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Abstract
The internal reforming of biogas, a mixture containing carbon dioxide (CO2) and methane (CH4),
in solid oxide and solid proton conducting fuel cells (SOFCs, SPCFCs) is a sustainable and efficient
method to produce syngas (H2 + CO) in combination with highly efficient electrical power
generation. Reforming processes convert biogas into syngas by steam reforming, dry reforming, or
partial oxidation, which then undergoes electrochemical reactions in the SOFCs/SPCFCs to
produce electricity and heat. The dry methane reforming process of the anthropogenic greenhouse
gases CH4 and CO2 into biogas can result in co-generation of electrical power and syngas mixtures
of CO:H2 relevant for large-scale industrial processes like the Fischer–Tropsch process. Herein, a
short review of promising developments in the literature concerning the internal dry reforming of
biogas (CH4 and CO2) in oxygen-ion conducting and proton-conducting fuel cells is provided.
The thermodynamics of different reforming processes, the advantages, disadvantages, and the
fundamental electrochemical processes in SOFCs and SPCFCs are discussed comprehensively and
comparatively. In addition, this article aims to provide a perspective on current gaps and possible
future research efforts.

1. Introduction

Hydrogen (H2) is a promising alternative to fossil fuels due to its high calorific value, high energy density,
and naturally abundant occurrence. It can be stored by compression or liquefaction as a fuel for later use in
combustion engines or turbines in the transportation sector [1]. The chemical industry used 53 Mt of H2 in
2022 as a sustainable feedstock to produce essential platform chemicals such as ammonia (60%), methanol
(30%), and synthetic fuels. Ten percent of hydrogen was used as a reducing agent in steel and iron sectors as
well as for the processing of cement, ceramics, aluminum, and copper [2]. The varied production pathways
of hydrogen include technologies such as unabated coal gasification (21%) and as a byproduct of the
petrochemical naphtha reforming process (16%). The primary source of large-scale hydrogen production in
2022 was methane steam reforming (MSR), which accounted for 62% of the global hydrogen production.
MSR is a mature and commercially established process operated between 700 ◦C and 1000 ◦C at 15–50 bar,
during which methane reacts endothermically with steam to produce hydrogen and carbon monoxide in the
ratio 3:1 as given in equation (1). This gas mixture of CO and H2 is referred to as syngas and the carbon
monoxide reacts in the second process step in the exothermic equilibrium water–gas shift (WGS) reaction
with steam to carbon dioxide (equation (2)) [3]. The reaction equilibrium can be driven to theWGS products
by adding steam to the gas stream at the inlet of the shift reactor to obtain the desired product ratios,

CH4(g) +H2O(g) → 3H2(g) +CO(g) ∆H800◦C = +206kJ ·mol−1 (1)

CO(g) +H2O(g) ⇋ CO2(g) +H2(g) ∆H800◦C = −41kJ ·mol−1 (2)

© 2025 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/2515-7655/adba88
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7655/adba88&domain=pdf&date_stamp=2025-3-14
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-9627-7121
https://orcid.org/0000-0002-4261-4508
https://orcid.org/0000-0002-4703-3155
https://orcid.org/0009-0008-9920-1262
https://orcid.org/0000-0001-6908-1214
https://orcid.org/0000-0001-9157-2722
https://orcid.org/0000-0002-0013-6325
mailto:v.vibhu@fz-juelich.de


J. Phys. Energy 7 (2025) 021002 S E Wolf et al

Table 1. Typical components of landfill biogas and natural gas. Reprinted from [6], Copyright (2014), with permission from Elsevier.

Component Unit Natural gas Landfill biogas

CH4 vol% 81–89 30–65
CO2 vol% 0.67–1 25–47
N2 vol% 0.28–14 <1–17
O2 vol% 0 <1–3
H2 vol% NA 0–3
Higher hydrocarbons vol% 3.5–9.4 NA
H2S, NH3 ppm NA 0–500
Total chlorines mg·Nm−3 NA 0.3–225
Siloxane mg·g-dry−1 NA <0.3–36

Figure 1. Schematic process scheme for the biogas utilization in an SOFC system integrated into the value chain.

The partial oxidation of methane is an exothermic reaction given in equation (3) can be combined with
MSR to increase the thermal conversion efficiency of H2 and is subsequently called auto-thermal reforming,

CH4(g) +
1

2
O2(g) → 2H2(g) +CO(g) ∆H800◦C =−38 kJ ·mol−1 (3)

Using natural and renewable resources, such as biogas from biomass, could lead to carbon dioxide
(CO2)-negative syngas mixtures and thus green hydrogen production. The biomass may be converted to
biogas via biological degradation, which gives a product gas mixture composed of methane (CH4), carbon
dioxide (CO2), nitrogen (N2), oxygen (O2), and H2, as well as traces of ammonia (NH3), higher order
hydrocarbons (CxH2x+ 2), e.g. ethane (C2H6), and contaminants such as sulfur, chlorides, and siloxanes
depending on the production process (table 1) [4–6]. The subsequent catalytic reforming process gives the
gaseous product syngas and high-purity H2. Carrying out the reforming process in a fuel cell system enables
the subsequent conversion of H2 and CO to H2O and CO2, thereby generating electrical power. Combining
this highly flexible and efficient power generation process with the production of valuable gaseous
intermediates, such as CO and H2, increases the system’s efficiency. Remaining product gases can be used, for
example, in the Fischer–Tropsch synthesis to produce ethanol or liquid hydrocarbons to be used as synthetic
fuels [7]. A schematic example of a process scheme containing the listed applications above is shown in
figure 1.

