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A B S T R A C T   

In the context of global efforts to reduce greenhouse gas emissions and combat extreme global warming, the 
direct dry reforming of methane reaction in solid oxide fuel cells presents a promising avenue for clean energy 
production. This study delves into the influence of temperature, gas composition, and current density on the 
kinetics of dry methane reforming in solid oxide fuel cells. Power Law and Langmuir-Hinshelwood kinetic models 
were proposed to highlight the impact of operating conditions on dry methane reforming reactions. Results 
revealed that the feed gas composition strongly affects methane conversion, with higher methane contents 
resulting in lower conversions. Increasing the CH4/CO2 ratio increases reaction rates, and the effect decreases at 
a ratio of 1.25. The changes in methane concentration on dry methane reforming reaction rate are more sig
nificant than those for carbon dioxide. However, increasing carbon dioxide concentration enhances methane 
conversion. The exothermic nature of CO2 adsorption suggests that the adsorption process is thermodynamically 
favourable in dry reforming, and the elevated temperatures generally improve reaction rates and methane 
conversion by removing carbon deposits and providing the energy needed to break down the chemical bonds in 
methane which facilitating its transformation. A higher current density significantly enhances the CO2 adsorption 
equilibrium constant and further increases methane conversion, highlighting the positive role of electrochemical 
reactions on dry methane reforming. This study aims to fill the knowledge gap regarding the influence of 
electrochemical reactions on dry methane reforming behaviours in solid oxide fuel cells, offering critical insights 
for advancing anode design, thus contributing to the development of solid oxide fuel cell technologies to address 
global warming and reduce greenhouse gas emissions.   

1. Introduction 

The 2015 Paris Agreement is a worldwide treaty focusing on 
reducing greenhouse gases to prevent extreme global warming [1]. On 
Earth, CH4 ranks as the second most substantial human-caused green
house gas after CO2, contributing to a 0.6 ◦C global temperature increase 
since preindustrial times [2]. Developing technology to convert biogas, a 
mixture of CH4 and CO2 into energy and electricity with minimal 
emissions is paramount for reducing greenhouse gases [3]. Besides that, 
syngas is a mixture of CO and H2 generated through the gasification of 
carbon-containing materials, can also be utilized as a feedstock for 
power generation. Next-generation solid oxide fuel cell (SOFC) tech
nology, featuring direct internal reforming (DIR), can efficiently pro
duce energy from biogas and syngas while sequestering carbon from the 
atmosphere [5]. DIR can be achieved through two primary techniques: 

steam reforming of methane (SRM) and dry reforming of methane 
(DRM). SRM, which relies on water vapor, is widely employed but does 
not directly contribute to CO2 emission reduction. The need for utility 
water for steam generation, makes SRM system more complex compared 
to DRM. Alternatively, the outlet syngas from DRM can be utilized in the 
fuel cell as the reforming agent. By converting two greenhouse gases 
(CO2 and CH4) into H2, CO, and electricity, DRM contributes to waste 
reduction and promotes an overall more direct and simpler industrial 
process. 

Syngas with an H2/CO molar ratio nearly equal could be generated 
during the DRM process from biogas, represented by reaction (1) [4]. 

CH4 +CO2⇄2CO+ 2H2 (1)  

Via reverse water gas shift (RWGS) reaction, H2 can react with CO2, 
leading to the formation of CO and water, represented by reaction (2). 
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CO2 +H2⇄CO+H2O (2)  

In this system, DRM occurs at the anode’s entrance, followed by 
exothermic electrochemical oxidation of H2 and CO on the anode, pro
ducing electricity following the subsequent reactions (3) and (4) [5,6]: 

H2 +O− 2→H2O+ 2e− (3)  

CO+O− 2→CO2 + 2e− (4)  

The anode off-gas can be recycled to the SOFC as an oxidant for the DRM 
reaction. 

DIR-SOFC systems are cost-efficient compared to other fuel cell types 
by eliminating the need for an external reformer [4,7] exhibiting po
tential for more thermal resilience, and leveraging electrochemical re
actions to induce heat within the functional layer, facilitating efficient 
fuel reforming. It also shows excellent chemical stability resistance to 
impurities at atmospheric pressure compared to low temperature fuel 
cells, accompanied by an adjustable catalytic activity [6,8]. Adjusting 
catalyst activity in SOFCs is vital for improving efficiency, durability, 
controlling reactions, and reducing costs, and longer lifespan of this 
technology. These features position DIR-SOFC as a promising, environ
mentally friendly energy system capable of mitigating global warming in 
the future. 

However, DIR-SOFCs have drawbacks that reduce their lifespan. The 
fast internal endothermic reforming process occurs in the SOFCs can 
cause severe local thermal stress, especially at the entrance, causing 
long-term performance degradation [9]. Furthermore, the high catalytic 
activity on the anodes could lead to carbon deposition, which can also 
cause cell stress and cracks in long-term applications [10]. Further 
research is needed to improve long-term operation performance [ref]. 

Current research focuses on enhancing DIR-SOFC system perfor
mance through different materials fabrications [6,11–16] and strategies 
exploring the integration of SOFC within the power generation systems 
[8,17–20] to assess its techno-economic feasibility [21]. These are 
crucial steps towards realizing this promising technology into applica
tions. The type of anode materials and the fuel being used impact the 
fuel cell system performance. Researchers often optimize the anode 
material to balance electronic conductivity, redox stability, coking and 
sulfur resistance, temperature resistance, and other factors to maximize 

the overall efficiency of the SOFC. Table 1 compares the characteristics 
of the two commonly used anode materials, NiO-GDC (Nickel-Gadolin
ium Doped Ceria) and NiO-YSZ (Nickel-Yttria Stabilized Zirconia), used 
in SOFCs. The NiO-YSZ anode shows good electronic conductivity, 
favorable sintering behavior, and lower cost, while benefiting from 
easier fabrication method compared to NiO-GDC. Conversely, NiO-GDC 
offers better redox stability and resistance to coking, making it suitable 
for using hydrocarbon fuels despite its higher fabrication cost. devel
oping higher electrical conductivity anode materials for SOFCs could 
lower operating temperatures, enhancing performance and reducing 
operation cost. Combining the distinct advantages of both materials to 
develop higher electrical conductivity anode materials could provide a 
cost-effective approach to balancing operational costs and improving 
overall SOFC performance. 

