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Abstract

Electrified steam methane reforming (eSMR) is emerging as a promising technology for
the decarbonization of the chemical industry and low-carbon hydrogen production by
coupling renewable electricity with renewable gaseous feedstocks such as biomethane. In
this work, structured Ni-based catalysts washcoated on highly thermally conductive SiC
open-cell foams (OCFs) were developed and evaluated for biomethane steam-reforming
operating conditions. Two catalyst formulations, 30 wt.% Al2Os_30 wt.% CeO2_20 wt.%Ni
and SiC_30 wt.% AlOs_30 wt.%Ceo25Zr0.75 O2_20 wt.%Ni, were tested in a laboratory-
scale indirectly electrically heated reformer. The high thermal conductivity of the SiC-
structured support ensured efficient heat transfer throughout the reactor, limiting radial
temperature gradients to below 10 °C. Both catalyst formulations exhibited excellent cat-
alytic performance; however, the Ceo25Zr0.7502-promoted catalyst achieved the best re-
sults, maintaining equilibrium methane conversion at a gas hourly space velocity above
7000 h! while reaching a specific electrical energy consumption of 2.06 kWh/Nm? of pro-
duced H: projected for industrial-scale efficiency. Notably, these performances were ob-
tained with a catalyst loading approximately 20-50% lower than that of conventional com-
mercial alumina pellet catalysts. XRD characterization did not reveal the formation of
crystalline graphitic carbon after catalytic operation. Furthermore, the structural evolu-
tion of the Ce—Zr-O highlights the active role of the mixed oxide in promoting redox pro-
cesses and maintaining catalytic activity under reaction conditions. Overall, these results
demonstrate that the combination of highly conductive SiC-structured supports and Ce—
Zr-promoted Ni catalysts significantly enhances both the thermal and catalytic efficiency
of eSMR. The proposed catalyst provides a promising route toward compact, energy-effi-
cient, and decentralized hydrogen production from biomethane, supporting the electrifi-
cation and decarbonization of future hydrogen generation technologies.
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1. Introduction

According to the IEA’s Sustainable Development Scenario, achieving the climate tar-
get of limiting global warming to 1.5 °C above pre-industrial levels requires reducing CO:
emissions from the energy and industrial sectors by around 40% by 2030 [1]. The chemical
industry is a major energy consumer and remains heavily dependent on fossil fuel com-
bustion for supplying high-temperature heat [2,3]. In this context, improving efficiency,
electrifying processes, and replacing fossil fuels with low-emission sources are crucial to
reaching the net-zero goal by 2050 [1,4].

On the one hand, electrification of industrial processes represents a key decarboniza-
tion strategy where power generation is decarbonized. In a net-zero scenario, high-en-
ergy-intensive carriers and fuels are required to drive so-called hard-to-abate (or hard-to-
electrify) sectors. In this context, hydrogen is considered a key energy carrier for decar-
bonization due to its high energy density per unit mass (LHV =120 MJ/kg) and zero CO:
emissions during its combustion [5,6]. Currently, the vast majority of global hydrogen
production is still derived from fossil fuels, while low-emissions hydrogen accounts for
less than 1% of total production, highlighting the urgent need for more sustainable hydro-
gen production pathways [7-9]. Steam methane reforming (SMR) is the dominant hydro-
gen production method, accounting for almost half of the global hydrogen demand. The
process involves the reaction of methane with steam (Equation (1)) followed by the water—
gas shift reaction (Equation (2)) to maximize hydrogen production [7,10].

SMR: CH, + H,0 = CO + 3H, 1)

WGS: CO + H,0 = CO, + H, @)

The process is globally endothermic, and, in industrial applications, SMR is carried
out at high temperatures (850-950 °C) and relatively high pressures (20-40 bar). The heat
is typically provided through radiation by the combustion of natural gas in the reformer
furnace and transferred via radiation [11]. This configuration leads to significant CO:
emissions, both from the chemical reactions and from fuel combustion, resulting in ap-
proximately 8-11 tons of CO: per ton of Hz [8]. Although carbon-free alternatives such as
water electrolysis are being developed, their high cost and electricity consumption (ap-
proximately 55 kWhe/kgH:) are currently limiting their large-scale deployment [5,12-14].
As a result, at present, SMR still remains a mature and widespread method for Hz pro-
duction due to its efficiency and cost-effectiveness [15].

To reduce the associated emissions and promote sustainability, alternative ways to
supply heat to the SMR process other than using fossil fuel combustion have been pro-
posed. One promising alternative is the electrified steam methane reforming (eSMR) pro-
cess [16]. In this configuration, furnaces are replaced by electric heating systems. Electri-
fication can be direct, where heat is applied to a conductive catalyst support, or indirect,
where heat is transferred at the catalytic bed through reactor walls or internal heating
elements. Indirect electrification typically uses resistive heating, while direct electrifica-
tion can use resistive, inductive, or microwave heating [16].

