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ARTICLE INFO ABSTRACT
Keywords: Internal steam reforming (SRM) and dry reforming of methane (DRM) within solid oxide fuel cells offer sig-
Dry Reforming Kinetics nificant potential for zero-carbon energy production. This study explores how electrochemical reactions influ-

Langmuir-Hinshelwood SOFC

SHEWoOOE ence reforming kinetics, which is crucial for designing fuel cell materials under various conditions. The research
Steam Reforming Kinetics

examines how gas composition, process temperature, and current draw from the fuel cell impact methane

Power-Law . . s
reforming adsorption kinetics.

Both processes inside solid oxide fuel cells have been studied individually under varying conditions and anode
materials, leaving a significant research gap in understanding electrochemical interactions’ impact on catalytic
behavior within a unified fuel cell framework. Findings indicate that increasing methane-to- H,O and CO ratio
decreases methane conversion. Both processes show higher methane conversion with increased current density
drawn from the fuel cell. In comparison, SRM achieves greater methane conversion than DRM under equal
methane concentration in the feed stream. SRM also produces more hydrogen than DRM inside the fuel cell.
Reforming reaction rates increase with fuel cell temperature, and DRM consumes methane slower than SRM.
Higher methane concentration in the feed and current density boost reaction rates. The reaction order for HyO is
generally higher than CO, in Langmuir-Hinshelwood model but lower than CH4. Both processes show reduced
activation energy when current is drawn, with current density affecting H,O adsorption enthalpy more than CO,.
The SRM model estimates activation energy more accurately, while the DRM model has an R? value close to 0.95,
indicating acceptable accuracy.

alternative for power generation. Their ability to utilize various fuels,
1. Introduction capture and utilize carbon, and integrate with renewable energy sources
positions them as a sustainable technology for the future [5,6].

The Paris Agreement of 2015, adopted by 196 nations globally, is a The syngas, a mixture of Hy and CO, with electricity, can be simul-
collective effort to address climate change[1]. Its primary objectives are taneously generated in SOFCs by steam reforming of methane (SRM) or
to prevent substantial global warming by restricting the temperature dry reforming of methane (DRM) [7]. In the DRM, biogas containing
increase to less than 2 °C from preindustrial levels, with an additional CHy, and CO; react at elevated temperatures to convert into syngas, as
ambition to limit it to 1.5 °C. Achieving these objectives necessitates represented by reaction (1). Following the sequence, a reverse water gas
reducing greenhouse gas emissions by 2025 and a subsequent reduction shift reaction (RWGS) occurs, as described in reaction (2).
of 43. % by 2030 [2,3]. .The agreement also facilitates coTuntr'ies. in CH, + C0,—2CO + 2H, AH;% — 1 247kJmol !  DRM )
handling the effects of climate change and supports them in finding
possible solutions for mitigating carbon emissions to the atmosphere[4]. O, + Hy—CO + Hy0 (g) AH;% — 141K mol—l, RWGS @

Solid Oxide Fuel Cells (SOFCs) play an important role in reducing carbon
emissions to the ecosystem by offering a cleaner and more efficient
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Nomenclature a Reaction order of methane
b Reaction order of carbon dioxide or steam
Abbreviations R2 R-squared
DRM Dry Reforming of Methane .
DIR Direct Internal Reforming Subscripts .
LH Langmuir-Hinshelwood Xcn, Overall methane conversion
RWGS  Reverse Water Gas Shift Finlet Methane flow rate at the inlet, ml/min
SOFC Solid Oxide Fuel Cell F‘(’:‘l‘_ﬂet Methane flow rate at the outlet, ml/min
NiO-YSZ Nickel-Yttria-Stabilized-Zirconia Weat Total We]ght of the catalyst’ g
NiO-GDC Nickel-Gadolinium-Doped-Ceria TeH, Reaction rate of methane, mol/s/g
PL Power Law ko The pre-exponential factor of rate constant, mol/ (s g
RDS Rate Determining Step bar@*P)
Rsgm  Methane Ratio to Steam D; The partial pressure of species j, bar
Rprvm  Methane Rath to Carbon Dioxide K; Adsorption equilibrium constant of species j, bar™!
SRM Ste.:am Reforming of Methane Aj The pre-exponential factor of the adsorption constant of
TPB Triple-phase boundary species j
WGS Water Gas Sh}ft . . . AH; The change of adsorption enthalpy of species j, kJ/mol
SEFAC  surface electric field-assisted catalysis . L
AS; The change of adsorption entropy of species j, J/mol.K
RMSE Root Mean Square Error . . L
.. AG; The Change of Gibbs free energy of adsorption for species j,
ocv Open Circuit Voltage 1J/mol
Latin symbols Keq Equilibrium constant of DRM
P Constant total pressure, 1 bar Krwgs ~ Equilibrium constant of RWGS
R Universal gas constant Kwas Equilibrium constant of WGS
r Reaction rate df Driving force
T Temperature, K Ea Activation energy, kJ/mol
k Rate constant
On the other hand, in the SRM, CH4 reacts with steam (H20) to yield
Table 1

syngas, as depicted by reaction (3). The water gas shift (WGS) reaction
occurs sequentially, leading to an enhanced Hj yield, as described in
reaction (4).

CH, +H,0 (g)~CO + 3H, AH,, = +206kJmol ™!, SRM  (3)

H,0 (g) + CO—-CO, +H, AH,p = —41kJmol ™', WGS 4
Carbon deposition may arise from either a methane cracking reaction
(5) or the Boudouard reaction (6), resulting in solid carbon on the anode
surface and impacting hydrogen and electricity generation.

CH,4—C(s) +2H, AH,s = +75kJmol ™', Methane Cracking

()

2CO « C(s) + CO; AHy, = —171kJmol ', Boudouard 6
SRM is known for its higher Hy yield, and more energy efficiency as it
operates at lower temperatures [8], with a lower risk of carbon depo-
sition[9]. On the other hand, DRM offers potential for carbon capture
and utilization by directly converting CO5 into valuable syngas, thereby
reducing the overall carbon footprint [9-11]. The endothermic
reforming reaction helps balance the thermal profile within the SOFC,
potentially mitigating thermal stresses associated with the exothermic
nature of SRM when combined with electrochemical reactions[12].
Furthermore, DRM eliminates the need for external water supply and
steam generation equipment, simplifying system design and reducing
operational costs. Table 1 displays a comparative analysis of DRM and
SRM used for methane conversion to energy.

In SOFC technology, two main methods are used: internal and
external reforming [17]. Internal reforming directly converts methane
into hydrogen within the fuel cell’s anode. This approach simplifies the
system design and improves thermal efficiency by harnessing the heat
generated during the reaction. However, it faces challenges like man-
aging reaction rates and carbon deposition.[5,17]. Conversely, external

Comparative analysis of methane dry reforming vs. steam reforming for methane
conversion[4,8-10,13-16].

Aspect DRM SRM

Reaction Type Endothermic Endothermic

Temperature Operates at higher Operates at relatively lower
Requirements temperatures temperatures

Process rate Low High

Fuel Conversion 30-45 85-95
Efficiency

Carbon Formation Risk Higher Lower

Thermodynamic Higher heat input Lower heat input

Considerations
Operating Costs
Greenhouse Gas

higher operating costs
Directly reducing CO,

lower operating costs
Doesn’t directly reduce CO,

Emissions emissions emissions
Energy Efficiency Less energy-efficient More energy-efficient
CO2 content in products ~ Lower Higher
Environmental Impact Lower with no water Higher with direct water
required consumption

Feasibility and
Complexity

Less complex More complex

reforming occurs in a separate unit where CH, is reformed into H before
being supplied to the fuel cell. This method offers better control over the
reforming process and improves Hj purification but introduces added
system complexity and cost[7,17-21]. The electrochemical reactions
over the SOFC anode include hydrogen oxidation to protons (H") and
electrons (e7), which generate electrical power. When methane is used as
a fuel, it undergoes DRM or SRM, producing hydrogen and carbon
monoxide. Additionally, carbon monoxide can be electrochemically
oxidized to carbon dioxide at the anode. The electrochemical activity at
the anode influences the reforming kinetics of DRM and SRM by
affecting reaction rates, local temperature, and the concentration of
reactants. The generation of oxide ions (02’) and electrons at the anode
can facilitate or hinder these reforming reactions, impacting fuel
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conversion efficiency and hydrogen production. Understanding these
coupled electrochemical and thermochemical processes is crucial
because it helps optimize SOFC performance. However, carbon deposi-
tion and the agglomeration of metal nanoparticles are common issues
during methane reforming on Ni-based catalysts, and these can be
effectively minimized by adjusting the SOFC structure[16].