Controlling the reaction rates and catalytic behaviour of the anode 
materials are the strategies to avoid carbon deposition and eliminate 
steep temperature gradients [25]. A thorough study of the kinetics could 
yield a better understanding of DRM mechanisms and their impact on 
the performance of the DIR-SOFC system. Most studies related to ki
netics consider Power Law (PL) and Langmuir-Hinshelwood (LH) ex
pressions [26]. Fan et al. [27] conducted experiments to explore the 
impacts of operating temperature, gas composition, current density, and 

Nomenclature 

Abbreviations 
DRM Dry Reforming of Methane 
SRM Steam Reforming of Methane 
DIR Direct Internal Reforming 
LH Langmuir-Hinshelwood 
RWGS Reverse Water Gad Shift 
SOFC Solid Oxide Fuel Cell 
NiO-YSZ Nickel-Yttria-Stabilized-Zirconia 
NiO-GDC Nickel-Gadolinium-Doped-Ceria 
PL Power Law 
RDS Rate Determining Step 
MFC Mass Flow Controller 
GC Gas Chromatograph 
TPB Triple Phase Boundary 
OCV Open Circuit Voltage 

Latin symbols 
P Constant total pressure, 1 bar 
R Universal gas constant, 8.314 J∕(mol K) 
T Temperature, K 
k Reaction Rate constant 

a Reaction order of methane 
b Reaction order of carbon dioxide 
R Methane to Carbon Dioxide Ratio (or CH4/CO2) 

Subscripts 
xCH4 Overall methane conversion 
Finlet

CH4 
Methane flow rate at the inlet, ml/min 

Foutlet
CH4 

Methane flow rate at the outlet, ml/min 
Wcat Total weight of the catalyst, g 
rCH4 Reaction rate of methane, mol/s/g 
k0 The pre-exponential factor of rate constant, mol/ (s g bar) 
pj The partial pressure of species j, bar 
Kj Adsorption equilibrium constant of species j 
Aj The pre-exponential factor of the adsorption constant of 

species j 
ΔHj The change of adsorption enthalpy of species j 
ΔSj The change of entropy of species j 
ΔG0

j Change of standard Gibbs free energy 
Keq Equilibrium constant of DRM 
KRWGS Equilibrium constant of RWGS 
df Driving force 
Ea Activation energy, kJ/mol  

Table 1 
Comparison of NiO-GDC and NiO-YSZ anode materials for SOFCs [5,6,22–24].  

Property/ 
Characteristic 

NiO-GDC NiO-YSZ 

Electronic 
Conductivity 

Lower Higher 

Redox Stability Better Less favorable 
Coking Resistance More resistant to coking Prone to coking 
Sulfur 

contamination 
Resistant to H2S (~2 
ppm) 

Prone to sulfur poisoning 

Sintering Behavior Less favorable Better 
Catalytic Activity Lower Higher 
Cost More expensive Relatively less expensive 
Ease of Fabrication Moderate Easier 
Long-Term Stability Generally Good Requires Optimization 
Applications Preferred for hydrocarbon 

fuels 
Often used with hydrogen as 
the fuel  
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anode thickness on SOFCs utilizing NiO-YSZ electrolyte-supported but
ton cells in SRM process. Both PL and LH kinetic models were used, 
showing consistent trends in methane and steam partial pressures, a 
positive reaction order for methane, and a negative influence of steam 
partial pressure on the reaction rate, with the LH model offering a lower 
error and higher R2. Nevertheless, they also observed an inconsistent 
influence of current density on the H2O adsorption constant over the 
NiO-YSZ anode. Zhou et al. [28] extended Fan et al.’s [27] study to 
explore how variations in current density influence water vapor 
adsorption behavior on the catalyst surface on a NiO-GDC anode. A 
notable reduction in the steam adsorption constant was observed in the 
presence of electrical current. Moreover, among the various current 
densities investigated, the models exhibited greater accuracy in 
describing reforming rates at a current density of 600 A/m2 compared to 
both open-circuit and 1000 A/m2 conditions. However, the study was 
limited to SRM kinetic parameters. Li et al. [18] recently investigated 
the electrochemical performance and carbon deposition during DRM 
process in a SOFC. The study indicates that higher CO2 concentrations 
can lower the catalyst activity for reforming process and reduce elec
trochemical performance. Optimal performance, including power den
sity and methane conversion, is achieved at a CH4/CO2 ratio of 1. 
However, the study did not explore the influence of. electrochemical 
reactions on the DRM reaction kinetic parameters. Thallam Thattai et al. 
[26] has identified that there is a research gap in understanding the 
global and intrinsic kinetics of methane reforming for SOFCs. Their 
study compares PL and LH, highlighting limitations in previous models 
for NiO-YSZ anodes. Contrary to existing literature, the authors suggests 
that the methane reforming on metallic (Ni) current collectors may not 
always be negligible, emphasizing the necessity for further experimental 
verification. A recent article by Wojcik et al. [29] has further pointed out 
more complex equations do not always yield more accurate results. 
Their study concluded that these equations are often applicable within a 
very narrow temperature range, which should be the main factor when 
selecting the equation for a specific fuel cell. 