As electricity can be supplied from renewable energy sources, this approach offers a
promising pathway for reducing emissions in energy-intensive hard-to-abate industrial
sectors [17]. Besides the associated CO:z emissions, limitations of conventional steam-re-
forming technology are also related to the reactor design. The main challenges are: (1)
inefficient heat transfer in the furnace from the radiative heat source to the reforming cat-
alyst; (2) the requirement for high operating temperatures, resulting in expensive con-
struction materials (super alloys) and high maintenance costs; and (3) a low catalyst effec-
tiveness factor (2-10%) resulting from the low thermal conductivity of conventional
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alumina-supported catalyst pellets, which leads to steep thermal gradients across the re-
actor wall and catalyst bed [18,19].

Optimal reactor design and electrification of steam methane reforming systems
(eSMR) can significantly improve heat transfer by ensuring intimate contact between the
heat source and the catalytic bed. This allows the delivery of heat directly to the reaction
zone, thereby improving energy efficiency, reducing heat losses and enhancing catalytic
performance. Additionally, replacing the high-volume combustion chamber with an elec-
tric heating system makes the reactor more compact and mitigates the impact of econo-
mies of scale [8,20]. The development of more compact reactor configurations also makes
eSMR suitable for processing lower feedstock flow rates, such as those associated with
biomass-derived biogas and biomethane. This increases the potential for integrating sus-
tainable sources into hydrogen production, providing further environmental benefits and
supporting circular economy strategies. These benefits are particularly relevant consider-
ing that electrification is not limited to steam methane reforming but can also be applied
to several endothermic processes in general. This highlights its potential impact on indus-
trial decarbonization and process intensification (Figure 1) [21-23].
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Figure 1. eSMR advances for decarbonization and process intensification compared with conven-

tional fired reformers ( based on the concept reported in Reference [23]).

Structured catalyst supports made from highly thermally conductive materials, such
as silicon carbide (SiC), improve heat transfer, enabling a more uniform radial tempera-
ture profile and reducing hotspots. These catalysts can be designed as monolithic heating
elements or foams [2,24,25]. Focusing on resistive heating, Ambrosetti et al. [25] proposed
a tubular stainless-steel reactor loaded with a structured catalyst with an inner copper
cable as the heating element. Through evaluating various support materials (copper,
stainless steel and SiC) and geometries (open-cell foams and honeycomb monoliths), they
identified SiC open-cell foams (OCFs) as the best option. This configuration combines the
superior external mass transfer properties of foams with the high thermal conductivity of
SiC, resulting in improved catalyst performance.

Regarding the catalyst formulation, although noble metals (such as rhodium, palla-
dium, platinum, ruthenium, and cobalt) have been widely studied as active catalyst com-
ponents [26-28], nickel remains the most used due to its good performance, relatively low
cost, and low environmental impact in terms of extraction and disposal [29,30]. Addition-
ally, catalyst performance can be enhanced using some oxides as promoters, such as ceria
and zirconia. In fact, although not catalytically active, these species enhance oxygen mo-
bility and reduce internal diffusion limitations, thereby promoting oxidation reactions
and mitigating coke formation. Sekine et al. [31] reported that catalytic activity increases
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as the Ce/Zr ratio decreases for the SMR reaction. Regarding eSMR applications, Meloni
et al. [32] reported promising results using a structured catalyst consisting of oxygen-
bonded silicon carbide (OB-5iC) open-cell foams washcoated in Ni_CeO:_Al:Os. The cat-
alytic bed was indirectly heated by the Joule effect through an inner conductive cable. The
proposed catalyst enabled conversions close to equilibrium at 720 °C. An energy con-
sumption of 2.2 kWh/Nm? H2 was achieved at a WHSV of 2 h™ [32].