In recent years, extensive research has been conducted on DRM and
SRM utilizing various perovskite-based anode materials for internal
methane reforming[22-25]. These studies focused primarily on exam-
ining the properties of two widely used anode structures: Ni-GDC
(Nickel-Gadolinium Doped Ceria)[23,26-28] and Ni-YSZ (Nickel-Yttria
Stabilized Zirconia)[29,30]. Bian et al.[31] finding these materials to be
both practical and economical for internal reforming, but further
research on their kinetic parameters was called for due to their ability to
balance electronic conductivity, sulfur, and coking resistance. Literature
evidence indicates that applying an electric field through the Surface
Electric Field-Assisted Catalysis (SEFAC) approach nearly suppresses
coke formation related to the kinetics of adsorption and desorption of
reaction species[15]. Besides material investigations, extensive research
on process conditions has been done to find suitable methane-to-steam
ratios (Rggm) or methane-to-carbon dioxide ratios (Rpry) to ensure
efficient operational conditions for both processes[32]. Developing
efficient anode materials, alongside simulation studies, requires deter-
mining kinetic parameters, understanding adsorption mechanisms, and
assessing activation energies.

In the study of reaction mechanisms, several kinetic models are
commonly used, including the Power-Law (PL), Langmuir-Hinshelwood
(LH), Eley-Rideal (ER), and Mars-van Krevelen (MvK) models[33]. The
PL model is a simple, empirical approach that relates reaction rates
directly to reactant concentrations, making it useful for identifying
general trends in experimental data. In contrast, the LH model focuses
on surface-catalyzed reactions, accounting for adsorption, desorption,
and surface interactions, which are crucial for understanding the ki-
netics of DRM and SRM processes[34]. While the ER model is used for
reactions involving adsorbed and gas-phase reactants, and the MvK
model is applied to catalytic oxidation on metal oxides, the PL and LH
models are preferred due to their complementary strengths. The PL
model provides a simple analysis of reaction rate trends, while the LH
model offers detailed insights into surface mechanisms, allowing for a
more comprehensive understanding of complex catalytic systems. This
combination of simplicity and mechanistic detail makes the PL and LH
models particularly effective for analyzing the kinetics in SOFC appli-
cations [22,35-37]. These models aid in understanding how the
amounts of CHy, oxidants (CO2 and H0) and other process variables
affect the kinetic parameters, which are crucial for optimizing anode
material in SOFCs[25].

Thattai et al. [26] investigated the kinetics of SRM within Ni-GDC
anodes to suggest universal models to understand the effects of elec-
trochemical interactions on kinetic parameters inside SOFCs. By
comparing two types of rate expressions, PL and LH, their research un-
covers limitations in existing models, pointing out the necessity for more
research on perovskite-based anode materials under the influence of
current. Fan et al.[23] reported that the current density had a positive
impact, and steam negatively affected the overall SRM reaction rate on a
Ni-GDC anode. They also conducted another kinetic study [35] using Ni-
YSZ anodes and reported that the electrochemical reactions positively
affected the overall SRM reaction rate on the anode. However, the steam
adsorption constant over the Ni-YSZ anode was found to be affected
differently by changes in current density. These observations encour-
aged Zhou et al. [32] to conduct another study to determine the
adsorption kinetic parameters on Ni-GDC anodes, aiming to underscore
the influence of electrochemical interactions on the adsorption of fuel
molecules on anode materials used in SOFCs. Besides proposed reaction
orders for CH4 and H,O components, their model provided a more ac-
curate description of adsorption equilibrium constants, change of
adsorption enthalpy and entropy, and activation energy. They also
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concluded that, for both PL and LH models, the reaction orders were
restricted within the range of 0.1 to 1.5 for methane and —0.2 to 1 for
steam. However, they noted the relative inaccuracy of the proposed LH
model, potentially attributed to its exclusive focus on steam adsorption,
leading to discrepancies in the model’s predictions. The catalytic in-
ternal methane reforming process is intricate, and the performance is
heavily influenced by operational conditions. A comprehensive expres-
sion for DRM and SRM reforming rates has yet to be established. Wojcik
et al. [38] recently reviewed mathematical models for SRM in the
temperature range between 773 K and 1273 K, with NiO/YSZ catalysts.
The kinetic models presented in that study seem accurate in a broader
range of Rgpym ratios and can be applied to investigating various kinetic
parameters. It is worth noting that their study showed that the
complexity of equations doesn’t consistently lead to more precise re-
sults. However, they reported various reaction orders, activation en-
ergies, adsorption constants, and other kinetic parameters, which are
particularly related to SRM inside SOFCs (SRM-SOFC). Nevertheless,
most studies focused on SRM processes separately from DRM, resulting
in the absence of kinetic parameters and rate expressions for internal
DRM inside SOFCs (DRM-SOFC). Recent studies using planar SOFCs
with large areas (~81 c¢cm2) and catalyst weights over 1 g encountered
heat and mass transfer limitations, impacting kinetic data accuracy.
Following the recommendations of the International Confederation for
Thermal Analysis and Calorimetry (ICTAC) Kinetics Committee, using
catalyst weights below 1 g minimizes transport effects[39]. This ensures
uniform conditions and measurable reaction rates by reducing transfer
limitations with a well-mixed reactor. To address the research gap, a
recent study [40] explored the effects of process parameters on DRM-
SOFCs using a mixed NiO-GDC and NiO-YSZ (NiO-GDC-YSZ) anode
with geometric area of 0.95 cm? and catalyst weight below 1. The
findings showed that increasing CO5 concentration improves CHy4 con-
version in DRM, driven by the favorable thermodynamics of CO,
adsorption. Additionally, higher temperatures increased reaction rates
by facilitating methane bond division and carbon deposit removal.

It is worth noting that there is still no agreement on the global kinetic
model for direct internal methane reforming in the SOFC. This paper
aims to address the following research gaps:

1. Most studies focus on SRM kinetics due to its favorable conditions for
methane reforming, higher hydrogen production, and lower risk of
carbon deposition, which enhances fuel cell performance. There is a
lack of comprehensive research on DRM, primarily due to concerns
about carbon deposition on the anode side, despite its potential for
reducing carbon emissions and offering environmental benefits.

2. DRM and SRM-SOFC systems have been studied separately under
varying conditions and with different anode materials, leading to
inconsistent reaction orders and kinetic parameters. This highlights
the need for a unified investigation into electrochemical interactions
within a single SOFC structure.

3. Simulation studies often neglect the effects of current density on the
reaction rate, with the Arrhenius equation for methane reforming
typically considering only temperature-dependent, which limits the
accuracy of simulations.

4. There is a need for a concurrent investigation to identify adsorption
kinetic parameters, particularly regarding the competition between
oxidants and CH4 molecules for active sites on catalysts.