Experimental and simulation studies on electrolyte-supported button 
cells have received significant attention in the literature for their 
emphasis on understanding overall performance and enhancing cata
lytic activity [11,26,27]. However, there is limited information avail
able regarding the influence of electrochemical reactions on the kinetics 
parameters of DRM in SOFCs. Moreover, given the complexity of the 
reaction mechanisms and the challenges associated with carbon depo
sition and deactivation of Ni-based anode materials, further research is 
necessary to identify the factors influencing the DRM, which assists in 
developing strategies to optimise the fuel cell efficiency. Furthermore, 
specific kinetic models have been developed to investigate reforming 
reactions in certain types of SOFCs [30]. However, these models may not 
precisely describe the reaction orders, adsorption equilibrium constants, 
and activation energies for all types of materials [27]. 

This study aims to get the DRM kinetic parameters and the influence 
of electrochemical reactions on the DRM reaction on a combined NiO- 
GDC and NiO-YSZ anode, NiO-GDC-YSZ, under various operating con
ditions. This study seeks to bridge the knowledge gap concerning the 
impact of electrochemical reactions on DRM catalytic behaviours. 
Furthermore, these findings provide valuable insights for SOFC anode 
design under various operational conditions, which could enhance the 
cell performance, contributing to accelerating the transition to sustain
able energy. 

2. Experiment 

2.1. Electrolyte-supported button SOFC test station 

This study’s experimental approach closely followed Fan’s method 
[27] in their investigation of SMR models. The experiments were con
ducted using an electrolyte-supported button cell featuring a combina
tion of NiO-GDC-YSZ anode material (NextCell™). The geometric area 

of the anode was 0.95 cm2, with an anode thickness of 50 μm. The 
function layers of the SOFC button cell are shown in Fig. 1(a). Silver 
wires (sigmaaldrich) were used for electrical contact, which were 
attached to the electrodes with silver SOFC ink to ensure proper 
adherence to the current collectors. The button cell was bonded to an 
alumina tube using Aremco’s high-temperature ceramic adhesives 
(Ceramabond™ 552). Fuel gas was fed through a smaller alumina tube 
directly to the anode within the larger tube, as demonstrated in Fig. 1(b). 

2.2. Testing procedure 

The temperature increase in the tubular furnace to 1073 K at a rate of 
2 K/min. The anode is under the nitrogen atmosphere during the heating 
process [27]. Subsequently, a pure hydrogen stream, saturated with 
water, was gradually introduced to reduce the environment for the 
anode at 1073. Gas flow rates were controlled using mass flow con
trollers (MFC) from Bronkhorst Thermo company, with the total flow 
rate of 8 nml/min (at P = 1 bar and T = 273 K). After reducing the cell in 
pure H2 for 4 h, hydrogen was replaced with five different biogases 
compositions as outlined in Table 2. This process was conducted within 
a temperature range of 1073 K to 1173 K with three current densities. 
The cathode was exposed to ambient air throughout the experiment. 

These biogas compositions vary in the ratio of methane to carbon 
dioxide (R), allowing for simulations of methane-rich and methane-poor 
biogas conditions. In the DRM process, carbon deposition can cause 
anode deactivation [31] during long-term operation. Therefore, the 
theoretical carbon deposition has been predicted using FactSage. Carbon 
depositions are anticipated for biogas compositions iii, iv, and v, cor
responding to biogas with R value ranging from 1 to 1.5, as shown in 
Table 2. These predictions are based on equilibrium condition calcula
tions conducted by considering elemental components in the fuel and 
reaction temperature. The experiment was conducted at three selected 
temperatures (1073 K, 1123 K, 1173 K), with three different current 
densities. 0, 500, and 1000 A/m2 were set under galvanostatic condi
tions using an Autolab/PGSTAT302N (Metrohm) electrochemical 
workstation. An extensive moisture removal process involving a 
condenser and a silica gel desiccant bed was applied to dry the outlet 
syngas. Subsequently, the dehydrated outlet syngas was analysed by a 
Shimadzu Nexis Gas Chromatograph (GC-2030) equipped with a TCD 
detector [27]. The GC was calibrated using gases with known compo
sitions within the same range. 

The experiment showed fuel cell voltage variations between 0.9 V 
and 0.6 V, depending on the current density, representing optimal per
formance for a kinetic study of biogas-SOFC systems. This aligns with 
the typical voltage range found in commercial SOFC systems, which 
ranges from 0.7 V to 1.1 V. Outlet syngas measurements were conducted 
once the cell temperature and voltage had stabilized, typically after 18 h 
of continuous operation. This stability ensured consistent gas composi
tion, current density, and cell temperature. The experimental setup is 
visually represented in Fig. 2. 

3. Methodology 

The overall methane conversion xCH4 at the anode off-gas outlet is 
determined by Eq. (1): 

xCH4 =
Finlet

CH4
− Foutlet

CH4

Finlet
CH4

(1)  

where Finlet
CH4 

and Foutlet
CH4 

are the CH4 flowrate at the inlet and outlet, 
respectively. The methane conversions collected at various tempera
tures, current densities, and gas compositions will be used to fit in PL 
and LH kinetics models. These models characterize the electrochemical 
and catalytic reaction kinetics within SOFCs. 
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3.1. Power-law kinetic model 

The PL kinetics model is straightforward and convenient to describe 
homogeneous reactions in which the catalyst and the reactants are 
present in the same solution or gaseous state. The PL model involves the 
concentrations of the substances [30], known for being straightforward 
and practical. However, complex surface chemistry is not considered. 