The dry methane reforming process (DMR) has gathered increased interest in the last years due to the
possibility of simultaneously converting the anthropogenic greenhouse gases CH4 and CO2 into valuable
syngas mixtures of CO:H2 in the 1:1 ratio relevant for the large-scale industrial Fischer–Tropsch process and
the downstream processes such as the oxo-synthesis of alcohols and aldehydes (equation (4)) [8]. The CO2

contained in the biogas does not have to be separated in an elaborate process from the CH4 to be
processed [9],

CH4(g) + CO2(g) → 2H2(g) + 2CO(g) ∆H800◦C =+247 kJ ·mol−1 (4)

As CO2 is a thermodynamically stable oxidizing agent, its use in the DMR leads to a highly endothermic
reaction that necessitates higher reaction temperatures than steam reforming or partial methane oxidation.
The endothermic and reversible reforming reaction of CH4, as given in equation (4), starts around 350 ◦C
with the selectivity favoring the formation of steam and carbon as shown in figure 2 [10].
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Figure 2. Thermodynamic equilibrium calculated for the composition of 1 kmol of CH4 and CO2 at 1 atm by HSC Chemistry 7.1.
Reprinted from [10], Copyright (2013), with permission from Elsevier.

With increased operating temperature, the selectivity shifts toward the formation of syngas and is mostly
favored above 727 ◦C. The reverse water gas shift reaction (RWGS) additionally shifts the syngas selectivity to
H2/CO< 1 and increases the unavoidable formation of the side product steam between 400 ◦C and
820 ◦C [11].

Among other side reactions, the reactions that produce carbon are given by equations (5)–(8), and
include the decomposition of CH4, which dissociates completely to form carbon on the catalyst surface,
thereby producing H2 and taking place above 557 ◦C (equation (7)). The Boudouard reaction is known to
occur below 700 ◦C and describes the CO disproportionation reaction to CO2 and surface carbon. With
increased temperatures, the thermodynamic formation of carbon becomes less favored until almost no
carbon is observed at around 900 ◦C [12, 13]. These side reactions necessitate high operating temperatures
for the dry reforming of methane (DRM) above 820 ◦C, to enhance the syngas reaction selectivity while
minimizing the impact of the RWGS steam formation [10, 12, 13] and to avoid the range for maximum
carbon deposition reported (557 ◦C–700 ◦C). The magnitude of side reactions can be influenced by selecting
the optimal reaction temperature, the feed gas ratio, and operating pressure [13, 14],

Hydrogenation

CO2(g) + 2H2(g) ⇌ C(s) + 2H2O(g) ∆H800◦C = −134kJ ·mol−1 (5)

CO(g) +H2(g) ⇌ C(s) +H2O(g) ∆H800◦C = −175kJ ·mol−1 (6)

Decomposition

CH4(g) ⇌ C(s) + 2H2(g) ∆H800◦C = +75kJ ·mol−1 (7)

Disproportionation

2CO(g) ⇌ C(s) +CO2(g) ∆H800◦C = −172kJ ·mol−1 (8)

The DMR process is not considered a mature and fully developed industrial process yet, regardless of the
evident economic and environmental advantages of reprocessing CH4 and CO2 to produce syngas. High
operating temperatures are required to avoid thermodynamically favored side reactions, and the catalysts
under consideration must withstand thermal sintering and subsequent catalyst deactivation [15–18]. Noble
metal catalysts such as Ru, Rh, Ir, Pt, and Pd have been investigated intensively due to their known catalytic
activity in heterogeneous chemistry reactions and high carbon deposition resistivity [19, 20]. However, the
prevalent use in scale-up applications is limited due to high investment costs. Thus, the transition metals Ni
and Co have been considered for their high coke-formation resistance and catalytic activity [21]. To address
the challenges of stability and catalytic activity, several design strategies have been employed. Bimetallic
noble-metal–Ni catalysts have been tested to increase the Ni particles dispersion and avoid agglomeration
[22–25]. The performance and robustness of transition metal catalysts, e.g. Ni, have been modified by
employing support oxides such as rare earth oxides, Al2O3, CeO2, YSZ (8 mol%Y2O3–ZrO2), Nb2O5, TiO2,
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ZrO2, La2O3, Y2O3, as well as combined versions [26]. The support oxides’ highly mobile lattice oxygen ions
(O2−) and their surface vacancies led to bifunctional reaction pathways, which enhanced the catalytic
performance and had beneficial effects on long-term stability.

Despite significant progress regarding catalyst design, developing highly efficient catalysts with high
activity and long-term stability remains a considerable challenge. Moreover, the high energy demand for the
endothermic reforming reaction has to be considered when integrating the process into existing industrial
facilities. The utilization of internal biogas reforming in fuel cells is an efficient and economical direct way to
convert chemical energy in the form of fuels into electrical power, bypassing the Carnot limitations [27].