This study focuses on the effects of electrochemical reactions on
reforming kinetics over a NiO-GDC-YSZ anode in DRM/SRM-SOFC sys-
tems. The main novelty lies in analyzing DRM and SRM processes within
a single SOFC structure, addressing inconsistencies in previous studies
and providing unified, reliable insights into their kinetics.
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2. Experiment
2.1. Electrolyte-supported solid oxide fuel cell

This study’s experimental setup and materials were similar to those
in our previous study[40]. The experiments began with an electrolyte-
supported SOFC (NextCell™), featuring an anode with a geometric
area of 0.95 cm? and a thickness of 50 pm. The anode NiO-YSZ layer,
made up of 66 wt% NiO and 34 wt% (Y203)0.08(Zr02)0.92, provides
strong catalytic activity for hydrogen oxidation and hydrocarbon
reforming, along with good electrical conductivity and thermal expan-
sion compatibility. The NiO-GDC layer with 60 wt% NiO and 40 wt%
(Gdy.1Ceq.9)01.95 improves hydrocarbon fuel oxidation and offers better
resistance to carbon deposition. Together, these layers form a multi-
layered anode structure that combines the stability of YSZ with the
enhanced catalytic activity of GDC, achieving a synergistic effect.
Furthermore, NiO reduces to metallic Ni, a catalyst for key reactions like
SRM, DRM, and hydrogen oxidation. Combined with YSZ and GDC, it
forms a composite with balanced ionic and electronic conductivity and
thermal compatibility. Electrical leakage in electrolyte-supported cells,
caused by electrolyte defects or GDC’s electronic conductivity, can
reduce efficiency. Using high-purity YSZ and optimizing sintering and
microstructure minimizes leakage and enhances ionic conductivity. This
design is also expected to last longer than traditional NiO-YSZ anodes.

Fig. 1(a) illustrates the experimental setup. Gases are supplied from
cylinders (1) and directed through s-inch stainless steel tubing to a gas
control panel (2). Pressure regulators with a “%-inch orifice diameter
ensure consistent gas pressure, while mass flow controllers (Bronkhorst
Thermo™) with a Y-inch orifice diameter, connected to a PC (10),
precisely regulate gas flow rates for accurate fuel delivery. The fuel
mixture passes through a humidifier (3), a 250 mL conical flask, which
removes impurities and adds approximately 2 wt% humidity at ambient
temperature, enhancing the fuel quality for the fuel cell. The gas is fed
directly to the fuel cell’s anode in the DRM process. For SRM, a syringe
pump (4) (Model NE-1000 Multi-Phaser™) injects water into the line,
which is electrically heat-traced at 400 K to generate steam. The fuel

(a)

1= X{gx«

(4)

(1) —

i &2

0—03}Y-0—0—0—0

Fuel 388 (2025) 134413

mixture is directed through an internal tube within an alumina housing
(details in Fig. 1(b)) designed to attach to the SOFC, where it enters the
fuel inlet channel. The outer tube carries the off-gas from the anode to a
condenser. A tube furnace (5), specifically designed for fuel cell appli-
cations, maintains the required reaction temperature. By-products like
water are collected in a condenser (6), a 250 mL conical flask. A silica gel
moisture absorber (7) then dries the anode off-gas before analysis. Gas
composition, particularly methane concentration, is analyzed using a
gas chromatograph (Shimadzu Nexis GC-2030) (8) to support kinetic
studies. Throughout the experiment, an electrochemical test station
(Metrohm Autolab PGSTAT302N) (9) applies defined current densities,
measures electrical loads, and records data to evaluate cell performance
and electrochemical behavior.

Fig. 1(b) illustrates the fuel cell setup, where the fuel gas stream is
directed through an alumina tube to the anode side. Fig. 1(c) and Fig. 1
(d) show the functional layers of the SOFC and the associated reforming
reactions. The anode (NiO-GDC-YSZ) facilitates fuel oxidation, while the
cathode (LSM/LSM-GDC) supports oxygen reduction. The Hionic™
scandium-stabilized zirconia electrolyte ensures oxygen ion conduction
between the anode and cathode, maintaining ionic conductivity at high
temperatures. Silver wires (Sigma-Aldrich) serve as current collectors,
enabling electron flow between the electrodes and the external circuit.
To ensure mechanical stability and prevent leaks during operation,
Aremco Ceramabond™ 552 ceramic adhesive is used to bond and seal
the components.

2.2. Testing procedure

The fuel cell cathode side was exposed to air in this study, ensuring
minimal oxygen depletion. The experiment commenced with a
controlled heating process, raising the furnace temperature by 2 K/min
under a nitrogen flow to the fuel cell, until the target temperature of
1073 K was achieved. Subsequently, a constant flow of saturated
hydrogen with water, was implemented to reduce anode and activate
the fuel cell. Precise control of flow rates was achieved using mass flow
controllers, maintaining a overall flow rate of 8 ml/min (at T = 273 K

—_
e
=
S—
[
=

|E
L]
\ %—
Wi

) G-

(2)

Fig. 1. (a) Experimental setup, including the tube furnace, fuel cell, gas chromatography, mass flow controllers, electrochemical test station, and fuel gas control
systems. (b) Schematic of the SOFC device with an anode, cathode and electrolyte layers bonded to an alumina tube using ceramic adhesive. (c) and (d) SOFC
structure showing the NiO-GDC-YSZ anode, LSM/LSM-GDC cathode, and Hionic™ scandium-stabilized zirconia electrolyte[41] and main reactions inside the fuel
cell. Parts of the figure were adapted from S. Moarrefi et al. [40] reproduced with permission. Copyright 2024, Elsevier.
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Steam Reforming

Dry Reforming

(SRM) (DRM)

@ ©

Multi-layered anode
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| Anode composite layer: NiO-GDC

Nominal thickness 50 um

\ 4
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Scandia based Hionic™ electrolyte

Electrolyte
20 mm Diameter

Nominal thickness 130-170 uym

Electric current

thode composite layer: LSM-GDC

Ca
= Cathode: LSM

Multi-layered cathode
1 cm Diameter
Nominal thickness 50 pm

3
J

Air

(d)

Fig. 1. (continued).

and P = 1 bar). This experiment examined five specific gas compositions
at three temperature set points from 973 K to 1073 K for each process,
detailed in Table 2.

Carbon deposition on SOFC anodes occurs when carbon forms as a
solid phase, typically as a result of methane reforming or methane
cracking at high temperatures. This deposition can block anode active
sites, reducing catalytic activity and leading to potential cell failure.

Calculations are performed using FactSage™ Education 8.3 software to
estimate carbon deposition. The software calculates the equilibrium
compositions of reactants and products, including the stability of solid
carbon (C(s)), based on the temperature, pressure, and fuel composition.
By analyzing the predicted mole fractions of carbon species, FactSage™
helps identify conditions that favor or suppress carbon deposition,
providing valuable insights for optimizing SOFC operation and
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Table 2
Various inlet gas compositions under standard conditions.

Case Composition (%) Carbon Deposition (mol C(s)/
No. min)
CH4 CO2 N> Rprv T = T= T=
973K 1023 K 1073 K
DRM i 30 60 10 0.5 0.01 - -
i 30 40 30 0.75 0.04 0.008 -
iii 40 40 20 1 0.062 0.035 0.016
iv 50 40 10 1.25 0.078 0.055 0.039
A 50 333 16.7 1.5 0.088 0.069 0.055
SRM CH, H;O N, Rsrm T= = T=
973 K 1023K 1073 K
vi 30 60 10 0.5 - - -
vii 30 40 30 0.75 - - -
viii 40 40 20 1 0.016 0.008 0.002
ix 50 40 10 1.25 0.037 0.031 0.027
X 50 33.3 16.7 1.5 0.052 0.048 0.046

minimizing carbon-related issues.
2.3. DRM process

In the DRM-SOFC process, different compositions, methane-rich and
methane-poor biogases, are represented by altering the ratio of methane
to carbon dioxide (Rprm), which varies from 0.5 to 1.5. Carbon depo-
sition was expected for gas compositions ii, iii, iv, and v, with Rprym
ranging from 0.75 to 1.5. These estimations were based on equilibrium
calculations performed using FactSage™ Education 8.3 software.