3.2. Langmuir-Hinshelwood kinetics model 

Although straightforward and practical, the PL model demonstrates 
constraints in comprehensively describing diverse reaction mechanisms 
on heterogeneous catalysts. In contrast, the LH kinetics model is often 
used to explain reactions occurring on the surface of a catalyst while 
assuming one of these steps is the Rate-Determining Step (RDS) [26,30]. 

In this study, surface reactions are observed directly as adsorbed CH4 
and CO2, rather than as adsorbed elemental and intermediate species of 
C, H, and O. Therefore adsorption of CH4 and CO2 at the surface of 
catalyst is assumed to be the RDS. The RWGS reaction is much faster 
than the DRM reaction and is assumed to be at equilibrium [32]. The 
selected DRM rate equations for both LH and PL models are detailed in 
Table 3 as follows: 

’a’ represents the reaction order for methane, while ’b’ denotes the 
reaction order for carbon dioxide in the rate equation. These coefficients 
indicate how gas concentrations influence the reaction rate. In the PL 
model, rate constant k depends on optimizing a and b. In contrast, in the 
LH model, k relies on optimizing a, b, adsorption coefficient of methane 
KCH4 and adsorption coefficient of carbon dioxide KCO2 . Table 4 presents 
the terminology and functions utilized in this study. For a comprehen
sive understanding of the governing equations and the methodology for 
mathematical modeling, readers are encouraged to refer to our previous 
study [27]. 

3.3. Parameter estimation methodology 

The details of the kinetic mechanism, parameter estimation, and 
model simplification can be found in our previous studies [26–28]. To 
explore the kinetic of DRM, the Van’t Hoff equation was applied to 
assess the influence of temperature variations on the adsorption coeffi
cient and calculate the corresponding enthalpy and entropy changes, as 
summarized in Table 4. 

Both proposed models were used to estimate reaction orders a and b. 
The DRM activation energy Ea and pre-exponential factor k0 were 
calculated iteratively in MATLAB [33], provided in the Supplementary 
Material. The reaction orders were constrained between − 2 and + 2 to 
ensure the results remained consistent with values found in the existing 

Fig. 1. Schematic illustration of (a) the button fuel cell with NiO-GDC/NiO-YSZ anode; (b) button cell attachment to alumina tube.  

Table 2 
Inlet biogas compositions and carbon deposition probability at standard 
conditions.  

Case 
No. 

Composition (%) Total 
flow 
rate 

CH4/ 
CO2 

Carbon Deposition (mol C 
(s)) 

CH4 CO2 N2 nml/ 
min 

R T =
1073 
K 

T =
1123 
K 

T =
1173 
K 

I 30 60 10 8 0.5 0 0 0 
Ii 30 40 30 8 0.75 0 0 0 
Iii 40 40 20 8 1 0.016 0.005 0 
Iv 50 40 10 8 1.25 0.038 0.029 0.025 
v 50 33.3 16.7 8 1.5 0.055 0.047 0.044  
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literature [4]. After determining the reaction rate constants at various 
temperatures, the activation energy can be computed by fitting the 
following linear equation derived from Arrhenius Eq. (2). 

ln(k) = ln(k0) −
Ea

R
⋅
1
T

(2)  

Rules and guidelines are used to evaluate the validity of the Langmuirian 
kinetics. The adsorption equilibrium constants were assessed based on 
thermodynamic parameters. This process helps evaluate rate expres
sions. The rules include the requirement for exothermic adsorption 
( − ΔH0

j > 0), decrease in entropy after adsorption ( − ΔS0
j > 0), and the 

constraint that an adsorbing species can’t lose more entropy than it 
initially possesses (ΔS0

j < − 42J/(mol K) and Aj ≤ 0.0064) [26,27,34]. 

4. Results and discussion 

This study aims to understand the electrocatalytic behaviour of a 
button SOFC via the DRM process, using NiO-GDC-YSZ as the anode 
material under various operating conditions. The first section of this 
study examines the influence of fundamental operational parameters, 
such as temperature, gas composition, and current density, on the 
overall methane conversion and reaction rate. The following sections 
explore how current density and other factors affect the kinetic pa
rameters for both the LH and PL kinetic models. Some kinetic parame
ters reported previously are not comparable due to the varied anode 
materials and process conditions. In the following sections, we will focus 
on the trend of how operating conditions influence the DRM kinetics. 

4.1. Effect of operational conditions on dry methane reforming 

Methane conversions under different operational conditions can be 
found in Table 5 and the influence of the fuel composition, current 
density and operating temperature on the methane conversion is shown 
in Fig. 3. These graphs have been generated through calculations based 
on the methane conversion equation provided in Eq. (1). 

DRM reaction rate refers to the speed at which the concentration of 
methane, carbon dioxide, or other products change per unit of time per 
catalyst weight [28]. These rates are influenced by the reactant con
centration, temperature, surface area, catalysts, and the reaction 
mechanism. However, when considering electrochemical reactions with 
the application of current density in SOFCs, electrochemical reactions 
promote charge transfer across an interface, and the reaction rates can 

Fig. 2. The experimental test station includes the vertical tube furnace, the fuel cell experiment rig, the gas chromatograph, the electrochemical workstation, the 
computer, the mass flow controllers, and the pre-treatment and post-treatment facilities for the fuel gas stream. 

Table 3 
Proposed DRM rate expressions.  

Kinetic 
Model 

Reaction Rate Expression Reaction Rate Constant 

PL rPL
CH4

= k⋅pa
CH4

⋅pb
CO2 k =

Finlet
CH4

Wcat

∫ Xoutlet
CH4

0 

1
rPL

CH4

dXCH4 

LH 
rLH

CH4
=

kpCH4
apCO2

b
(
1 + KCH4 pCH4 + KCO2 pCO2

)2 ×

df  

k =
Finlet

CH4

Wcat

∫ Xoutlet
CH4

0 

1
rLH

CH4

dXCH4   

Table 4 
Terms and functions considered in this study.  