The work presented in this paper focuses on the development of an innovative and
efficient catalyst for the electrified SMR of biomethane. The catalyst was washcoated on
high-conductive SiC OCF supports. Nickel was selected as the active component, while
cerium oxide and ceria—zirconia oxide were used as promoters to enhance catalytic activ-
ity. Two catalyst formulations were evaluated: SiC_30%Al0Os_30%Ce_20%Ni and
SiC_30%Al0s_30%Ce/Zr_20%Ni. Based on the findings of [31], a Zr-rich Ce-Zr promoter
with a Ce/Zr molar ratio of 0.33 was selected in this study to exploit the beneficial effect
of zirconium on the catalytic performance. Since indirect resistive heating is currently the
most mature electrification strategy, it was adopted to focus primarily on catalyst design
performance [16]. The experiments were performed at atmospheric pressure, which is rep-
resentative of the conditions of biomethane outlet streams from anaerobic digestion plants
after biogas upgrading, and at a reactor temperature of 750 °C. The effect of methane feed
flow rate, and consequently, gas hourly space velocity (GHSV), on catalyst performance
was evaluated in terms of CHa conversion and Ho selectivity. The aim of this study is to
provide an experimental assessment of electrified steam methane reforming for hydrogen
production from biomethane, with a specific focus on investigating the influence of Ce-
and Ce/Zr-promoted Ni catalysts under operating conditions representative of eSMR ap-
plications. The findings of this work are expected to contribute to the development of ef-
ficient and sustainable electrified reforming technologies for hydrogen production.

2. Materials and Methods
2.1. Catalyst Preparation

In this work, a commercial silicon carbide (SiC) open-cell foam with a cylindrical ge-
ometry (diameter = 4.5 cm; length = 2.5 cm; 20 p.p.i.; %wt >95%) was used as a structured
catalyst support. The coating was applied through a dip-coating method proposed by [32].
The SiC foams were immersed for 20 min in a washcoat slurry composed of distilled water,
pseudo-boehmite (4.6 wt%), y-alumina (15.4 wt%, <50 nm; Sigma-Aldrich, St. Louis, MO,
USA), and methylcellulose (1 wt%, viscosity 15 cP; Sigma-Aldrich, St. Louis, MO, USA) at
pH =3 (adjusted by HNOs). The excess slurry was removed by centrifugation at 1500 rpm
for 5 min and the coated samples were dried at 120 °C for 2 h, followed by calcination at
450 °C for a further 2 h. This coating cycle was repeated about 8-9 times until the target
washcoat loading of 30 wt% relative to the SiC support mass was achieved.

CeOz or Ceo25Zrozs02 were then introduced as promoters by wet impregnation, with
a loading equivalent to 30 wt% of the washcoat mass. Ceria and zirconia are considered
excellent promoters, thanks to their high oxygen storage capacity. In fact, they are actively
involved in reversible redox reactions to enhance the catalytic activity of supported cata-
lysts, leading to improved reaction rates. Moreover, CeO:z and Ceo.25Zr0.750:2 also have basic
properties, which can inhibit coke formation, resulting in more stable catalysts [33-35].
The required amounts of Ce(NOs)s - 6H20 and ZrO(NO:s)2 - 2H20 were dissolved in water
to form an aqueous solution, which was then used to impregnate the washcoated foams.
The samples were then dried and calcined at 450 °C for 2 h to remove the nitrate group
from the precursor. The active phase, nickel, was then deposited by wet impregnation
using a Ni(NOs)2 aqueous solution. The nickel loading was fixed at 20 wt% with respect
to the combined mass of the alumina washcoat and oxide promoter. The total amount in
grams of each component of the catalyst is reported in Table 1. Finally, the resulting
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samples were calcined at 900 °C for 2 h. Figure 2 shows two catalyst samples
(5iC_30%AI05_30%Ce02_20%N;i, hereafter Ce_N;i, and
SiC_30%Al205_30%Ceo.25Z107502_20%Ni, hereafter Ce/Zr_Ni).

Table 1. Representative mass balance of the catalyst formulation.

Component Mass (g)
SiC foam 18.689
AlLOs 3.925
Ce or Ce-Zr oxide 1.682
Ni 1.121
Total washcoat (Al2Os + promoter) 5.607
Final catalyst mass 25.417

(@) ()

i ayingudd

Figure 2. Structured OCF washcoated catalyst: (a) Ce_Ni and (b) Ce/Zr_Ni.

2.2. Experimental Setup

For the experimental tests, three catalyst foams were loaded into a stainless tube re-
actor. Figure 3 shows the complete experimental setup that consists of five main sections:

1. Inlet flow control section: Digital mass flow controllers (MFCs) regulate the inlet
gas streams (N2, CHs, and H>) as well as the water fed to the evaporator. Nitrogen was
used for preliminary leak tests, catalyst activation together with hydrogen, and the final
purge of the lines. Methane and water were used as reactants for the electrified methane
steam-reforming experiments. It is important to note that, in the present study, high-pu-
rity CH4 was used as the reactant to represent grid-quality biomethane. This assumption
is justified because biomethane produced by commercial upgrading plants and intended
for injection into the natural gas grid is composed predominantly of methane, while con-
taminants are reduced to trace levels to comply with the European specifications for grid
injection. Therefore, the use of pure CHs provides a realistic approximation of the compo-
sition of upgraded biomethane for the catalytic performance evaluation conducted in this
work.