2.4. SRM process

In the SRM-SOFC process, different compositions are represented by
altering the methane-to-steam ratio (Rggy), which varies from 0.5 to 1.5.
Consequently, deionized water was introduced into the heated line to
generate steam. The heated line was adjusted to 130 °C to ensure the
water molecules remained in the gaseous phase. In this process, carbon
deposition was anticipated for gas compositions viii, ix, and x, according
to thermodynamic calculations. The methane composition remained
constant in both processes, while the oxidant component varied to
investigate their reaction kinetics parameters. At three designated
temperatures 973 K, 1023 K, and 1073 K, current densities of open
circuit, 500, and 1000 A/m? were applied using a galvanostatic method
with an Autolab/PGSTAT302N device. To ensure all moisture in the
outlet stream was effectively removed, the anode off-gas was subjected
to drying through a silica gel moisture removal bed. The resulting outlet
gas was analyzed using a Gas Chromatograph (Nexis GC-2030) with a
thermal conductivity detector (TCD). The experiment setup is depicted
in Fig. 1(c).

Table 3
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3. Methodology

The primary objective of this study is to investigate the kinetics pa-
rameters of DRM and SRM on NiO-GDC-YSZ anode material using sur-
face reaction models like PL and more comprehensive models such as LH
[42]. The experiment design uses the Van’t Hoff equation and Arrhenius
expression to conduct experiments within a controlled range of oper-
ating temperature and current density of SOFC. The equilibrium con-
stant is determined from the concentrations of reactants and products
measured by gas chromatography, and its dependence on temperature
and current density is analyzed to calculate enthalpy and entropy
changes. Reaction rates are measured to evaluate the rate constant,
plotted against temperature in an Arrhenius plot to determine the acti-
vation energy and pre-exponential factor [35,40]. In this study, methane
conversions were measured at various gas compositions, current den-
sities, and temperatures (see Table 3), and data were fitted to LH and PL
kinetics models. Fuel cell voltage ranged from 0.92 V to 0.6 V depending
on current density, which is optimal for SOFC kinetics study. Measure-
ments were taken after stable conditions were reached, typically 18 h for
DRM and 24 h for SRM, to ensure consistency in current density, cell
temperature and gas composition. The overall methane conversion at
the anode outlet was calculated using Eq. (7):

Finlet _ Foutlel

Xe, = % )
Where Fii and Fgjit denote the flow rates of CH, (ml/min) at the inlet
and outlet, respectively. Table 3 contains methane conversion as a
fraction between 0 and 1, observed under different operational condi-
tions calculated using Eq. (1). Based on the GC measurements, conver-
sion values are reported to three decimal places, with an uncertainty of
approximately + 2 % for CH4 mole fraction measurements.

To investigate the catalytic reaction kinetics within SOFCs, the rate
constants and reaction orders are derived by adjusting the models to
match the observed data. At the same time, the activation energies and
adsorption equilibrium constants are determined by analysing the spe-
cific reaction rate at various operating conditions, utilizing the Arrhe-
nius equation. Table 4 presented rate expressions for the PL and LH
kinetic models in this study. More details about the proposed models are
available in the supplementary material.

where r is the reaction rate, k is the rate constant, and pg,s is the
partial pressure of the reactants in the mixture. The adsorption constant
Kags is a parameter used in surface chemistry to quantify the strength of
the interaction between a reactant or any adsorbate and the surface of a
catalyst or adsorbent material. In the investigation of methane reform-
ing kinetics, ’a’ signifies the CH, reaction order, while ’b’ represents the
CO4, reaction order in DRM and H,0 in SRM within their respective rate
equations. These parameters illustrate how changes in reactant con-
centrations affect the rate of reaction. In PL, the rate constant 'k’ is
determined by optimizing "a’ and ’b’. Conversely, in LH, "k’ calculating
by optimizing 'a’, ’b’, the CHy4 adsorption coefficient Kcy, , and the CO2

Methane conversion analysis across operational conditions and current densities for DRM and SRM processes.

Methane Conversion (Fraction)

DRM SRM
Temperature [K] Current Density [A/m2] i ii iii iv v vi vii viii ix X
973 0 0.174 0.161 0.139 0.128 0.127 0.187 0.188 0.179 0.168 0.147
500 0.189 0.177 0.150 0.142 0.136 0.197 0.199 0.192 0.180 0.162
1000 0.213 0.201 0.174 0.158 0.154 0.205 0.206 0.199 0.185 0.168
1023 0 0.209 0.193 0.171 0.161 0.161 0.229 0.230 0.218 0.204 0.178
500 0.219 0.209 0.182 0.179 0.171 0.231 0.232 0.225 0.212 0.194
1000 0.245 0.234 0.206 0.190 0.188 0.242 0.242 0.235 0.219 0.202
1073 0 0.219 0.206 0.184 0.173 0.172 0.286 0.280 0.272 0.256 0.224
500 0.234 0.222 0.195 0.187 0.181 0.286 0.284 0.276 0.261 0.242
1000 0.258 0.246 0.219 0.203 0.199 0.297 0.297 0.289 0.270 0.253
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Table 4
Rate expressions and constants for selected kinetic models[32,43].
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Model Rate Expression Rate Constant
DRM SRM
PL Tokm = KPer,*Peo,” TS = ke, “Pro® k — Fa, ax
T Wear 70 1L CHa
cat DRM/SRM
LH kper. o, P kper. @ b Flet  youter 1
TEI;M _ PcH; Pco, S x df réﬁM _ PcH, PH,0 - daf Kk — ~CHs Dm " dXen,
(1 + Ken,Pen, + Keo,Pcos,) (1 + Kem,pen, + KiyoPi,0) Wear DRM/SRM

adsorption coefficient K¢o, or steam adsorption coefficient Ky,o. Table 5
outlines the functions and terminology utilized in this study.

3.1. Parameter estimation

The current study investigates the effects of temperature and current
density on adsorption coefficients in DRM/SRM-SOFC using the Van’t
Hoff equation and Intrinsic kinetic models. Intrinsic kinetics, which fo-
cuses on reaction rates at the molecular level without transport phe-
nomena interference, was explored for both processes. Understanding
intrinsic kinetics is crucial for the accurate analysis of catalytic activity
and reaction mechanisms. Kinetic measurements were conducted on a
catalyst mass of 14.3 mg to minimise transport effects, in line with
ICTAC kinetics committee recommendation of less than 1 g [39,44].
Using small catalyst masses in conjunction with a well-mixed reactor
reduces heat and mass transfer effects, ensures uniform conditions, and
maintains measurable reaction rates in this study. MATLAB was
employed to iteratively estimate the pre-exponential factor (ko) and
activation energy (E,), with reaction orders. E; was calculated using a

Table 5
Terms and functions in DRM and SRM Kkinetic studies [7,26,32].

Term Function Definition

DRM SRM

—259660
RT

) " (—26830
exp T

30.114)

) (5778
P

K&

DRM/SRM The equilibrium

constant of DRM/
SRM

RWGS/WGS
equilibrium
constant

Driving force

6.78-10™.exp( i

—35580
RT

Koy
RWGS/WGS  56.971-exp(

—4.33)

df __ PcoPH, *

q
KhnPCH, PH,0
SRM
— Ea

RT

_ Pco’pr,”
KpruPcttsPco,
DRM
)
RT

DRM/SRM

) Arrhenius
expression for
rate constant
The pre-
exponential
adsorption
constant of

koexp(

koexp(

Ach, 6.65e-4

methane on the
catalyst
Adsorption
enthalpy Changes
(kJ/mol)
Universal gas
constant (J/ (mol
K)

Catalyst weight
(mg)

adsorption
coefficient based
on Van’t Hoff
equation (bar 1)
Change of Gibbs
free energy (kJ/
mol)

Entropy of
adsorption
changes(J/mol.K)

AHy, -38.28

8.314

Weat 14.3

AG; AH;
exp(—r) = Ajexp(— )

0 0 _ A0 0
AG; AGj = AHj —TAS;

ASY, log(Aj) x R

linear plot derived from the Arrhenius equation. The applicability of
Langmuirian kinetics was assessed with thermodynamic parameters,
requiring exothermic adsorption and entropy reduction. More details
about the proposed models are available in the supplementary material.