2. Solid oxide fuel cells (SOFCs)

SOFCs are gaining increased interest due to their rapidly growing entry into the commercial market. These
ceramic oxide-based cells convert hydrocarbon-containing fuels into electrical power or syngas, depending
on the operating conditions [28–30]. High fuel flexibility enables the utilization of biogas, natural gas, as well
as gas streams containing CH4, CO2, CO, H2, and H2O. During the reaction technical efficiencies of up to
100% can be achieved due to favorable thermodynamics and reaction kinetics at operating temperatures
between 650 ◦C and 900 ◦C [7]. The high operating temperatures are ideal for DMR utilizing captured CO2

to produce syngas from biogas (carbon capture utilization) and generate electrical power [31–33].
A schematic illustration of the working principles is depicted in figure 3 for the use of H2/H2O and

CH4/CO2 input feeds, respectively. The cell is composed of two porous ionic–electronic-conducting
electrodes and an ionic conducting electrolyte in between. At the air electrode, the oxygen molecules are
reduced to oxygen ions, which then migrate through the electrolyte to the fuel electrode,

1

2
O2(g) + e− →O2− (9)

At the fuel electrode during the direct internal reforming of biogas (CH4 and CO2), the CO2 acts as an
oxidizing agent. The oxidation of CH4 is based on several possible dissociation and oxidation steps according
to the methane combustion mechanism, forming radicals, which result in the formation of CO and H2 [34].
There are several ways to form H2 and CO and possible reaction pathways are described in the following
equations.

According to equation (10), CH4 can react with an impact partner M′ to give the radicals CH◦
3 and H◦.

CH4(g) + M ′ → CH◦
3 + H◦ (10)

The dissociation of CO2 can result in CO and an oxide radical O◦ (equation (11)). Another possibility is
the reaction of CO2 with the H◦ radical, which results in the formation of steam and an oxide radical
(equations (12) and (13)),

CO2(g) → CO(g) + O◦ (11)

CO2(g) +H◦ → CO(g) + OH◦ (12)

OH◦ + OH◦ →H2O(g) + O◦ (13)

The oxide radical oxidizes the CH◦
3 radical and initiates the conversion to CO and H2.

CH◦
3 +O◦ → CH2O(g) + H◦ (14)

CH2O(g) + H◦ → CHO◦ + H2(g) (15)

CHO◦ +H◦ → CO(g) +H2(g) (16)

The fuel gas stream in the SOFC operated with a feed gas of CH4 and CO2 contains therefore H2 and CO.
The O2− ions that previously migrated from the air to the fuel electrode side, now react in an exothermic
oxidation reaction with H2 and CO, as shown in figure 3, to give steam (H2O) and CO2 as the end-products.
During these oxidation reactions, electric current is released in the form of electrons. The generated electrical
power can be subsequently used in the electrification of sectors such as mobility, residential heating and
cooling, as well as industrial production,

H2(g) + O2− →H2O(g) + 2e− (17)

CO(g) +O2− → CO2(g) + 2e− (18)

In methane reforming, Ni-based materials are widely used catalysts, which play a critical role in
facilitating the conversion of methane to syngas. Their prevalent role also extends to SOFCs, where
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Figure 3. Schematic comparison of the functional principles in solid oxide and solid proton-conducting cells, showing the
electrochemical reactions in fuel cell (SOFC, SPCFC) and electrolysis (SOEC, SPCEC) mode for (A) operation in H2/H2O and
(B) CH4/CO2 input gas streams.

Ni-cermets (ceramic metals) are valued as electrodes for fuel conversion due to their high catalytic activity
and excellent electronic conductivity. Ni-8YSZ (8 mol% yttria-stabilized zirconia) and Ni-GDC
(gadolinium-doped ceria, Ce0.8Gd0.2O1.9) are the most commonly employed fuel electrode materials in solid
oxide cells (SOCs). While YSZ and GDC exhibit high ionic conductivity, Ni grants high electronic
conductivity to the composite electrode materials. At the triple-phase boundary (TPB), the fuel gas reacts
with the O2− migrating from the air electrode to produce electronic power. Currently, mixed ionic and
electronic conducting cobalt-based lanthanum strontium perovskites such as La0.6Sr0.4CoO3− δ and
La0.6Sr0.4Co0.2Fe0.8O3− δ (LSC(F)) are used for the oxygen reduction reaction due to their advantageous
oxygen diffusion properties and electronic (σe) and ionic (σi) conductivities in air as well as their higher
oxygen permeability [35]. In addition to their use as fuel cells, high-temperature SOCs can also be operated
in reverse as solid oxide electrolysis cells (SOECs) or in a mixed mode [3]. When operating as an SOEC, the
electrochemical reactions are reversed: fuel gases are reduced at the Ni-cermet electrode, and oxygen is
produced at the air electrode. This process allows the conversion of electrical power to syngas from gas
mixtures containing various gaseous reactants, e.g. H2O, H2, CH4, CO, and CO2. When operated as an SOEC
with CH4/CO2 gas input streams, the internal reforming reaction leads to an operating feed gas mixture of
mainly H2 and CO identical to the SOFC operation. However, the operation in SOEC mode allows the
tailoring of the syngas produced from the system by reducing the remaining CO2 to CO as shown in figure 3.

Several reviews have been written in detail on the employed state-of-the-art fuel and air electrode
materials [36, 37], their fabrication methods [38, 39], as well as the ongoing material development research
[3, 40, 41]. Therefore, the authors will not go into more detail.