2. The heating section includes the steam generator, gas preheating unit, and mix-
ing/superheating zone. All the tubes in this section were kept heated with electrical wires
and insulated. The steam generator and gas preheating units operate at 300 °C, while the
mixing/superheating zone operates at 600 °C. The inlet temperature to the superheater is
monitored by the thermocouple (Type K) T1, while the thermocouple T2 measures the
temperature of the gas entering the reactor, which is required to be above 300 °C to ensure
catalyst activation.

3. The reactor consists of a tubular stainless-steel body (inner diameter, 5 cm; length,
8 c¢m) placed inside an electrically heated furnace with a maximum power of 800 W.

https://doi.org/10.3390/hydrogen7030111
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Thermocouples T3-T5 monitor the temperature at the reactor inner axial position (T3), the
external wall temperature at the same axial position (T4), and the outlet temperature (T5).
T3 is also the temperature control thermocouple, regulating the power supplied to the
electrical heaters to maintain the reactor temperature at the set-point value of 750 °C.

4. The cooling and water removal section consists of a cold-water trap operated with
an external flux of a water—glycol mixture at —4 °C, followed by a fixed-bed silica gel filter
to remove any trace of moisture. Thermocouple T6 measures the gas outlet temperature
from the cold trap, which should be maintained below 50 °C for proper analyzer operation.

5. The gas analysis section consists of an ABB AO2020 series analyzer, which is used

for continuous monitoring of the outlet gas composition.

Analyzer

chiller

TUUOY,

4

Figure 3. Scheme of the experimental setup.

2.3. Experimental Procedure

Prior to the reforming tests, the catalyst was activated under a reducing environment
consisting of 10 vol% H2 and 90 vol% Nz at 850 °C for 3 h. Steam-reforming experiments
were then carried out at 750 °C and 1 atm, since biomethane is usually available at near-
atmospheric pressures. The reaction is globally endothermic, and it occurs with an in-
crease in the number of moles. Consequently, the low-pressure condition shifts the equi-
librium toward the products, according to Le Chatelier’s principle. Therefore, since the
experiments were carried out at atmospheric pressure, the reaction temperature could be
fixed at 750 °C, which is enough to reach an almost complete methane conversion at equi-
librium. The steam-to-carbon ratio (S/C) was fixed at 3. Methane was used as a model
compound representative of upgraded biomethane, as biomethane typically consists of
high-purity methane (>99.8%) after upgrading to meet grid injection specifications. The
potential effects of residual CO2 and trace contaminants were not considered in the pre-
sent study. The gas hourly space velocity (GHSV), calculated as reported in Equation (3),
was varied between 2460 and 7380 h! to investigate the effect of gas residence time on
reactor and catalyst performances:

https://doi.org/10.3390/hydrogen7030111
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Fin
GHSV = 2= €©)
i Vcat
where Fjg is the total inlet gas flow rate (NmL/h), and V. is the total volume of the
catalytic foams loaded in the reactor (mL). Each test was conducted in steady-state condi-
tions.
The catalyst performance was evaluated using three parameters: the methane con-
version (X¢y4), the hydrogen yield (Yy,), and the specific energy consumption (SEC), de-
fined as Equations (4)—(6), respectively:

in out
_ (Féha — Feha

Xena = ———m—— (4)
Féha
Fyz
Yz = - @)
4 (Feha — Fia)
SEC = Qevn (6)
H2,prod

In Equations (4) and (5), Fy, is the molar flow rate of hydrogen produced, while
Fl, and F@ are the inlet and outlet molar flow rates of methane, respectively. In Equa-
tion (6) Q,; is the electrical energy supplied to the reactor (kWh), recorded during the
experimental campaign by the electric steam supplier; 1 is the electrical efficiency factor;
and Vi3 proa is the volume of hydrogen produced under normal conditions (Nm?). The
electrical efficiency factor () was obtained from Equation (7):

n= HoutP Hin (7)
. . el
where H,,; and H;, are the total enthalpy flow rates of the outlet and inlet streams of
the reactor, respectively, and P,; is the electrical power supplied to the reactor. The re-
ported efficiency refers only to the reactor and does not include the power consumption
of the steam generator, gas preheaters, heated transfer lines, cooling system, or other aux-
iliary units of the lab setup.
The enthalpy flow rate was calculated as Equation (8):
T
H=)F -(H;{i + f Cpi dT) ®)
i Tref

F; is the molar flow rate of species i; Hp; is the standard enthalpy of formation; c,;
is the molar heat capacity at constant pressure; and T,.f is the reference temperature
(273.15 K).