4. Results and discussion

This research compares the electrocatalytic performance of an
electrolyte-supported button cell SOFC utilizing NiO-GDC-YSZ as the
anode material in DRM/SRM-SOFC. In the initial part of the study, we
investigated the impact of key operational variables, gas composition,
temperature, current density, and feed ratio on CH4 conversion and
reaction rates. Subsequent sections delve into the effects of current draw
from fuel cells on adsorption parameters within the LH and PL models.

4.1. Impact of process parameters on CH4 conversion rate

Fig. 2 illustrates the effects of current draw from the cell, fuel
composition and cell temperature on CH4 conversion rate. The graphs
derived from the methane conversion equation outlined in Eq. (1) and
data are also represented in Table 3.

The feed ratio for DRM-SOFC is expressed as Rpry = CH4/CO2 and
Rsrm = CH4/H20 for the SRM-SOFC. Increased methane partial pressure
in DRM (Fig. 2(a) to (c)) reduces methane conversion due to the mass
action law. Higher Rpry leads to undesired side reactions and catalyst
saturation, decreasing efficiency. Conversely, lowering CH, in the fuel
mixture enhances DRM conversion by better distributing reactants on
the catalyst surface. Studies confirm that improving methane conversion
involves reducing CH4 or increasing CO; in the inlet gas [27,45-47]. The
increase in methane conversion with increasing HO partial pressure in
SRM is represented in Fig. 2(d) to (f). Lower Rggy ratios provide more
Hy0, facilitate effective CH4 breakdown, and increase Hj yield, as
observed by Wojcik et al. [43]. High Rggry ratios may lead to carbon
formation due to insufficient water, while lower ratios minimize it,
consistent with previous findings [8,10,22,32,35]. Optimal Rggy ratios
are critical, as excessively low ratios can introduce excess water,
potentially cooling the reaction and impacting overall efficiency [48].
As shown in Table 3, methane conversion generally increases with
current density, transitioning from open circuit to 1000 A/m? in all
cases. The only exception is the case (vi) in SRM at 1073 K, where the
methane conversion values at open circuit and 1000 A/m? are identical
(0.286 or 28.6 %). It is worth noting that, in Fig. 2(e), a minor deviation
is observed at an Rggy value of 1.25, where the methane conversion at
open circuit appears slightly higher than at 500 A/m?. This deviation
results from the curve-fitting method, as the data was interpolated using
a spline function in MATLAB™,

Fig. 3(a) illustrates the impact of increasing Rpry and Rggv on
methane conversion, as derived from the data presented in Table 3. SRM
demonstrates higher methane conversion than DRM when equal CHy4
content is fed, highlighting H,O’s stronger influence as an oxidant over
COy. This is due to SRM’s lower enthalpy, leading to higher conversion
under similar conditions. Exothermic side reactions like the WGS further
enhance CH4 consumption in SRM. Similar findings were reported by
Yang et al.[10], who compared experimental data with ASPEN Plus™
software results, confirming this trend.
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Fig. 2. Methane conversion behavior as a function of feed ratio at three temperatures for DRM [(a) 973 K, (b) 1023 K, (c) 1073 K] and SRM [(d) 973 K, (e) 1023 K, ()
1073 K]. The solid purple line represents the open circuit voltage (OCV), while the dashed green line corresponds to a current density of 500 A/m? The dotted blue
lines indicate the current density at 1000 A/m? (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 3. (a) influence of feed ratio (Rprm & Rsrm) on methane conversion at a current density ranging from open-circuit, 500 A/m? and 1000 A/m?; (b) Methane
conversion behavior dependent on cell temperature for specific fuel composition at Rprm, Rsrm = 1.5, when current density changing from open circuit to 1000 A/
m?; The dashed lines indicates the DRM, whereas the solid lines represent SRM process.

Fig. 3(a) also compares the impact of current density on methane
conversion, revealing an increase in methane conversion as electric
current is applied. While SRM demonstrates a higher methane conver-
sion rate than DRM, both processes exhibit a positive correlation be-
tween increasing current density and enhanced methane reforming rate.
On the other hand, extracting a current from DRM has a more significant

overall impact on methane conversion than SRM at the same feed ratio.
Our findings align with Fan et al.[35] in SRM-SOFC, Lyu et al.[20] and
Saadabadi et al.[27] for DRM-SOFC, indicating that an increased current
density may correspond to a higher current density is linked to an
enhanced transfer of electrons from the anode to the cathode. Another
hypothesis links current density to oxygen flow rate, affecting anode fuel
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gas equilibrium and catalytic activity [35]. This scenario involves CHy4
oxidation into CO2 and H2O with oxygen ions, intensifying as current
density rises. Studies like Zhou et al. [32] indicate that flowing oxygen
ions at the triple-phase boundary (TPB) in Ni-GDC anodes boosts reac-
tion rates in SRM-SOFC. Additionally, higher current density influences
hydrogen consumption, shifting reforming reactions toward higher Hy
production and increased CH4 consumption [5]. Temperature changes
across the catalyst surface due to increased current density enhance
endothermic catalytic interactions, increasing CH4 conversion [40].
However, direct comparisons with other studies are challenging due to
limited data on methane conversion rates and current density de-
pendencies in DRM/SRM-SOFC under identical conditions. Future
research is necessary to validate these findings comprehensively.

Since methane reforming is highly endothermic, temperature varia-
tions significantly influence both processes [10]. The temperature
dependence of CHy4 conversion at specific Rpry and Rspym equal to 1.5 is
illustrated in Fig. 3(b). For the DRM at a temperature of 973 K, methane
conversion is relatively low and substantially increased as temperature
rose. However, it remains lower than the SRM in the same temperature
region. Our findings align with thermodynamic calculations
[10,13,45,49] and other experimental works[27,43], indicating that
increased temperature enhances the methane conversion rate.

SRM shows slightly higher methane conversion than DRM at similar
temperatures due to better thermodynamics for removing carbon de-
posits. Thermodynamic calculations by Factsage™ software indicate
that SRM produces 37 % less carbon deposition than DRM between 973
K and 1073 K, as depicted in Table 2 and Fig. 4(a). Increasing the H or O
to C ratio makes carbon formation harder, leading to industrial SRM
processes using high steam levels (Rsgm < of 0.75, in this study),
requiring substantial energy [9]. Lower carbon deposits in SRM promote
more efficient methane conversion than DRM in this temperature range
[50]. Additionally, the endothermic nature and temperature de-
pendency of these processes enhances reactant conversion to products as
the equilibrium constant depends on temperature [49].

4.2. Impact of operating conditions on hydrogen production

Hj yield via SRM and DRM can be assessed from different perspec-
tives, considering thermodynamic efficiency, and overall process per-
formance. Hy yield for each feed ratio in DRM and SRM from 973 k to
1073 based on thermodynamic calculations presented in Fig. 4(b). SRM
exhibits higher Hy efficiency than DRM at equivalent feed ratios.
Additionally, it indicates that increasing CHy4 partial pressure has a more
pronounced impact on DRM than on SRM. Specifically, the two pro-
cesses have a substantial 57.6 % difference in the generated Hz mol
fraction. This observation implies that, under the specified circum-
stances, SRM may be more effective in Hj yield. A potential reason for
increased hydrogen production in SRM is that the byproduct CO reacts
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with H,0 in the forward WGS reaction, generating additional Hy. At the
same time, changes in CHy partial pressure significantly influence the Hy
generation in DRM, with even slight changes leading to substantial
variations in Hy yield. These results align with those reported by Yang
et al.[10]. While SRM is a well-established technology, exhibiting
comparatively lower sensitivity to fluctuations in feed ratios, DRM
shows promise for its benefits in carbon utilization and reduced green-
house gas emissions, making it a more sustainable option for Hy pro-
duction and utilization in fuel cells.