Current research regarding the internal dry reforming of CH4 and CO2 is investigated on a cell level to
demonstrate the mechanical feasibility and optimize the parameters impacting fuel conversion selectivity
and reaction rate. The operating parameters examined include temperature, gas composition, and current
density. An increase in temperature has been shown to lead to a higher conversion efficiency of CH4 in
dry-reforming [42]. This is based on the thermodynamics of the endothermic reaction and the higher chance
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of carbon removal at elevated operating temperatures (figure 2). Both experimental and theoretical
investigations on the catalytic properties of Ni-YSZ fuel electrodes have shown that conversion of CH4/CO2

starts at around 450 ◦C. Up to 620 ◦C, the dry reforming and the RWGS reaction ensure the syngas
production, whereby the CO production is steeper than for H2. Above 620 ◦C, the relative CH4 conversion
reaches around 90%. In this temperature region, the conversion to CO increases continuously, while the
concentration of H2 decreases slightly. The effect of current density on the DRM reaction shows a similar
trend. With increasing current density and thus increasing the number of electrons, the electrochemical
activity of the catalyst and the conversion rate increase irrespective of temperature and feed gas
composition [42].

An in-depth investigation of the CH4/CO2 ratio on the dry reforming reaction showed increasing
conversion efficiency with decreasing partial pressures of CH4. For a feed gas ratio of CH4/CO2 = 1.5, an
efficiency of around 17% percent was observed. This increased to 22% when switching to a ratio of
CH4/CO2 = 0.5. This trend was attributed to the gas distribution and the increase of unwanted side reactions
of CH4 at high pCH4 as well as catalyst saturation. Low feed gas ratios of CH4/CO2, on the other hand, with
an increased partial pressure of the oxidant CO2 shift the reaction equilibrium to the formation of syngas
[43–46]. Nevertheless, a positive impact of the CH4/CO2 ratio was observed for the DRM reaction rate with a
maximum around RCH4/CO2 = 1.5, which was attributed to the adsorption competition of CH4 and CO2 at
the catalyst surface [42]. Several researchers suggested a ratio of 1:1 for CH4 and CO2 as the optimal feed gas
composition [42, 47]. An in-depth study of electrical power production and its dependence on the methane
content in biogas has shown that the maximum power production occurs at 45% methane. This corresponds
to the maximum production of H2 and CO by internal dry reforming [48].

The direct use of CH4 in an SOFC has been extensively studied and various systems have been proposed.
The behavior of planar SOFCs supplied with simulated biogas compositions, namely bio-hydrogen (bio-H2)
and bio-CH4, from anaerobic digestion was investigated [49]. The internal reforming reaction was stable
under the current load of 0.5 A·cm−2 for the anode-supported cell and 0.3 A·cm−2 for the
electrolyte-supported cell at 800 ◦C for 50 h. The evaluation of three configurations combining biogas-fueled
SOFC micro Combined Heat and Power (micro-CHP) systems for residential applications included anode
gas recirculation, steam reforming, and partial oxidation [50]. The study included the analysis of cell
operating voltage, fuel utilization, CHP efficiency, biogas fuel composition, and excess air for stack
temperature control. The results showed that these systems have significant potential to generate additional
electricity, particularly if the partial oxidation system is integrated with other power generation equipment
and optimized accordingly. Experimental and theoretical approaches were employed to investigate the direct
dry-reforming of biogas and with CO2 -lean to CO2 -rich conditions on Ni-based SOFC anodes [51].
Reforming kinetics were incorporated into the model to predict the gas composition profile along the fuel
channel. The model was validated using experimentally derived polarization curves. The co-generation of
electricity and syngas from methane was investigated by incorporating dendrite pore channels in the
Ni/CeO2-Al2O3 catalyst, thereby increasing the performance by 25% to 1.04 W·cm−2 at 800 ◦C with 25%
CH4/Ar fuel gas [52].

In addition to the advantageous fuel flexibility, SOFCs exhibit easy cell stack manufacturability without
the disadvantage of operating with corrosive liquids as used in low-temperature proton exchange-membrane
fuel cells. Nevertheless, high operating temperatures above 650 ◦C are detrimental to the cell materials and
other essential system components such as interconnects, sealants, and coatings. Hence, scientific research is
attempting to lower the fuel cell operating temperature below 700 ◦C. As this drastically increases the
resistivity of the electrodes and the electrolyte, due to the hindered ion conducting mechanism and the
drastically handicapped thermally activated processes, new materials have to be considered to address the
future challenges of SOFCs [53]. One strategy to lower the operating temperature is to switch the material
class from oxygen ion-conducting ceramics to proton-conducting materials.

In summary, SOFCs operated above 650 ◦C are currently being investigated for the internal dry
reforming of biogas using experimental and theoretical approaches mostly on a cell level to demonstrate
feasibility and optimize parameters such as temperature, gas composition, and current density for high fuel
conversion, product selectivity, and an optimized reaction rate. Ni-based materials are widely used catalysts,
which play a critical role in facilitating the conversion of methane to syngas. Different modeling approaches
for SOFC systems have been employed to assess the potential for electricity generation and to investigate
different gas composition profiles.