Another important parameter with which to assess the reactor performance is the
thermal efficiency (1;1,), defined by Equation (9):

F%t - LHVy, + F&Y* - LHVo + F84% - LHV ey, 9)
N Per + Ffis - LHVcpy (
where Fg** and Fg3* are the molar flow rates of hydrogen and carbon monoxide in the

Ntn =

outlet stream, respectively; F{, is the molar flow rate of methane fed to the reactor; and
LHVy,, LHV¢o, and LHVy, are the lower heating values of hydrogen, carbon monoxide,
and methane, respectively.

2.4. X-Ray Diffraction (XRD) of the Catalyst

X-ray diffraction (XRD) analyses were performed using a Rigaku SmartLab diffrac-
tometer to investigate the structural and mineralogical properties of powdered catalytic
samples. The analysis was carried out on three samples of the catalyst: (1) a fresh Ce_Ni
catalyst; (2) a fresh Ce/Zr_Ni catalyst; and (3) a spent Ce/Zr_Ni catalyst after the experi-
ments.

https://doi.org/10.3390/hydrogen7030111
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Before XRD analysis, the catalytic material was mechanically removed from the cor-
responding washcoated structured catalysts in the form of macroparticles. The collected
material was then mechanically milled to obtain a homogeneous powder. After grinding,
the powders were dried at 50 °C to remove adsorbed moisture and minimize possible
interference during the measurement. The dried samples were subsequently deposited
onto an XRD sample holder, obtaining a thin, compact, and flat layer. Particular attention
was paid to reducing preferential orientation effects and surface inhomogeneities, which
could affect the relative intensity of diffraction peaks.

The measurements were performed in conventional powder diffraction mode using
Cu Ka radiation (A = 1.5406 A). Data were collected in 6-20 geometry over a 20 range of
10-90°, allowing the identification of the main reflections associated with the silicon car-
bide support and the crystalline phases present in the washcoat, including cerium oxide,
cerium-zirconium oxide, nickel-containing species, and possible phases formed after cat-
alyst operation. The diffraction patterns were collected at room temperature using con-
stant acquisition parameters for all samples to allow direct comparison between the ob-
tained profiles. A typical step size of 0.01° 20 and a scanning rate of 3° min~! were used as
a compromise between resolution, signal intensity, and acquisition time.

The XRD patterns were analyzed by comparing the experimental peak positions and
relative intensities with crystallographic reference data available in standard databases.
The comparison among the three samples was performed to identify the main crystalline
phases, verify the presence of dispersed Ni and oxide promoters, evaluate the crystalline
nature of nickel-containing species, and investigate possible structural modifications in-
duced by catalyst operation.

3. Results and Discussion
3.1. ESMR Experimental Tests

The following figures report the experimental results in terms of methane conversion
(Figure 4a) and hydrogen yield (Figure 4b) as a function of GHSV for the two catalyst
formulations tested.

4k A e— b. 100%
A 95% -
[}
0, o
o 5 O | g > i R — r—
) S 85% -
) 3 8% A
>
. S 80% A
75% -
70% -
® CeNi ’ ® CeNi
-k CefZr Ni 65% - - CelZr_Ni
. . . . : 60% . . ' . r
2000 3000 4000 5000 6000 7000 8000 2000 3000 4000 5000 6000 7000 8000
GHSV[1/h] GHSV[1/h]

Figure 4. (a) CH: conversion as a function of GHSV for the Ce_Ni and Ce/Zr_Ni catalysts. (b) H
yield as a function of GHSV for the Ce_Ni and Ce/Zr_Ni catalysts. The tests were conducted at T =
750 °C, P =1 atm, S/C =3.

As shown in Figure 4a, the Ce/Zr_Ni catalyst maintained a methane conversion close
to equilibrium (X¢j, = 100% at 750 °C, P =1 atm, S/C = 3) up to a GHSV of 7380 h™'. In
contrast, for the Ce_Ni catalyst, methane conversion decreased to 88% at a GHSV of 4920
h-'. As reported in Figure 4.b, both catalysts achieved a hydrogen yield of approximately
90% over the GHSV range investigated. Since Ce_Ni was not tested at higher GHSV values,