Term Function Definition 

Keq
DRM 6.78⋅1014⋅exp(

− 259660
RT

)
The equilibrium constant of DRM 

Keq
RWGS 56.971⋅exp(

− 35580
RT

)
The equilibrium constant of RWGS 

df 
1 −

pCO
2p2

H2

Keq
DRMpCH4 pCO2 

Driving force 

ACH4 0.000665 The pre-exponential factor of methane 
adsorption 

ΔH0
CH4 

− 38.28 Change of adsorption enthalpy (kJ/mol) 
R 8.314 Universal gas constant (J/ (mol K)) 
Wcat 14.3 Catalyst total weight (mg) 
Kj exp(−

ΔGj

RT
) =

Aj ⋅exp(−
ΔHj

RT
)

Van’t Hoff equation for adsorption 
coefficient 

k 
k0exp(

− EDRM
a

RT
)

Arrhenius equation for rate constant for 
DRM 

ΔG0
j ΔG0

j = ΔH0
j − TΔS0

j Change of Gibbs free energy 

ΔS0
ad log(Ad)× R Change of entropy for adsorption  
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be also influenced. In Table 6, the gas composition case labelled as v 
with R of 1.5 and a higher current density demonstrates a notably higher 
reaction rate than other cases and operating conditions in this 
experiment. 

4.1.1. CH4/CO2 feeding ratio 
The decrease in methane conversion as the methane partial pressure 

increases is depicted in Fig. 3. It was also found that this effect is 
consistent across all current densities and temperatures in the DRM on 
SOFC. The reaction rate value observed in this study closely matches 
that of a previous study conducted by Moon et al. [35]. The trend is also 
similar to Fan et al.’s study [27] but the magnitude of reaction rate is not 
comparable due to the varied anode materials and experimental con
ditions. This effect may be attributed to the mass action law, where 
higher methane concentrations can lead to unwanted side reactions or 
catalyst saturation, reducing overall conversion efficiency [36]. 
Conversely, lowering the molar fraction of methane in the gas mixture 
enhances conversion by promoting a more favourable distribution of 
reactants on the catalyst’s surface, reducing unwanted side reactions, 
and improving selectivity [37]. Increasing the partial pressure of carbon 
dioxide as an active oxidant positively influences methane conversion, 
as evidenced by prior research [35,38]. This trend suggests that excess 
carbon dioxide can facilitate methane conversion to hydrogen and car
bon monoxide, restoring a new equilibrium state to counteract the 
excess carbon dioxide [39,40]. The trend of methane conversion ob
tained in this study closely matches that of previous investigations 
conducted by Chein et al. [41]. 

The experiment result showed that increasing the CH4/CO2 feeding 
ratio increases the reaction rate due to competitive adsorption of CH4 
and CO2 on the catalyst surface. It was observed that there is a positive 
impact of methane partial pressure on the DRM reaction, and this 

enhancement levels off for values above R = 1.25. Beyond this point, 
further increases in methane partial pressure do not positively impact 
reaction rates. This could imply the adsorption competition between the 
methane and carbon dioxide molecules on the catalytic sites. However, 
the trend was flatter when the R ratio was low and significantly rising 
when the R ratio further increased, then levelled off for values above R 
= 1.25, as shown in Fig. 4. The CH4/CO2 feeding ratio in SOFCs is critical 
for optimizing fuel utilization electrochemical reactions and preventing 
issues like carbon deposition. An imbalanced ratio can result in incom
plete fuel conversion and reduced electrochemical efficiency, leading to 
carbon deposition, which can foul the anode and reduce its performance 
[42]. The fuel ratio can affect the redox state of the anode material, 
impacting its ability to conduct charge and participate in electro
chemical reactions [43]. Finding the right balance in this ratio helps 
prevent carbon buildup and maintains long-term cell performance and 
efficiency in solid oxide fuel cells [5]. 

Some researchers have proposed that maintaining a CH4 to CO2 ratio 
1:1 is essential for achieving maximum methane conversion and pro
moting efficient syngas production [44]. This optimal ratio is pivotal in 
influencing the reaction rate during DRM. Any deviations from this ideal 
ratio can lead to decreased reaction rates, emphasizing the complex 
interplay of these factors in governing the DRM reaction rate. 

4.1.2. Current density 
Fig. 3 also displays the current density-dependent methane conver

sions in this study, suggesting that electric current significantly en
hances methane conversion, demonstrating the positive effect of 
electrochemical reactions on the DRM reaction. Similar to the study of 
Saadabadi et al. [44], our results also indicate an increase in current 

Table 5 
Methane conversions under various operational conditions.   

Overall Methane Conversion (%) 

Temperature 
[K] 

Current Density 
[A/m2] 

i ii iii iv v 

1073 0 21.90 20.60 18.40 17.30 17.20 
500 23.40 22.20 19.50 18.70 18.10 
1000 25.80 24.60 21.90 20.30 19.90 

1123 0 24.10 22.80 20.10 19.00 18.90 
500 25.20 24.00 22.20 20.40 19.90 
1000 27.40 26.20 23.90 22.00 21.60 

1173       
0 22.10 21.90 21.80 21.60 21.40 
500 23.00 22.80 21.90 21.70 21.60 
1000 26.20 25.10 24.00 22.80 22.50  

Fig. 3. Feed ratio-dependent methane conversion behavior at (a)1073 K, (b)1123 K, (c)1173 K, (d). The solid line corresponds to 1000 A/m2, the dashed line related 
to 500 A/m2, and the dotted lines correspond to OCV. 