4.3. Effects of operation parameters on reaction rate

The “reaction rate” refers to the change in concentrations of CHy,
H30, and CO, over time per unit of catalyst weight, also known as the
“consumption rate of CH4” in both processes [51], as described by the
rate expressions. In this study, the reaction rate is determined using rate
constants from the Arrhenius equation and reactant concentration data,
as outlined in Table 4. Further details on the calculation procedure for
the reaction rate can be found in the supplementary material. Catalytic
activity is influenced by factors like cell temperature, current density,
reactant feed ratios, catalyst type, and surface area [32,52]. Torimoto
et al. found that SRM has a faster reaction rate than DRM due to more
favorable thermodynamics and less carbon deposition on the catalyst
surface, which can cause deactivation in DRM [46]. Various studies
[23,32,35,53] have examined Ni-based catalysts for SRM-SOFCs under
different conditions, showing varied SRM reaction rates due to different
anode structures and process conditions. However, limited research
compares SRM and DRM with the same fuel cell and oxidant quantities,
making direct comparisons difficult due to variations in materials and
conditions. Table 6 illustrates how operating conditions influence the
reaction rate.

SRM reaction rates increase with cell temperature at various current
densities, consistent with previous studies [22,23,52]. DRM shows a
similar trend but with a lower magnitude. According to the collision
model of chemical kinetics, reaction rates increase with temperature due
to higher energy, more collisions and faster diffusion [54-56]. Higher
temperatures also increase electronic and ionic conductivity in SOFCs,
improving overall reaction kinetics [32]. The Arrhenius equation in-
dicates that the rate constant rises exponentially with temperature,
lowering the activation energy for methane reforming [57,58]. More-
over, elevated temperatures improve reactant access to catalyst active
sites, increasing interactions and reaction rates. Additionally, higher
temperatures reduce carbon deposition on the anode, potentially
increasing reaction rates since fewer carbon molecules occupy catalyst
active sites[14].

Both DRM and SRM reaction rates increase when subjected to an
applied current, as illustrated in Fig. 5(a). An example at 1023 K shows
the change from a feed ratio of 0.75 to 1.25. Fan et al. [35] attribute this
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Fig. 4. (a) Carbon deposition possibility for each feed ratio in DRM and SRM from 973 k to 1073; The hatch black area corresponds to SRM and the hatch gray area is
related to the DRM process. (b) Hydrogen production for each feed ratio in DRM and SRM from 973 k to 1073 based on FactSage™ Education 8.3 software

calculations.
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Table 6
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Reaction rate analysis across operational conditions and current densities for DRM/SRM-SOFC.

rem, X 107°mol/s.g

DRM SRM
Temperature [K] Current Density [A/m2] i i iii iv v vi vii viii ix X
973 0 1.30 1.21 1.39 1.60 1.59 1.40 1.41 1.79 2.10 1.84
500 1.42 1.33 1.50 1.77 1.70 1.48 1.49 1.92 2.25 2.02
1000 1.60 1.51 1.74 1.97 1.92 1.54 1.54 1.99 2.32 2.10
1023 0 1.56 1.45 1.71 2.00 2.01 1.71 1.72 217 2.55 2.22
500 1.64 1.57 1.82 2.23 2.14 1.73 1.74 2.25 2.64 2.42
1000 1.84 1.75 2.05 2.38 2.35 1.81 1.82 2.35 2.73 2.53
1073 0 1.64 1.54 1.84 2.16 2.15 2.14 2.10 2.72 3.20 2.80
500 1.75 1.66 1.95 2.34 2.26 2.14 2.13 2.76 3.26 3.02
1000 1.93 1.84 2.19 2.53 2.49 2.23 2.23 2.89 3.37 3.16
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Fig. 5. (a) Reaction rates for DRM and SRM at 1023 K, illustrating variations across different current densities and R ratios. (b) Impact of current density drawn from
the cell on reaction orders for methane, with the solid line representing DRM and the dashed line indicating SRM. (c) dependency of water and carbon dioxide
reaction orders to current density changes; the purple dashed line related to the CO, reaction order for the LH model, the solid yellow line to the CO, reaction order
based on the PL model, the blue dashed line to the H,O reaction order according to the LH, and the solid green line to the H,O reaction order from the PL model. (d)
Relationship between current density and activation energy; the yellow solid line depicts E, calculated using the PL model for the SRM process, the green dashed line
for the LH model of the SRM process, the blue solid line for the PL model of the DRM process, and the red dashed line for the LH model of the DRM process. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

to Hy ion consumption, shifting the SRM reaction equilibrium toward
higher conversion and increasing oxygen ion flux at the TPB, which
boosts reaction rates. This flux enhancement also shifts the DRM equi-
librium toward higher conversion. Higher current density creates a
temperature gradient across the TPB [59], facilitating charge carrier
transport across the electrolyte support layer and further influencing
reaction rates. A more significant temperature gradient reduces carbon
deposition and decreases the likelihood of active site occupation on the
anode, ultimately enhancing reaction rates. Fig. 5(a) also shows the
impact of Rpry and Rggy on reaction rates, revealing that higher oxidant
partial pressure negatively affects reaction rates. As observed in prior
studies, increasing CH4 partial pressure boosts SRM and DRM rates
[32,35,52]. Wang et al. [60] found that DRM rates rise with more CHy4
but drop with higher CO,, significantly influencing reaction rates. Low
Rprm Or Rsgrm values show a flatter trend that increases with rising

10

values. This can be due to oxidant partial pressure diluting CHy4 partial
pressure under constant total reaction pressure [37], and competition
for adsorption between oxidant and CH4 on anode active sites [35].
Proper feeding ratios optimize fuel utilization, carbon deposition, and
SOFC performance. Typical Rgpy for SRM is 0.3-0.4 [7,43,48], while
DRM’s higher carbon-to-hydrogen ratio requires an Rpgy of 1-1.5 for
efficient syngas production [9,37]. Higher reaction rates don’t always
mean optimal conditions, as carbon deposition, catalyst degradation,
and syngas production must also be considered.

4.4. Impact of electrochemical reaction on kinetic parameters
In this study, we employed optimization techniques that utilized a

data fitting methodology, using the “interior-point” algorithm by the
“fmincon” function in MATLAB™. This enabled us to identify the
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optimal values for the kinetics of absorption and the constants related to
reaction rates. Our approach accounted for a range of experimental data
and constraints, as outlined in section 3.3. The resulting kinetic pa-
rameters for DRM and SRM were derived, including aspects such as
adsorption enthalpy, entropy, reaction orders, pre-exponential factors
and activation energy associated with these models, as presented in
Table 7.

4.5. Methane reaction order

The higher and positive reaction orders for methane obtained from
the PL model at different current densities suggest that DRM and SRM
are more sensitive to changes in CH, partial pressure than the oxidant’s
partial pressure. As illustrated in Fig. 5(b), the calculated CHy4 reaction
orders exhibit an initial increase with a slight current draw, followed by
a decrease with higher current densities. A peak is observed at a current
density of 500 A/m?, which aligns with the studies conducted by Fan
et al.[35], Zhou et al.[32] for the SRM-SOFC and Moarrefi et al.[40] for
DRM-SOFC. The graph also illustrates that the dependency of the reac-
tion rate on methane concentration is notably higher in the DRM
compared to the SRM. Previous studies also indicate that, under low-
pressure conditions, the reaction rate shows almost a first-order corre-
lation with CHy4 partial pressure and is nearly unaffected by oxidants’
partial pressure[60].