https://doi.org/10.3390/hydrogen7030111
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its behavior under more severe space velocity conditions cannot be directly assessed. The
catalyst synthesized using the same methodology was extensively characterized by SEM-
EDS analyses [36]. These studies confirmed the homogeneous distribution of Ni and pro-
moter species throughout the washcoat layer. Furthermore, BET surface area measure-
ments showed that the deposition of the washcoat increased the specific surface area (SSA)
from approximately 0.8 m? g to 19 m? g!, while the corresponding adsorption—desorp-
tion isotherms confirmed the mesoporous nature of the washcoat, which minimizes dif-
fusional resistance [32,36,37]. These structural properties provide a reasonable explana-
tion for the catalytic performance observed in the present study, demonstrating that the
catalyst remains effective even under high gas GHSV conditions despite the high void
fraction of the support. Intraparticle diffusion is confined to the washcoat and does not
occur within the SiC substrate, which has negligible accessible porosity [37]. In addition,
the washcoat thickness is only approximately 2040 um, providing a very short charac-
teristic diffusion length [38]. Such thin catalytic coatings are well known to substantially
reduce internal diffusion resistance compared with conventional pellet catalysts, in which
diffusion occurs over characteristic lengths of the order of millimeters. Therefore, internal
mass-transfer limitations are expected to be minimal under the investigated conditions
[39].

The catalyst containing zirconia showed superior performance, maintaining equilib-
rium even at high GHSV values, which confirms the higher catalytic activity of the Ce/Zr
system. Zirconia, in fact, improves oxygen mobility and reduces internal diffusion limita-
tions within the washcoat layer. This behavior is consistent with the power demand of the
reactor: for the Ce_Ni catalyst, power ranged from 392 to 432 W (for GHSV between 2460
and 4920 h-1), while for the Ce/Zr_Ni catalyst, power ranged from 352 to 448 W (for GHSV
between 2460 and 7380 h™), corresponding to a 6-10% lower energy demand compared
to the zirconia-free catalyst. The lower electrical power required by the Ce/Zr_Ni catalyst
to maintain the reaction temperature may be related to the enhanced redox properties of
the mixed oxide support. The incorporation of Zr promotes oxygen vacancy formation
and oxygen mobility, improving the Ni-support interaction and facilitating the activation
of reactants. Therefore, the same catalytic performance can be achieved with reduced ex-
ternal heat input [34,35,40].

The electrical efficiency factor of the experimental setup was obtained from Equation
(7) and was considered 1 = 0.493. This efficiency accounts for the energy losses through
the reactor insulation, which are significant in lab-scale systems. Therefore, the input
power was first corrected using electrical efficiency to consider only the power effectively
delivered to the reaction. Subsequently, to provide a more realistic estimation of catalyst
performance upon scale-up, the energy consumption for the following evaluations was
recalculated using an electrical efficiency of 1 = 0.9, representative of typical industrial
electric reactors [41-43].

Figure 5 shows the estimated specific energy consumption per Nm? of hydrogen pro-
duced as a function of GHSV for the two catalysts under scaled-up electrical efficiency
assumptions. For the Ce_Ni catalyst, the specific energy consumption reaches a minimum
value of 3.15 kWh/Nm? Hz at a GHSV of 4920 h!, while for the zirconia-containing catalyst,
the minimum specific energy consumption is 2.06 kWh/Nm? Hz at a GHSV of 7380 h-'.
This value represents a promising result, as it is consistent with competitive values re-
ported in the literature for similar conditions in eSMR applications [44]. It is important to
notice that the electrical power used for the SEC calculation was determined from the
measured voltage and current of the transformer supplying the reactor furnace. Therefore,
the reported power refers only to the reactor and does not include the power consumption
of the steam generator, gas preheaters, heated transfer lines, cooling system, or other aux-
iliary units. A complete assessment of the overall electrical consumption of the laboratory

https://doi.org/10.3390/hydrogen7030111
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Specific energy consumption

[kWh/Nm3 H2]

unit would require the measurement of additional auxiliary loads, which were not in-
cluded in the present SEC calculation.

1

@ Ce Ni
[ <&+ CelZr Ni

2000 3000 4000 5000 6000 7000 8000

GHSV [1/h]

Figure 5. Estimated specific energy consumption as a function of GHSV for the Ce_Ni and Ce/Zr_Ni
catalysts under scaled-up electrical efficiency assumptions ( = 0.9). The tests were conducted at T
=750 °C,P=1atm, S5/C=3.

When comparing the thermal efficiency (1;y,), calculated according to Equation (9), a
value of 57% was obtained at a GHSV of 4920 h™' for the Ce_Ni catalyst, whereas the
Ce/Zr_Ni catalyst achieved a thermal efficiency of 67% under the same operating condi-
tions. Furthermore, increasing the GHSV to 7380 h™! resulted in a thermal efficiency of 75%
for the Ce/Zr_Ni catalyst. In addition, radial thermal gradients within the reactor re-
mained below 10 °C, and no microscopic signs of coke formation were observed even after
several hours of operation. For comparison, conventional fired steam reformers employ-
ing packed-bed alumina pellet catalysts typically exhibit radial temperature differences in
the order of 60 °C due to the limited effective thermal conductivity of the packed bed and
the inefficient heat transfer from the external furnace through radiation [45]. It should be
noted that this comparison involves a laboratory-scale electrically heated reactor and in-
dustrial-scale furnace tubes with substantially different geometries and dimensions.
Therefore, the comparison should be regarded as qualitative, highlighting the potential of
electrified SiC foam reactors to improve temperature uniformity rather than representing
a direct quantitative comparison. These results strongly support the hypothesis that im-
proving heat transport within the catalytic bed using thermally conductive structures
such as SiC significantly enhances catalytic activity. For comparison, the main results of
the two catalysts at GHSV 4920 h' are reported in Table 2.