3. Proton conducting ceramic cells

Solid proton conducting fuel cells (SPCFCs) are based on proton-conducting electrolytes and electrode
materials that enable high cell efficiencies at intermediate operating temperatures of 400 ◦C–650 ◦C due to
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faster proton conduction and lower activation energy for bulk proton transfer (0.3–0.5 eV) compared to
oxygen ion conduction (0.8–0.9 eV) [54, 55]. The charge carriers in the typical Y-doped BaZrO3–BaCeO3

materials [56], i.e. BaZr1− x− yCexYyO3− δ (BZCY), are protons, electron holes, and oxygen ions depending
on the material composition, the operating temperature, and the gas atmosphere. Promising electrolyte
materials include BaCe0.7Zr0.1Y0.1Yb0.1O3− δ (BCZYYb7111) [57] and BaCe0.4Zr0.4Y0.1Yb0.1O3− δ

(BCZYYb4411) [58]. The high ceria content facilitates high proton conductivity and good sinterability based
on the relatively high basicity of ceria compared to zirconia. In contrast, high levels of zirconia result in
greater chemical stability in steam-containing gas streams due to the relatively high acidity [55, 59]. Several
promising candidates have been identified as air electrode materials, including BaCo0.4Fe0.4Zr0.1Y0.1O3− δ

(BCFZY) [57], PrBa0.5Sr0.5Co1.5Fe0.5O6− δ (PBSCF) [60], Ba0.5Sr0.5Co0.8Fe0.2O3− δ (BSCF) [61] or
Pr2NiO4+ δ (PNO) [55]. Ni-based cermets are considered for the fuel electrode, combining the Ni metal
particles with a proton-conducting electrolyte material as seen in SOFCs [62].

Electron holes are formed by oxygen incorporation in the perovskite lattice given by the endothermal
reaction in equation (19). The electron–hole prevalence causes electron leakages through the electrolyte layer
and lowers the faradaic efficiency compared to high-temperature SOFCs. With increased operating
temperature, the electron–hole formation is enhanced, however, predominantly observed in electrolysis
mode and minimal for SPCFCs [63, 64].

1

2
O2(g) + V··

O ⇋ Ox
O + 2h· (19)

Protonic conductivity is enhanced by B-site doping with suitable trivalent elements such as Y, Nd, Sm,
Yb, or Gd. This leads to the formation of oxygen-ion vacancies, which play a crucial role in the formation of
mobile protons. In SPCFCs, as shown in figure 3, hydrogen is supplied to the fuel electrode and dissociates
into protons (H+) and electrons (e−) (equation (13)). A covalent bond is formed between the lattice oxygen
and the proton, thereby enabling thermally activated proton migration through the electrolyte to the air
electrode. There, the protons react with oxygen ions to form steam (equation (14)),

H2(g) → 2H+ + 2e− (20)

1

2
O2(g) + 2H+ + 2e− →H2O(g) (21)

In contrast to SOFCs, SPCFCs use dry fuel gas, which reduces the metal substrate corrosion caused by the
relatively high steam concentrations in SOFCs. This difference can improve the long-term stability of
metal-supported SPCFCs, for example, and reduce the dependence on critical raw materials [65].
Characteristically, steam is produced in SPCFCs at the cathode, air electrode side, which leaves the products
on the fuel electrode side undiluted.

Research into direct methane conversion in SPCFCs has been focused on the use of humidified methane
[66–68]. However, recent studies have shown promising results with dry methane using button cells [69, 70].
An emphasis is placed on improving Ni-cermet anode materials to increase catalytic activity and reduce
electrode poisoning and/or fouling, e.g. carbon deposition. To improve the catalytic properties of the anode,
self-assembled Ni-based bimetallic catalysts doped with small amounts of noble metals, such as Rh, Ru, and
Pd, have been proposed [71–74]. This strategy has facilitated high-performing electrode development with
improved stability and carbon deposition resistance. Further strategies to mitigate carbon deposition are
functionally graded anodes to suppress the cracking reaction [75] and the addition of an on-cell reforming
catalyst layer to reduce the exposure of the Ni-cermet to gaseous reactants like CH4 [69]. An example is the
Ni–Cu/Ni–Fe alloys (NCF)-BaZr0.1Ce0.7Y0.1Yb0.1O3− δ (BZCYYb) cermet layer on a conventional Ni-YSZ
anode, which was added to suppress carbon deposition during the short-term testing [76]. The catalytically
active NCF alloy was formed by reducing the Ni0.5Cu0.5Fe2O4 (NCFO) spinel. The BZCYYb backbone in the
NCF-BZCYYb layer has been added for increased adsorption of H2O and CO2 [77, 78].

The widely employed proton-conducting Y-doped BaCeO3 electrolyte has shown low chemical stability
in the CO2 atmosphere. Doped barium cerates with dopants such as Ti [79], Nb [80], and Zr [81] have been
investigated, to improve stability with varied results for the chemical stability and accompanied by decreased
proton conductivity [81]. The Zr-doped BaCeO3 has shown the best concession of chemical stability and
proton conductivity [82, 83]. To achieve the future goal of commercialized internal DRM in SPCFCs,
electrode development must be advanced, and cells at a bench scale will have to be manufactured and tested.

In summary, due to their fast proton conductivity, SPCFCs are operated at intermediate temperatures of
400 ◦C–650 ◦C, thereby avoiding the high operating temperatures employed in SOFC testing, which are
detrimental to the cell and system materials. Additionally, steam is produced at the cathode, air electrode
side, leaving the products on the fuel electrode side undiluted. Recent studies have mainly focused on
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improving the currently in-use Ni-based fuel electrode materials to overcome the limited catalytic activity,
mitigate carbon deposition, and further increase the sulfur tolerance of SPCFCs. However, the validation of
stability is mostly tested for less than 500 h.

4. Challenges and strategies

4.1. Microstructural degradation
The electrochemical reactions previously described for SOFCs and SPCFCs involved the transportation of
charge carriers through the conductive materials, e.g. electrons e− via the metallic Ni, and oxide ion O2−

transported via the YSZ matrix in the case of SOFCs. Severe microstructural changes of Ni-cermet fuel
electrodes in high-temperature SOFC and SOEC operations have been observed and related to performance
degradation in humidified and dry conditions. These Ni-YSZ fuel electrode degradation phenomena cause
the loss of electrochemically active TPB sites through particle coarsening and agglomeration of the Ni
particles, Ni migration, and reoxidation as shown in figure 4. The main factors facilitating these phenomena
include high operating temperatures, the gas composition, e.g. high humidity/steam partial pressure, and
applied polarization.