Table 6 
Specific reaction rates for DRM under different operating conditions: tempera
ture ranging from 1073 K to 1173 K and current density varying from 0 to 1000 
A/m2.  

Temperature 
[K] 

Current Density [A/ 
m2] 

rCH4 × 10− 3mol/s.g 

i ii iii iv v 

1073 0  1.64  1.54  1.84  2.16  2.15  
500  1.75  1.66  1.95  2.34  2.26  
1000  1.93  1.84  2.19  2.53  2.49 

1123 0  1.81  1.71  2.01  2.37  2.36  
500  1.89  1.80  2.22  2.55  2.49  
1000  2.05  1.96  2.39  2.75  2.70 

1173        
0  1.66  1.64  2.18  2.70  2.67  
500  1.72  1.71  2.19  2.71  2.70  
1000  1.96  1.88  2.40  2.85  2.81  
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density signifies a higher flow of electrons from the anode to the cathode 
in the SOFC. Lyu et al. found in their work [24] that the current density 
can be readily translated into the oxygen flow rate, actively involved in 
the thermodynamic equilibrium of the anode fuel gas, demonstrating 
that elevated electron flow intensifies the electrochemical activity at the 
catalyst surface. Methane molecules undergo oxidation, breaking down 
into CO2 and H2O in the presence of oxygen ions derived from the 
electrolyte [45]. Also, other researchers found that the oxidation reac
tion becomes more robust as more electrons are drawn out of the anode 
due to the heightened current density [5,28,46]. An alternate hypothesis 
suggests that increasing current density within an SOFC can create 
temperature gradients across the catalyst’s surface [47]. This effect is 
primarily due to the higher electron flow resulting from increased cur
rent density. As more electrons are drawn through the SOFC, some re
gions of the catalyst may become hotter than others, causing 
temperature variations [30]. Specifically, localized areas with higher 
temperatures can facilitate endothermic catalytic reactions, ultimately 
enhancing the conversion of methane into products. However, drawing 
higher current density from the cell induces thermal stress, potentially 
causing mechanical strain that could impact the cell’s structural integ
rity over time [25]. 

The DRM reaction rate also exhibits an increase when a current is 
applied. An example at 1123 K has been shown in Fig. 4. Our finding 
supports the idea that a higher current, leading to increased oxygen ion 
flux at the triple phase boundary (TPB), helps boost the DRM reaction 
rate [28,50,51]. Consequently, consumption of hydrogen ions could 
shift the DRM reaction equilibrium towards higher conversion, and the 
competitive adsorption between methane and carbon dioxide molecules 
impedes a further increase in the DRM reaction rate through the elec
trochemical reaction [23,52,53]. Furthermore, increasing current den
sity creates a higher temperature gradient through TPB, which may 
facilitate the charge carrier transport and overall SRM reaction kinetics 
[54] as observed by Zhou et al. [28], may also apply to DRM reactions. 

4.1.3. Temperature 
The experiment results reveal that a higher temperature yields a 

higher conversion. The temperature and current dependence of methane 
conversion at a constant R-value of 1.5 is depicted in Fig. 5. Operating 
temperature strongly affects methane conversion, with higher temper
atures leading to increased conversion due to the thermodynamically 
favoured removal of carbon deposits from the catalyst surface [48,49], 

driving the conversion of methane into carbon dioxide and water [50]. 
Similar to the influence of current density described in the previous 
section, this elevated temperature could provide the necessary energy to 
promote the DRM reaction [51]. Previous studies have shown a 
consistent positive correlation between temperature and methane con
version, while temperatures above 1023 K are particularly advantageous 
for minimizing coke deposition during the DRM process [52]. 

In line with prior research by Fan et al. [27] on SRM, our finding 
shows that elevated temperatures can positively affect DRM reaction 
rates. The potential reasons for the increase in reaction rate with tem
perature enhancement, as outlined in Table 6, could be attributed to 
several factors: (1) higher temperatures increase particle kinetic energy, 
promoting faster reactant diffusion, more collisions, and a higher reac
tion rate; (2) elevated temperatures enhance ionic and electronic con
ductivity in SOFC materials, facilitating charge carrier transport and 
overall reaction kinetics; (3) Increasing temperature lowers the activa
tion energy barrier for reactions, particularly relevant for electrode and 
oxygen ion transport reactions in SOFCs [52]; (4) Higher temperatures 
might enhance the accessibility of reactant molecules to active sites on 
the catalyst surface, promoting more interactions and increasing reac
tion rates. Lower temperatures can lead to slower reaction rates and 
reduced cell performance [10]. 

4.2. Effects of electrochemical reaction on dry methane reforming kinetics 

In this study, data fitting has been used to analysis the kinetic pa
rameters [33]. The optimization process for determining reaction rate 
constants and absorption kinetics can be found in the previous literature 
[26–28,34,53]. To predict reaction rate constants and absorption ki
netics, we utilized the “fmincon” function in MATLAB, employing the 
“interior-point” algorithm to find the best-fit values for these parame
ters. This approach considers various experimental data and constraints, 
as outlined in section 4. The derived DRM kinetic parameters including 
the reaction orders, activation energy, and the pre-exponential factor for 
PL and LH models are listed in Table 7. 

Positive reaction orders predicted by both models are observed at 
various current densities. The reaction order of CH4 agrees with another 
kinetic studies [27,28,34] which are between 0.5 and 1 while showing 
same dependencies on the current density. The lack of data regarding 
the reaction order of CO2 in DRM reactions on SOFCs makes direct 
comparisons impossible, but it serves as a good starting point to this 

Fig. 4. The DRM reaction rate at 1123 K with various current densities and R 
ratios. The dashed line corresponds to 1000 A/m2, the solid line related to 500 
A/m2, and the dotted lines correspond to OCV. 