Table 2. Main results of the two tested catalysts at fixed values of GHSV 4920 h™', T =750 °C, P=1

atm, S/C = 3. The reported values are intended for direct comparison between catalyst formulations.

Catalyst
Ce_Ni
Ce/Zr_Ni

Xch,
0.90
0.97

Yy, Measured Power [W] Nen SEC [kWh/Nm?]
0.89 432 0.57 3.15
0.89 392 0.67 2.55
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The tested GHSV may appear lower than those typically adopted in conventional
reformers; however, a direct comparison is challenging due to the significant differences
between structured OCF catalysts and commercial pellet-based catalyst beds. The lower
GHSYV is mainly attributed to the high void fraction of the OCF (0.85 compared with 0.3—
0.4 for packed pellet beds), which results in a lower catalyst volume per reactor volume.
In fact, when comparing the catalytic loading, the reactor achieved equilibrium despite
the significantly lower amount of catalyst employed; the bulk density of the foams was
approximately 639 kgca/m? (referred to the empty reactor volume), while the commercial
nickel catalyst, supported on alumina pellets, is typically in the range between 800 and
1300 kgeat/m? [10,46]. This enables the use of a lower catalyst amount within the same re-
actor volume, potentially allowing the development of more compact and intensified re-
former designs. Additionally, compared to packed beds with pellets, the highly porous
monolithic support reduces pressure drops, which is an important feature when a low-
pressure gas like biomethane is used as feedstock. Therefore, structured catalytic systems
could overcome the strong economies of scale that have traditionally favored large-scale
conventional reformers. As a result, these intensified reactors may become economically
attractive for decentralized hydrogen production from sustainable feedstocks, such as bi-
omethane, which are typically available at smaller production scales compared with nat-
ural gas.

3.2. XRD Analyses

XRD analyses were performed on both fresh and spent catalysts. These analyses pro-
vide information on the crystalline phases and structural features of the materials and
allow the evaluation of the successful outcome of the washcoating procedure. Further-
more, the characterization of the spent catalysts enables the identification of possible
structural modifications induced by prolonged exposure to high temperatures and reac-
tion conditions. The XRD patterns are reported in Figure 6.

— Fresh Ce_Ni
Fresh Ce/Zr_Ni
—— SpentCe/Zr_NI

)
N
=]
o

150 A

Intensity (a.u.

o *B-SiC

% a-SiC

+Y-Alumina

m CeO,

© Ce,25Zr0.750

® Modified Ce, ,52r; 750,
¢ NiO

Z Ni

20 30 40 50 60 70 80
28 (%)

Figure 6. XRD analysis of the catalyst before and after the experiments.

The main diffraction peaks observed in the range between 33° and 36° and the reflec-
tion at approximately 60.1° are attributed to 3-5iC, which represents the main component
of the support structure. Additionally, a diffraction peak at around 37.5° can be assigned
to a-SiC, possibly related to structural defects or local rearrangements commonly ob-
served in commercial OCF supports.
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Regarding the Ce_Ni catalyst, the characteristic reflections of the fluorite CeO: struc-
ture are observed at 28.5° (111), 33.1° (200), 56.3° (311), 59.1° (222), and 76.7° (331). Similar
reflections are also detected for the Ce/Zr_Ni catalyst, with a slight shift toward higher
diffraction angles, suggesting the incorporation of Zr* into the CeO: lattice and the for-
mation of a Ce-Zr-O fluorite-type structure [47]. The diffraction peaks associated with
NiO are also identified at 37.2° (111) and 43.3° (200), confirming the presence of oxidized
nickel species in the fresh catalysts.

After catalytic testing, the diffraction features associated with SiC and y-Al2Os remain
essentially unchanged, indicating the structural stability of the support under reforming
conditions. Moreover, no significant variation is observed in the 20-30° region, particu-
larly around 26°, which is commonly associated with the (002) reflection of graphitic car-
bon. This confirms the absence of detectable crystalline carbon deposits after prolonged
catalytic operation. However, the possible presence of amorphous carbon deposits cannot
be excluded based solely on XRD analysis and would require complementary characteri-
zation techniques, such as RAMAN. Additional diffraction peaks observed in the spent
catalysts at approximately 44.5° (111), 51.8° (200), and 76.4° (220) are attributed to metallic
Ni. These reflections confirm the effective reduction of oxidized nickel species after the
reduction procedure and the formation of metallic Ni, which represents the active phase
for the reforming reaction.