4.1.1. Ni agglomeration
The initial Ni-YSZ microstructure exhibits homogeneous distributed Ni particle distribution. During
operation, the average Ni particle size increases and the number of particles decreases. These changes in the
local Ni concentration have been attributed to an Ostwald ripening process driven by the surface energy
difference between smaller and larger Ni particles [3]. Aimed at minimizing the surface free energy, this
process results in larger particles growing at the expense of smaller ones via surface or gas phase diffusion,
which leads to microstructural coarsening. Furthermore, the Ni particle percolation loss results in the
reduction of electrochemically active TPB sites. Studies on internal methane reforming in SOFC have
suggested that the steam content plays a significant role in the coarsening of Ni particles. The investigation of
different H2O:CH4 ratios on Ni nanoparticles in powdered Ni-GDC cermet anodes has shown that the
sinter-probability increases under steam-rich conditions [84]. This phenomenon has also been observed at
intermediate operating temperatures around 600 ◦C, at which the total cell resistance increased from 0.96 to
1.25 Ω·cm2 after 100 h in 67% H2O/33% CH4 due to Ni particle agglomeration and reduced electrode
porosity [85]. However, anode-supported SOFCs with an Ni-8YSZ anode have also been reported to exhibit
aggregation and coarsening of Ni particles for dry gas CH4:CO2 mixtures with a ratio R< 1 [86].
Nevertheless, although the agglomeration or coarsening of Ni particles has been observed at high
temperatures and/or high humidity, independent of polarization, the agglomeration is more severe in
electrolysis mode [3, 87].

4.1.2. Ni migration
Independent of the polarization, Ni migration away from the electrolyte has been observed for Ni-YSZ
electrodes. One hypothesis describes the loss of electrochemical Ni–Ni contact, Ni coarsening, as the cause of
Ni migration. At high temperatures in steam containing atmosphere, gaseous Ni(OH)x species may migrate
away from the electrolyte to places where the Nix+ will be reduced to Ni metal. The Ni particle depletion
near the electrolyte results in poor connectivity between the electrolyte and the fuel electrode, which leads to
increased ohmic and polarization resistance. Ni migration is not limited to Ni(OH)x, since it occurs in dry
CO2/CO conditions as well [88]. Ni/YSZ cermet anode post-test observations suggested Ni depletion after
1000 h dry methane operation at 950 ◦C and a constant current density of 400 mA·cm−2 [89]. Several
hypotheses on the Ni migration mechanism for SOCs are currently being discussed [90–93]. Nevertheless,
the authors agree that the Ni migration, like the Ni agglomeration, is more severe in electrolysis mode or in
an atmosphere with a high steam content. Mogensen et al [90] formulated the hypothesis that the Ni
migration is an electrical potential facilitated mechanism in reversible SOC fuel electrodes taking place
through the surface and/or gas phase transportation of NiOH or Ni(OH)2 dependent on the reaction
conditions such as strongly positive or negative polarization and as a result of prior significant Ni–Ni contact
loss observed during Ni particle coarsening. As a fundamental consequence, the active TPB region at the still
electrically connected Ni particles moves further away from the dense YSZ electrolyte. An alternative
hypothesis by Jiao et al [93, 94] suggests that changes in the Ni contact angle cause local wettability. With
increasing humidity and decreasing contact angle, the authors observed Ni diffusion in SOFC.

4.1.3. Ni reoxidation
High partial pressures of H2O and/or CO2 as well as accumulated O2− ions at the TPB may cause Ni to
reoxidize to NiO [95]. This reaction coincides with material re-expansion and subsequent mechanical cell
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Figure 4.Microstructural changes observed for high-temperature Ni-YSZ fuel electrodes in SOCs.

damage, e.g. cracking and delamination of the SOFC fuel electrode, resulting ultimately in cell failure.
Therefore, to mitigate Ni reoxidation, the feed gas ratio of CH4 to CO2 has to be controlled [47, 85, 96].

4.2. Catalyst deactivation
The loss of catalyst activity is termed deactivation and occurs due to physical and chemical processes over
time. In addition to the discussed microstructural changes that are dependent on operation temperature and
gas composition, the main causes of deactivation include poisoning and coking/fouling of the electrode in
the DMR, which will be discussed in more detail in this chapter.

4.2.1. Carbon deposition
Carbon deposition and coking are challenges in SOFC or SOEC systems when using a
hydrocarbon-containing gas feedstock. Under direct DMR conditions, carbon deposition can take place due
to the decomposition of methane (equation (7)), the Boudouard reaction (equation (8)), and
nickel-catalyzed reactions [95, 97]. Carbon deposition is critical to the long-term stability of an SOFC system
as it can cause detrimental microstructural changes at the cell level. One consequence is mechanical stress,
which is induced as solid carbon forms in the Ni-YSZ fuel electrode. This can lead to fractures in the
microstructure and break the network connectivity leading to rapid and irreversible degradation [95, 98].
Another issue is the deactivation of active sites in the Ni-YSZ fuel electrode by a decrease in TPB length. Here
carbon is blocking the TPBs and hindering the electrochemical reaction leading to lower performances [97].
Furthermore, the nickel coarsening in the Ni-YSZ fuel electrode can be accelerated by coking leading to an
accelerated degradation [99].