Fig. 5. Temperature-dependent methane conversion behavior for gas compo
sition v at R = 1.5 with current density ranging from 0 to 1000 A/m2. The solid 
line corresponds to 1073 K, the dashed line related to 1123 K, and the dash- 
dotted lines correspond to 1173 K. 

S. Moarrefi et al.                                                                                                                                                                                                                                



Chemical Engineering Journal 489 (2024) 151281

8

research field. The magnitude of these reaction orders indicates that the 
reaction rate of DRM is more affected by changes in the concentration of 
methane than by carbon dioxide. Increasing the current density en
hances the significance of methane in the electrochemical reaction rate, 
as seen in Fig. 6, while carbon dioxide’s impact decreases slightly. This 
phenomenon can be explained by the influence of current density on 
reaction kinetics [25], when higher current densities are drawn from the 
fuel cell, electrochemical activity at the anode increases. This height
ened electron flow enhances methane oxidation, resulting in a more 
efficient conversion of methane into carbon dioxide and water [54]. In 
the LH model, the predicted reaction orders were higher, especially 

when under open-circuit conditions. 
Fig. 6 also demonstrates the influence of electrochemical reaction on 

the activation energy, showing a decrease of nearly 1.7 times from OCV 
to 1000 A/m2. This reduction highlights a significant decline in the 
energy barrier for methane and carbon dioxide molecules to transition 
into products, even with a low current density. Our findings align with 
prior studies by Thattai et al. [26] and van Biert et al. [34] in the SRM 
process, demonstrating analogous trends. Furthermore, the same trend 
was observed by Fan et al. [27] and Zhou et al. [28] in their studies. This 
consistency in SRM suggests the possibility of a similar occurrence in the 
DRM process as well. The potential reasons are: (1) applying an external 
current or potential difference across an electrochemical cell in an 
electrochemical reaction can drive non-spontaneous chemical reactions. 
This current effectively lowers the activation energy barrier by 
providing the necessary energy for the reaction to proceed [13]. (2) 
Electrochemical reactions can also influence the activation energy by 
acting as catalysts. Electrocatalysts can facilitate electrochemical re
actions by providing an alternative reaction pathway with a lower 
activation energy [55]. Considering this definition, SOFC is an electro
catalyst material that provides faster reactions and makes them more 
favorable. (3) Higher local temperatures resulted from electrochemical 
reactions can promote the DRM reactions [22]. 

In the LH model, the calculated activation energy value was lower 
than the PL model with the same current density. Numerous researchers 
used LH models when extracting kinetic parameters in catalytic re
actions [28,43,56–58]. This is because the LH model considers surface 
reaction mechanism. In catalytic DRM, the main steps include the 
adsorption of CH4 and CO2, their surface reactions to produce H2 and CO 
and the desorption of the syngas products [13,58]. In the adsorption 
step, the adsorption equilibrium constant (Kj) represents the affinity of 
reactant molecules to bind to the catalyst surface [51]. A higher KCO2 

indicates stronger CO2 adsorption in that specific current density level, 
influencing the reaction rate and selectivity, making it a valuable factor 
for designing and improving catalytic processes [30]. The change in 
enthalpy and entropy of CO2 adsorption in a DRM reaction provides 
essential insights into the thermodynamics of the adsorption process 
[25,32,52,54]. The calculated adsorption equilibrium constant, its pre- 

Table 7 
Derived kinetic parameters for PL and LH models and variation in CO2 
adsorption parameters across different current densities.  

Kinetic Parameters Current Density [A/m2] PL LH 

a Open-Circuit 0.85 1 
500 0.98 1 
1000 0.99 1 

b Open-Circuit 0.58 0.61 
500 0.59 0.58 
1000 0.54 0.54 

Ea (kJ/mol) Open-Circuit 21.82 21.4 
500 15.57 14.4 
1000 13.35 12.1 

K0 (mol/s g bar(a+b)) Open-Circuit 0.10 0.12 
500 0.06 0.06 
1000 0.06 0.05 

KCO2 Open-Circuit − 1.25E-07 
500 − 1.65E-07 
1000 − 4.35E-07    

ACO2 Open-Circuit − 4.18E-08 
500 − 5.15E-08 
1000 − 1.45E-07 

ΔH0
CO2

(kJ/mol) Open-Circuit − − 10.7 
500 − − 11.4 
1000 − − 10.7 

ΔS0
CO2

(kJ/mol. K) Open-Circuit − − 141.2 
500 − − 139.5 
1000 − − 130.9  

Fig. 6. Trend analysis of current density effects on reaction orders for CH4 and CO2, along with activation energy. The dash-dotted line corresponds to a in LH model, 
the black solid line related to Ea in PL model, the black dash line corresponds to Ea in LH model, the gray solid line represent a in PL model, the dotted line correspond 
to b in LH model and gray dashed line related to b in PL model. 
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exponential factor, and the quantity of the enthalpy and entropy of CO2 
adsorption are also available in Table 7. The trends are shown in Fig. 7. 
Increasing the current density from OCV to 1000 A/m2 resulted in a 
four-time increase in the CO2 adsorption equilibrium constant, under
scoring the notable impact of current density on the adsorption constant. 
A negative ΔH0

CO2 
indicates an exothermic adsorption process, where 

heat is released as CO2 molecules adsorb onto the catalyst surface. This 
indicates that the adsorption of CO2 is thermodynamically favourable. 
Additionally, the observed trends suggest that elevating the current 
density slightly impacts the changes in enthalpy values for CO2 species. 
A negative ΔS0

CO2 
indicates a decrease in disorder or a more ordered state 

during CO2 adsorption. The increase in entropy by 10 kJ/(mol ⋅ K) 
resulting from the current draw in the fuel cell suggests a stronger 
attachment of CO2 molecules to specific sites on the catalyst surface. 
This leads to a more organized state compared to the open circuit 
condition. 

