgAl2O4 matrix (Fig. 7a,b), characteristic of 
electrodeposited and coprecipitated HT-derived catalysts [41]. A strong 
metal support interaction (SMSI) is evidenced (Fig. 7c), ensuring high 
stability of the Rh particles against thermal sintering. The Rh loading in 
the HT-derived catalysts slightly affects the size of this type of particles, 
a larger contribution of particles below 2 nm is observed for Rh2 than for 
Rh5 spent catalysts (Figs. 7b and 8 b), however, it is tricky to give an 
accurate value of the Rh particle size distribution due to the formation of 
Ni or RhNi particles (vide infra). On the other hand, the position of the 
foam disk in the catalytic bed does not seem to play a crucial role in the 
properties of the particles. The second type of particles present in the 
spent catalysts are larger (Figs. 7a and 8 a) and more importantly they 
are mainly made by Ni “doped” by Rh (Figs. 7e and 8 c). Again, it is not 
straightforward to correlate the size of Ni-containing particles and the 
sintering since already a broad distribution of large particles is present in 
the reduced catalyst. 

Taking into account the characterization of the calcined and spent 
catalysts, Ni from the foam is likely oxidized during the preparation of 
the structured catalyst; it could form free NiO or it could be included in 
the catalytic coating, e.g. as Mg1-xNixAl2O4. Both types of Ni species after 
reduction may form Ni metallic particles, and in some cases bimetallic 
RhNi particles (because of Rh-Ni interaction), which may contribute to 
the catalytic activity, e.g. the activation during the reaction. However, 
as above commented, the activity in the pre-treated calcined bare foam, 
containing large metallic particles, decreased with TOS. Hence, the 
contribution of the large Ni nanoparticles segregated from the metallic 
substrate to the activity may be very low (or negliglible) at long TOS. 

Fig. 8. HRTEM images of Rh2 used: a) TEM overview, b) HAADF (inset is particle size distribution), c) element distribution of one selected particle in b), indicated by 
the yellow line. 

Fig. 9. Raman results were obtained with the Ru2 foam after the reaction. 
Effect of longitudinal position. 
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More detailed studies are required to better explain the role of Ni coming 
from the foam on the catalytic activity. 

The presence of Ni, however, promotes carbon deposition [47]. 
Indeed, HRTEM images show that graphitic layers coat the surface of 
large Ni-containing particles, encapsulating carbon, and carbon nano
tubes grow from Ni particles (Figs. 7d and 8 a). Though, it should be 
remarked that the amount of carbon probably is not very large. Carbo
naceous deposits can be formed during the reaction, but they are reac
tive and may be partially removed from the catalyst by the effect of the 
reverse Boudouard reaction, forming CO, or by gasification with steam. 
Unfortunately, in the present case, the results of the TGA experiments 
carried out are masked by the simultaneous and unavoidable Ni0 

oxidation. In addition, it was observed that some carbon formed is not 
well adhered to the foam surface and it is detached during handling. 

To further investigate the carbon formation during the reaction, 
Raman spectra were recorded on different radial and axial positions 
along with the foam (Fig. 9). In Fig. S5 it is described the nomenclature 
used for the selected positions for the Raman measurements. The D 
band, around 1350 cm− 1, is related to the presence of defects on the 
carbonaceous materials formed during the reaction; while the G band, at 
1580 cm− 1, is characteristic of well-defined graphitic and/or graphenic 
materials [48]. Therefore, a high value of the ratio IG/ID is usually 
associated with the formation of carbonaceous materials with a high 
graphitic character [48]. In Tables S3–S5 the IG/ID values obtained from 
the spectra of the foams after reaction at the different longitudinal and 
radial positions are summarized. The aim is to know if it is possible to 
detect any effect of the radial and longitudinal profiles of temperature 
and gas composition inside the foams, on the type of carbonaceous 
nanomaterials formed. From the results obtained, there is not a clear 
trend between the type of carbon formed and its position in the foam 
radius for all the investigated samples. These results can be explained 
considering that the high thermal conductivity of the metallic substrate 
of the foams avoids the presence of elevated gradients of temperature in 
the radial direction. 

Considering the effect of the type of catalyst, Ru2 shows a lower 
carbon deposition, especially at the reactor inlet, in comparison with the 
Rh catalysts. For the Rh2 and Rh5 catalysts, the IG/ID ratio values 
calculated (Tables S3–S5) suggest the presence of both carbon nano
tubes and amorphous carbon, along the whole catalytic bed, without a 
clear dependence with the longitudinal position. In the case of Ru2 
catalyst, at the inlet position (u1), the formation of carbon is not 
detected, while in progressive positions the presence of carbon is com
mon, see Table S3 and Fig. 9. Thus, in the exit position u4, the high IG/ID 
ratios measured indicate the development of a gradient carbon con
centration, which can be mainly assigned to the presence of highly 
graphitized carbon. In summary, Ru2 shows a lower carbon deposition, 
especially in positions close to reactor inlet, though it is the less stable 
catalyst; hence its deactivation could be related to modifications in the 
Ru particle size that need further investigation. On the other hand, on Rh 
catalysts (Rh5 and Rh2), the most resistant against deactivation cata
lysts, the formation of CNT and amorphous carbon along the reactor is 
higher. This fact confirms that carbon formation is mainly produced by 
the segregated Ni particles and it seems that it does not modify appre
ciably the reforming stability. 

4. Conclusions 

RuMgAl and RhMgAl structured catalysts based on NiCrAl open-cell 
foams, obtained by electrodeposition and calcination, are promising 
catalysts for the clean biogas steam reforming under flexible reaction 
conditions. The structuration of the reactor allows operating at high 
space velocity values (in the order of ≈ 106 mL h− 1 gcat

− 1), minimizing the 
amount of catalyst loaded and attaining high mass and heat transfer rate 
in the harsh reaction conditions. At low S/CH4 (i.e. 0.5) it is possible to 
increase the CO2 conversion and the overall biogas valorisation. Rh 
catalysts exhibit higher activity and stability than Ru catalysts under all 

reaction conditions, outperforming the conventional Rh pelletized 
catalyst. Remarkably, the catalyst with a 0.22 wt.% Rh exhibits a high 
stability over 24 h of time-on-stream at 900 ◦C and S/CH4 = 1 (GHSV =
106 mL h− 1 gcat

− 1), even operating under transition conditions (i.e. 4 shut- 
down and start-up cycles). These excellent results are due to the for
mation of strong metal support interactions (SMSI) during reduction/ 
reaction that stabilize the catalytic sites and lead to highly active and 
well dispersed Rh nanoparticles. Moreover, the segregation of Ni from 
the NiCrAl support provokes the formation of large Rh/Ni and Ni 
metallic particles that, though active in the reaction, are the sites 
responsible for the deposition of carbonaceous nanomaterial (amor
phous or CNT). 
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