The operating conditions of an SOFC system are majorly influencing the carbon deposition rate in DMR
conditions and will be discussed below. By increasing the temperature above 800 ◦C, reforming reactions are
favored compared to carbon deposition (cf figure 1). For a typical SOFC operation temperature of above
800 ◦C with a CH4 to CO2 ratio higher than 1, the risk of carbon deposition is theoretically low.

Another strategy to mitigate carbon deposition is tailoring the CH4 to CO2 ratio in the feed gas, which is
named R= CH4/CO2. Theoretically, an increase in the content of the dry reforming agent CO2 leads to a
reduced chance of carbon deposition (cf figure 1) [100]. However, in the literature, contradictory results are
published by several working groups. In the case of simulated biogas with R= 1.5 at 800 ◦C and under a
current load of 200 mA·cm−2, no carbon deposition was observed for an operation of 800 h [101]. This is
following another study that did not observe carbon deposition for an R-value as high as 1.7 at 800 ◦C and
without current [102]. In contrast, another study found carbon deposition at 850 ◦C for an R above 1 and no
carbon deposition for an R below 1 [47]. Even lower R values in the range of 0.5–0.75 have been suggested to
prevent carbon deposition and ensure a stable operation [103]. This is in line with other studies which
suggested R values of 0.55 and 0.67 [49, 104].

Another way to avoid carbon deposition is the injection of a small amount of steam into the feed gas.
Theoretically, H2O addition moves the operation conditions to the non-carbon deposition region as shown
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in figure 1. The same result can be achieved by adding oxygen. However, here the risk of nickel reoxidation in
the Ni-containing fuel electrode must be considered. Operating an SOFC with increased current density is
another strategy to lessen carbon deposition. The oxygen atom concentration at the fuel electrode is
increased which can shift the operation thermodynamically in the carbon deposition-free region.
Furthermore, one study claimed that deposited carbon is hydrogenated and removed from the fuel electrode
surface when applying high current densities [105]. In conclusion, the thermodynamics of carbon deposition
in DMR are well described and understood in the literature. However, the kinetics are still not well evaluated.
In addition, contradictory results are described in studies for the safe operation of an SOFC with DRM. Here
the authors think that an insufficient description of the working parameters e.g. conversion rates, feed gas
flow rates or residence, insufficient degradation times (under 1000 h) or insufficient post-test
characterization must be addressed in the future. Furthermore, the effect of N2 as a filling gas on the DRM
reaction in SOFC should be evaluated.

Further strategies for preventing carbon deposition are also described in the literature. One approach is
the verification or modification of the fuel electrode material. For instance, state-of-the-art Ni-YSZ and
Ni-GDC fuel electrodes can be modified to vary the Ni properties. Catalyst promoters can be used in the
form of a bi-metallic metal–Ni alloy with promoters such as Co, Cu, Sn, Pt, Pd, or other noble metals. Here,
an increase in H2 selectivity and a decrease in carbon deposition is favorable. A more detailed review of
catalyst modification for methane reforming in SOFC has been already published [95]. The catalysts are
evaluated in terms of performance and carbon resistance but not from a technical or economic point of view.
Furthermore, often only separated processes are investigated and not the overall processes of DMR and
SOFC operation combined.

The implementation of an additional internal reforming layer on top of the fuel electrode is another
strategy to mitigate carbon deposition. The investigation of a 3 wt.% Ru–Al2O3 layer on top of the Ni-YSZ
fuel electrode included only short-term degradation tests and missed a technical and economic evaluation
[106]. A more detailed description of the implementation of internal reforming layers can be found in [95].

4.2.2. Sulfur poisoning
Sulfur poisoning is known to be a critical issue in SOC operation leading to decreased stability and
degradation. The chemisorption mechanism is shown in equation (22) and is believed to be mainly
responsible for low sulfur concentrations:

H2S(g) → S(ads) +H2(g) (22)

Interestingly, the adsorption of sulfur is site-specific, thus only part of the Ni reaction sites are blocked
[107, 108]. This is used to explain the abrupt initial passivation and the later constant passivation seen in
sulfur-poisoned cells [107–109]. The passivation and deactivation are found to decrease with a decrease in
H2S concentration in the feed gas, an increase in current density, and an increase in operating temperature
[108, 110–112].

As previously mentioned, biogas is a promising feed gas for the DMR process in an SOFC system.
Interestingly, the passivation of sulfur poisoning is slower during dry reforming compared to wet reforming
conditions [113, 114]. Fortunately, sulfur passivation is reversible for the exposure of low H2S concentrations
in the feed gas [108, 109, 112]. However, at higher concentrations of H2S and bulk sulfidation, permanent
degradation is observed [115]. There are several options to handle sulfur poisoning. One option would be
the development of new catalysts/fuel electrodes. However, compatibility with the electrochemical
performance of an SOFC and the direct DMR must be considered especially for nickel-free electrode
materials. Another option is the treatment of feed gas e.g. biogas in a gas cleaning unit (GCU) [116]. A
detailed summary of the options for biogas cleaning can be found in [117].