Finally, the appearance of an additional diffraction peak at 20 = 30.3° in the spent
catalyst indicates that the Ceo25Zro7502 phase potentially underwent structural modifica-
tions during catalytic operation, as suggested in the literature [48,49]. This reflection can
be associated with the formation of a Zr-enriched fluorite-type Ce-Zr-O structure result-
ing from lattice contraction, which is induced by the incorporation of Zr* into the CeO:
framework [49]. The shift/reorganization of the mixed oxide structure observed may also
be related to the generation of oxygen vacancies and the partial reduction of Ce* to Ce3*
under reaction conditions [48]. These potential structural changes emphasize the dynamic
role of the Ceo25Zro7502 phase as a redox-active precursor during the reaction. In fact, ox-
ygen mobility and reversible Ce*/Ce% transformations promote reactant activation and
carbonaceous species removal. Therefore, the modified diffraction pattern of the spent
catalyst indicates the evolution of the Ce-Zr-O phase under catalytic conditions.

4. Conclusions

This work focused on the development of optimized structured catalysts for electri-
fied steam methane reforming (eSMR) operating under conditions representative of bio-
methane-fed systems. Two structured catalysts were prepared on SiC OCFs by washcoat-
ing: 30 wt.% Al2Os_30 wt.% CeO2_20 wt.%Ni and 30 wt.% Al20s_30 wt.% Ceo25Zr07502_20
wt.%Ni formulations; these catalytic systems were experimentally evaluated in a labora-
tory-scale electrically heated reformer, where heat was indirectly supplied through an ex-
ternal resistance for the Joule-heating system. The high thermal conductivity of the SiC
structured support ensured efficient heat transfer throughout the reactor, limiting radial
temperature gradients to below 10 °C and promoting a more homogeneous catalyst tem-
perature. The incorporation of Zr as a promoter further improved the catalytic perfor-
mance, allowing equilibrium methane conversion to be maintained at GHSV values above
7000 h™' while reducing the specific electrical energy consumption by 6-10% compared
with the CeOz-based catalyst. The beneficial role of the Ceo2sZro7502 was also supported
by the XRD characterization of the spent catalyst, as it shows a modified Ce-Zr—O diffrac-
tion, suggesting that the mixed oxide potentially underwent structural evolution under
reaction conditions. Such behavior is consistent with the well-known redox nature of Ce—
Zr oxides, the high oxygen mobility and reversible structural rearrangements of which
promote the activation of reactants and contribute to preserving the catalytic activity by
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enhancing oxygen transfer at the catalyst surface. Future work will include a more com-
prehensive physicochemical characterization of the catalysts to further elucidate the role
of Ce and Ce—Zr promoters. In particular, Raman spectroscopy will be employed to inves-
tigate carbon deposition and coke structure after reactions, while X-ray photoelectron
spectroscopy (XPS) will be used to examine the surface chemical states of the active spe-
cies and promoters. The measured specific electrical energy consumption was in good
agreement with values reported in the literature for comparable electrified reforming sys-
tems. The best performance was achieved with the Ce/Zr_Ni catalyst at a GHSV of 7380
h1, corresponding to a specific energy consumption of 2.06 kWh Nm= H: projected for
industrial-scale efficiency of 0.9.

Overall, the obtained results demonstrate that the combination of highly conductive
SiC structured supports with Ce-Zr-promoted Ni catalysts represents an effective strat-
egy for improving both the catalytic and thermal performance of electrified steam me-
thane reforming. The power-to-chemical energy conversion factor of the reactor can po-
tentially be increased to 7., > 0.75 after scale-up, which represents a relevant efficiency
target when compared with other power-to-fuel technologies such as water electrolysis.
Future developments should include extended time-on-stream stability tests to evaluate
the long-term durability of the catalyst under continuous operating conditions together
with a more comprehensive physicochemical characterization of the catalyst using com-
plementary techniques (e.g., BET surface area analysis, SEM-EDS, and TEM). Beyond the
improved catalytic activity and reduced electrical energy demand, the proposed configu-
ration is particularly well suited for decentralized and small-scale hydrogen production
from biomethane, where high energy efficiency, compact reactor design, low-pressure
drops and operational flexibility are essential requirements. This makes the electrification
of industrial chemical processes a promising solution for contributing to the transition
towards the production of low-carbon hydrogen.
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