5. Conclusions 

We investigated DRM within an electrolyte-supported NiO-GDC-YSZ 
button SOFC, focusing on the effects of various operating conditions on 
the reaction rate and the influence of the electrochemical reaction on the 
kinetics. A higher CH4 partial pressure results in a reduced conversion, 
whereas an increased partial pressure of CO2 has a positive impact on 
the overall methane conversion. Operating temperature significantly 
affects the overall methane conversion, higher temperatures increased 
the methane conversions possibly due to the efficient removal of carbon 
deposits from the catalyst surface and energy provision to the endo
thermic DRM reactions, as well as the change of various reaction equi
libriums. Increasing temperature also positively impacts reaction rates, 
attributed to improved reactant diffusion effect and overall reaction rate 
constant. Proper feedingCH4/CO2 ratio in SOFCs is important for opti
mizing fuel utilization and prevent issues such as carbon deposition. An 
imbalanced ratio can lead to incomplete fuel conversion and decreased 
electrochemical efficiency, affecting overall cell performance. Our 
findings reveal that increasing the CH4/CO2 ratio positively impacts the 
reaction rate, although this effect levels off beyond a certain point. 

Moreover, we have presented kinetic parameters for DRM using both 
the PL and LH models. These parameters, encompassing reaction orders, 
activation energy, and pre-exponential factors, have shed light on the 
influence of electrochemical reactions. Applying a current density in 
SOFCs, with the flux of oxygen ions at the TPB, promotes the DRM re
action. Also, we found that a higher current density further enhanced the 
methane conversion, demonstrating that the electron flow and oxygen 
ion flux could benefit the conversion of CH4. Current density has a 
substantial effect on the role of methane in the reaction rate, empha
sizing its importance in DRM kinetics. Furthermore, we have explored 
DRM adsorption parameters which a higher KCO2 signifies stronger 
adsorption, impacting the reaction rate and selectivity. Additionally, we 
have discussed the enthalpy and entropy changes during CO2 adsorp
tion, offering valuable insights into the thermodynamics of DRM. 

Since the reforming agent for DRM differs from SRM, comparing data 
between these two processes poses challenges. However, we observed 
similarities between SRM and DRM kinetic parameters under certain 
conditions, prompting further investigation to identify underlying rea
sons. Comparing results of this study with others revealed increased 
methane conversion with increasing current density and temperature in 
both processes, along with increased reaction rates. Despite differences 
in temperature range, process condition and fuel cells used, both SRM 
and DRM exhibit a reduction in activation energy for methane reform
ing, even at a low current density. While the magnitude of the methane 
reaction order differs between the two processes, both exhibit an in
crease in methane reaction order with an elevation when a current is 
drawn. Increasing the partial pressure of CO2 enhances methane con
version in DRM, which has been also observed in other studies. These 

findings contribute to our understanding of DRM in SOFC, providing 
essential parameters for designing an improved electrocatalytic pro
cesses. However, a significant research gap exists in comprehensively 
examining the impact of electrochemical reactions on catalytic behavior 
in both DRM and SRM processes, highlighting the need for further 
research. 
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[56] M. Wójcik, Ł. Szabłowski, O. Dybiński, Comparison of mathematical models of 
steam methane reforming process for the needs of fuel cells, Int. J. Hydrogen 
Energy (2023), https://doi.org/10.1016/j.ijhydene.2023.08.293. 

[57] M. Yusuf, M. Beg, M. Ubaidullah, S.F. Shaikh, L.K. Keong, K. Hellgardt, 
B. Abdullah, Kinetic studies for DRM over high-performance Ni–W/Al2O3–MgO 
catalyst, Int. J. Hydrogen Energy 47 (100) (2022) 42150–42159, https://doi.org/ 
10.1016/j.ijhydene.2021.08.021. 

[58] D. Zambrano, J. Soler, J. Herguido, M. Menéndez, Kinetic study of dry reforming of 
methane Over Ni–Ce/Al2O3 catalyst with deactivation, Top. Catal. 62 (5) (2019) 
456–466, https://doi.org/10.1007/s11244-019-01157-2. 

S. Moarrefi et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.ijhydene.2012.09.061
https://doi.org/10.1016/j.ijhydene.2012.09.061
https://doi.org/10.1016/j.jpowsour.2022.231521
https://doi.org/10.1016/j.jpowsour.2022.231521
https://doi.org/10.1016/j.ces.2021.116606
https://doi.org/10.1016/j.ces.2021.116606
https://doi.org/10.1007/s11244-011-9702-1
https://doi.org/10.1007/s11244-011-9702-1
https://doi.org/10.1016/j.jclepro.2017.05.176
https://doi.org/10.1016/j.apcatb.2018.07.015
https://doi.org/10.1016/j.ijhydene.2023.08.293
https://doi.org/10.1016/j.ijhydene.2021.08.021
https://doi.org/10.1016/j.ijhydene.2021.08.021
https://doi.org/10.1007/s11244-019-01157-2

	Internal dry reforming of methane in solid oxide fuel cells
	1 Introduction
	2 Experiment
	2.1 Electrolyte-supported button SOFC test station
	2.2 Testing procedure

	3 Methodology
	3.1 Power-law kinetic model
	3.2 Langmuir-Hinshelwood kinetics model
	3.3 Parameter estimation methodology

	4 Results and discussion
	4.1 Effect of operational conditions on dry methane reforming
	4.1.1 CH4/CO2 feeding ratio
	4.1.2 Current density
	4.1.3 Temperature

	4.2 Effects of electrochemical reaction on dry methane reforming kinetics

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References