4.2.3. Halogens and siloxanes
Other contaminants can be critical for the operation of an SOFC. Especially, for the direct utilization of
biogas in an SOFC system, siloxanes and halogenated compounds can be present in the inlet gas [118]. In
biogas, siloxane and halogen concentrations vary between 0.1 and 10 ppm, and thus like sulfur-containing
gas, a GCU must be applied. The effect of halogens on the operation of an SOFC is still not well understood.
For instance, in H2 rich atmosphere chlorine compounds are believed to decompose to HCl. HCl
contamination must be seen as critical for the operation of an SOFC as it is reported to lead to accelerated
degradation, however, far less detrimental than H2S [119, 120]. For now, it is believed that the effect of HCl
on the cell’s performance is reversible and a concentration of around 5000 ppb is required for an impact on
the stability [119, 121]. Other halogens have not been investigated in literature until now.

In the case of siloxanes, the amount of 10 ppb already has an impact on the cells’ degradation [121]. In
general, Si poisoning is repeatedly reported in the literature and well understood in SOCs. Silica impurities in
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the feed gas led to the passivation and degradation of the Ni-containing fuel electrode, e.g. an accumulation
at the TPBs leads to the blocking of catalytic sites [122]. In the case of biogas application, siloxanes and
organosilicon compounds with chemical formulas represented as [SiO(CH3)2]n or [SiO/C6H5)2]n can be
found in the feed gas [123]. One study reported that severe degradation was observed after 50 h of operation
with 10 ppm decamethylcyclopentasiloxane in the humidified hydrogen feed gas [123]. The degradation is
associated with SiO2 formation in the fuel electrode structure. Again, a GCU that filters most of the
contaminants out of the inlet gases is the most suitable solution.

5. Conclusions and future perspectives

As shown in this paper, the internal reforming of CH4 and CO2, which are abundant and inexpensive, in a
fuel cell is a highly flexible and efficient one-step process to co-generate electrical power and valuable gaseous
products such as H2 and CO directly from biogas. The internal reforming reaction in fuel cells at elevated
temperatures bypasses the Carnot limitation. Additionally, the high energy demand of endothermic
reforming could be met by existing industrial plants, thereby increasing the process efficiency and economic
feasibility. However, DRM directly in an SOFC or SPCFC system is a complicated process in several aspects.
SPCFCs enable high cell efficiencies at intermediate operating temperatures of 400 ◦C–650 ◦C and therefore
mitigate the technical hurdles of material aging observed in SOFCs. Nevertheless, the technology readiness
level (∼4) of proton conducting cells is constrained due to the lack of experimentally well-defined operating
conditions, missing long-term durability experiments (>3000 h), and missing stack-level testing. An
additional hindrance to the implementation of DRM in SPCFC systems will be the operating conditions. At
the typical operating temperatures for SPCFCs below 700 ◦C, several side reactions occur, which lead to the
formation of the side product steam (400 ◦C–820 ◦C) and undesirable surface carbon deposition (below
700 ◦C). Therefore, the optimal operating conditions (temperature, pressure, feed gas) and
poisoning-resistant materials (e.g. carbon) have to be investigated. Additional studies should focus on the
improvement of the currently in-use SPCFC materials to improve catalytic activity, advance sulfur tolerance
and increase carbon resistance at intermediate temperatures. Unlike most current studies, cell development
will need to be taken to bench scale and include long-term durability testing over 1000 h as well as future
research into cell models for SPCFCs.

SOFC systems are at a higher TRL (∼7–9) and already commercially available. The higher operating
temperatures mitigate the formation of carbon or steam and shift the reaction equilibrium to the desired
product mixture of CO and H2. Higher temperatures are additionally favorable for the highly endothermic
DMR reaction. The long-term operation of the SOFC system has been validated for hydrogen production
over more than 100 000 h and meets targeted low degradation rates of 0.5%·kh−1. Future research has to be
conducted into the feasibility of long-term DRM in SOFCs. The investigation of internal DRM has shown
the possible combination of the reformer unit directly with an option to produce energy from H2 within the
SOFC and simultaneously tailoring the outlet gases is attractive, as investment and operating costs can be
saved. Besides the possible beneficial utilization of CO2 emissions, DRM is typically operated at 1 atm and
around 850 ◦C and thus less energy-intensive than the established steam methane reforming process. SMR is
operated at elevated pressures over 15 atm and temperatures up to 1000 ◦C [124]. As shown above, several
studies have already demonstrated the feasibility of converting dry methane in an SOFC system. However,
even study results on button cells have been contradictory regarding the optimal operation conditions e.g. to
prevent carbon deposition during operation. Therefore, scaling up to the system level and understanding
these conditions in terms of thermodynamics and kinetics is necessary to ensure safe operation over the
years. For instance, the effects of power fluctuations, shutdown times, temperature distribution, and stability
over years of other components of an SOFC system need to be considered in future work. Additionally,
temperature distribution, gas conversion, and gas content homogeneity along the flow paths are complex
parameters to balance in an SOFC systems. Another challenge to overcome is that cell optimization has been
investigated for H2 utilization but not the simultaneous reforming reaction. Here, detailed impedance
spectroscopy and analysis of activation energies or processes by the distribution of relaxation times could
help to distinguish both reactions and tailor the ‘perfect’ cell. Especially, the degradation mechanisms
described above, and the challenges of temperature distribution of the endothermic reforming and the
exothermic fuel cell operation must be considered. Studies that present solutions often do not discuss the
economic or technical feasibility of, for example, new materials or the introduction of additional layers.
Here, a direct DMR system incorporating an SOFC must prove to be better or comparable to existing
alternative mature technologies in terms of economic, technological, and efficiency aspects.
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