4.6. Oxidants’ reaction orders

The reaction order concerning H,O partial pressure can vary, being
negative, zero, or positive, primarily depending on the Rggy ratio, as
indicated by numerous studies [61]. The HyO reaction order varied
significantly in the LH model compared to the PL model, being higher
under open-circuit than closed-circuit conditions, as shown in Fig. 5(c).
As a partial conclusion, with increasing current density under low-
pressure conditions, the CH4 consumption rate has a first-order corre-
lation with its partial pressure. It is almost more independent of the H,O
partial pressure in higher current densities. However, our study reveals
that, besides temperature and feed ratio variables, current density also
impacts HyO reaction order. At the same time, its relatively low quantity
aligns with findings in the literature [32,35]. The CO5 reaction order in
the LH model is lower than the order for H,O and CH4. This lower CO,
reaction order is typical for the DRM[37]. The reaction order of CO; in
the PL model peaks at 500 A/m?, while the H,0O reaction order

Table 7
Calculated PL and LH kinetic model parameters at various current densities.
Kinetic Current Density PL- PL- LH- LH-
Parameters [A/m?] DRM SRM DRM SRM
a 0 1.03 0.74 1 1
500 1.21 0.81 1 1
1000 0.99 0.79 1 1
b 0 0.38 0.07 0.33 0.66
500 0.49 0.05 0.33 0.44
1000 0.36 0.04 0.34 0.41
Ea (kJ/mol) 0 31.3 42.4 28.8 29.4
500 31.4 38.5 27.1 30
1000 27.0 39.2 25.1 32
Kj(bar 1) 0 - - 8.03E- 0.61
08
500 - — 4.79E- 0.40
09
1000 - - 1.39E- 0.36
08
AH] (kJ/mol) 0 - - -7.3 —40.6
500 - - -7.2 -36.7
1000 - — -7.4 —35.8
AsJP(J/moL K) 0 — — —142.6 —42
500 - - —166.0 —42
1000 - - —157.4 —42
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consistently decreases with increasing current density. In the LH model,
the CO; reaction order is relatively stable with a slight increase at higher
current density, while the HyO reaction order significantly decreases as
current density increases. When examining the reaction orders for oxi-
dants, HoO concentration has a greater impact on the CH4 consumption
rate than CO, in the LH model. The CO, reaction order calculated
demonstrates similar values under open and closed-circuit conditions in
both proposed models, indicating that this parameter is relatively in-
dependent of the current densities investigated in this study.

4.7. Activation energy

It is widely accepted that the reduced activation energy of a reaction
compared to the initial state in a catalyst represents improving the
catalytic activity of a material[62]. Fig. 5(d) shows that activation en-
ergy depends on current density in DRM/SRM-SOFC models. The DRM
activation energy in the PL model shows stability up to 500 A/m? fol-
lowed by a notable decrease at 1000 A/m?, suggesting a reduction in
energy required for DRM at higher current densities. The SRM activation
energy in the PL model decreases initially but increases slightly at higher
current densities, indicating a complex dependence on current density.
In the LH model, the DRM activation energy consistently decreases with
increasing current density, indicating a reduction in activation energy
requirements. The SRM activation energy in the LH model shows an
increasing trend with current density, suggesting higher energy re-
quirements at higher current densities. The PL model estimates higher
activation energy than the LH model, aligning with Fan et al. [23,35]
and Zhou et al.[32] findings on the SRM-SOFC. Fan et al.[35] attribute
this to 0%~ ions from adsorbed H,0 dissociation, which alleviate HyO
partial pressure effects in SRM. Increased current density improves ox-
ygen ion movement in the electrolyte, aiding carbon oxidation and
surface cleaning, as emphasized by Hussien et al. [14]. Zhou et al.[32]
suggested that steam indirectly influences the reaction rate by affecting
the activation of methane, particularly through its concentration-
dependent impact on adsorbed OH groups, which could be related to
the Grotthuss mechanism in the SRM. The Grotthuss mechanism refers
to a proton transfer mechanism that involves the migration of protons
along a chain of hydrogen-bonded water molecules[63]. In SRM, the
Grotthuss mechanism can be associated with protons’ role in facilitating
methane dissociation into reactive species. Also, they concluded that the
0% flux is influencing reforming rates, with mechanisms like the Classic
Motts-Cabrera field-assisted growth, which plays a role in facilitating
ion movement through the oxide film formed on the catalyst/anode
surface[64]. The proposed mechanism provides a theoretical framework
for understanding the oxidation of metals used as a catalyst for SOFCs.
According to this model, there is an equilibrium in the distribution of
electrons from the metal at the catalyst layer to the surface covered with
oxygen adsorbates. As the oxide layer grows, the movement of ions
across electrolytes is facilitated by an electric field generated by the
Cabrera-Mott potential[65]. This electric field arises from the negative
charge on the adsorbed oxygen anions and the corresponding positive
charge on the metal side, creating a scenario like a parallel plate
capacitor[32]. In conclusion, the dissociative adsorption of H,O and the
quantity of generated OH groups are crucial in increased proton con-
ductivity, enhancing catalyst activity and reducing activation energy in
SRM under an electric field.

Due to the chemical stability of COy molecules and the highly
endothermic nature of the reaction, DRM requires more energy input
than SRM to overcome the activation energy[15]. This finding contrasts
with the results of this study, where the DRM shows a lower activation
energy for converting CH4 and COz molecules into products. This
outcome directs our attention to the use of R? (R-squared) and RMSE
(Root Mean Square Error) statistical methods to evaluate the perfor-
mance and accuracy of regression models for the estimation of activa-
tion energies. Table 8 provides the Arrhenius equation and associated R>
and RMSE values for the rate constants.
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Table 8
Arrhenius equation for rate constant for DRM/SRM.
Process Current Density [A/m?] PL R? RMSE LH R? RMSE
SRM 0 Kk — 7.68e-1 eXP(Sl,l?S) 0.973 0.0402 K = 7.22¢-1 exp(BSfG) 0.995 0.0245
500 Kk — 5.35¢-1 exp(46,l£34) 0.967 0.0455 Kk — 5.38¢-1 EXP(B?B) 0.988 0.0347
1000 k — 5.81e-1 exp(47T10) 0.975 0.0419 Kk — 6.97e-1 exp(zfg) 0.99 0.0314
DRM 0 Kk — 2.79e-1 exp(3fir72) 0.932 0.0633 K — 1.99-1 exp(34,f4) 0.938 0.0656
500 Kk — 4.17e1 exp(37T76) 0.929 0.0613 k — 1.79¢-1 exp(32,f0) 0.937 0.0665
1000 K — 1.99¢-1 e)(])((*]2’1‘52) 0.940 0.0515 Kk — 1.64e-1 exp(B(,)rlg) 0.937 0.053

Higher R? values indicate better model fit, and lower RMSE values
indicate better accuracy. SRM shows smaller RMSE and higher R? than
DRM in simulated Arrhenius plots of activation energies, indicating
more accurate E, estimation for SRM. Further validation is needed for
DRM-SOFC because it is the first study of its kind. An R? value of
approximately 0.93 for DRM indicates reasonable accuracy, demon-
strating promising results. Notably, R? values exceeding 0.9 reflect
strong correlations. The minor difference between the two R? values has
minimal impact on the DRM model’s reliability, as it still accounts for
over 93 % of the variance. SRM and DRM exhibit reduced activation
energies during electrochemical reactions in SOFCs, suggesting similar
phenomena. More research is needed to fully understand these effects on
E, variation. Several reasons may also contribute to this variation:

e Implementing a current or voltage across a fuel cell could facilitate
non-spontaneous chemical reactions. This external energy reduces
the E, by supplying the required energy for the oxidation of species,
ultimately enabling the reaction to proceed[66].

e Higher temperatures imposed by electrochemical reactions on a
SOFC anode may increase the kinetic energy of reactant molecules
across TPB, aiding reactants in overcoming the E, for transferring to
products more efficiently[67].

Previous studies suggest that E, tends to be higher in PL models
compared to LH models, mainly due to PL models’ omission of surface
chemistry factors like carbon deposition or the Grotthuss mechanism
[36,42]. Additionally, increasing current in electrochemical devices
promote oxidative reactions on the catalyst, thereby lowering apparent
E, and favoring product formation [64,65]. Our research affirms LH
models as superior for predicting kinetic parameters due to their higher
R? and lower RMSE values, which align better with experimental data
and consider surface heterogeneity, making them reliable for reactions
involving adsorption [17]. The applicability of the Arrhenius equation
in this study was evaluated, even though no directly comparable studies
exist for the selected materials under the same conditions. For the SRM
process, the activation energy and pre-exponential factor match with the
trends and values reported by Fan et al.[35], showing no significant
deviations. For the DRM process, similar studies are unavailable, so
statistical methods were used to validate the Arrhenius equation pa-
rameters. High R and low RMSE values indicate a strong fit between the
experimental data and the predicted rate constants. The Arrhenius pa-
rameters remained consistent and meaningful across changes in reactant
composition, temperature and current density. However, future studies
under similar conditions are needed to fully validate the results, espe-
cially for the DRM process.

4.8. Adsorption parameters

This study also aimed to compare the effects of electrochemical in-
teractions on the adsorption kinetics. The adsorption equilibrium con-
stant (K;) is a thermodynamic parameter that quantifies the ratio of the
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concentration of adsorbed molecules on a surface to the concentration of
the same molecules in the reaction at equilibrium[57,68]. The primary
stages in internal DRM/SRM-SOFC consist of CH4 and oxidant adsorp-
tion at the catalyst’s surface, leading to carbon monoxide and hydrogen
production and the final desorption of the syngas products[24,25]. A
higher value of K; indicates a strong affinity of the adsorbate on the
surface at that specified current density level.

The specific numerical values derived for H,O and CO2 adsorption
parameters have been presented in Table 7. Fig. 6(a) illustrates the
relationship between the oxidant’s adsorption equilibrium coefficient
and current density. In open-circuit conditions, where there is no elec-
tron transfer from the anodic reactions, the adsorption coefficients for
H20 and CO; are greater than those observed under closed-circuit
conditions. This phenomenon arises from the considerable charge
accumulation on the catalyst surface, necessitating many cations and
anions to balance the charge [32]. HoO exhibits a higher affinity to the
anode’s surface than CO», as evidenced by its notably greater adsorption
coefficient at the same current density level. The decrease in adsorption
coefficient at a current density of 750 A/m2 suggests a reduction in
electron or charge accumulation on the electrode’s surface when current
is drawn, necessitating fewer counter ions. At a higher current density of
1000 A/m2, a slight increase in the adsorption equilibrium coefficient
for both CO5 and Hy0 are observed, possibly due to the higher current
density exceeding the limit where the assumption of dissociative
adsorption of oxidant molecules is no longer valid. Similar effects re-
ported in the SRM may also apply to the DRM [32,35].

Furthermore, examining the alterations in enthalpy and entropy
associated with oxidants’ adsorption over SOFCs provides crucial in-
sights into the thermodynamic perspective of the adsorption mecha-
nism. The enthalpy change (AHJQ) represents the heat absorbed or
released during adsorption. In contrast, a positive entropy change (ASJQ)
indicates an increase in disorder, while a negative entropy change in-
dicates a decrease in disorder. Fig. 6(b) illustrates the influences of
current density on adsorption enthalpy and entropy of CO, and H20
molecules. The negative value of AHJ , and AHY, indicate an
exothermic behaviour of the adsorption in SOFC, indicating the heat
release when both oxidant molecules are attached onto the anode. This
implies that the HoO and CO; adsorption is thermodynamically favor-
able. Comparing the enthalpy changes for both species reveals that HoO
adsorption is more exothermic than the adsorption of CO; species.
Moreover, the data indicates that rising current density exerts a more
pronounced effect on the enthalpy variations of HoO than on those of
CO». Freund et al.[69] stated that the chemical stability of CO, mole-
cules is higher than that of HyO, which could explain the slight changes
of adsorption enthalpy of CO5 from the current density drawn by the fuel
cell. The substantial difference in the negative values of AS2, and
Asgzo, with the former being almost four times as low as the latter,
indicates that the adsorption of CO, via DRM tends toward a more or-
dered (less disordered) state than the adsorption of HyO in SRM.
Furthermore, it is observed that the influence of current density on the
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Fig. 6. (a) Examination of the relationship between current density and the equilibrium coefficients for CO, and H,O adsorption; the dashed green line indicates the
CO, equilibrium coefficient, while the solid blue line represents the H,O equilibrium coefficient. (b) Assessment of the impact of current density on adsorption
enthalpy and entropy; the solid yellow line illustrates the enthalpy associated with CO, adsorption, the dash-dotted blue line shows the entropy related to H,O
adsorption, the dashed purple line depicts the enthalpy for H,O adsorption, and the dotted green line reflects the entropy for CO, adsorption. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

entropy change of steam is nearly negligible. This implies that SRM
operates independently of current density effects on its system entropy.
In the case of DRM, draw a current, decrease the entropy value of CO5
adsorption, and increase it with a higher current density applied, leading
to a more ordered state than the open circuit set point. This suggests that
the effect of current density on entropy change is more significant for
CO4 adsorption during DRM, indicating a stronger bonding of CO,
species to active sites on the anode. The same trends for the effect of
current density on oxidant adsorption parameters were reported by Fan
et al.[35] in SRM-SOFC were also observed in our recent study[40] at a
different temperature range in DRM-SOFC. This indicates that the results
are reliable and comparable when considering both processes on the
same fuel cell. Given the wider temperature range investigated in this
study, a broader range of current densities is highly recommended to
determine the exact reasons behind these observations.

5. Conclusions

This study investigates the impact of operating conditions on CO;
and H,0 adsorption in button fuel cells with Ni-GDC and Ni-YSZ anodes,
contributing to understanding reaction kinetics and electrochemical
reactions in SOFC reforming. These insights are crucial for advancing
cleaner energy production. SRM and DRM are two key methods for
producing syngas from methane SRM is effective for hydrogen produc-
tion at high temperatures, while DRM helps reduce CO, emissions by
converting methane and CO; into hydrogen and carbon monoxide. Both
processes benefit from electrochemical reactions in SOFCs to improve
efficiency. Small catalyst masses were combined with a well-mixed
reactor to ensure uniform conditions and reduce heat and mass trans-
fer effects, allowing for reliable reporting of intrinsic kinetics parame-
ters. Comparing the kinetics of SRM and DRM is essential for optimizing
anode design under different conditions.

Key findings:

e Hydrogen production and methane conversion: SRM shows
higher hydrogen production and methane conversion than DRM with
the same CHy feed, and both processes see increased conversion with
rising current density, with SRM consistently outperforming DRM.
Higher Rprm and Rggry reduce overall methane conversion while
decreasing CH4 content in the feed improves it. The PL model sug-
gests that methane conversion in DRM is more sensitive to CHy
partial pressure changes than SRM.

e Reaction rates: Methane reforming reaction rates increase with CHy
partial pressure in the feed due to reduced oxidant pressure and
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enhanced adsorption competition on the anode surface. Both pro-

cesses have temperature and current-dependent reaction rates, but

DRM has a lower CH4 consumption rate than SRM.
e Activation energy trends: The LH model shows CO2 in DRM has a
greater impact on kinetic parameters than H>O in SRM. SRM’s acti-
vation energy decreases slightly with increasing current density
before rising again. Meanwhile, DRM shows a continuous decline in
activation energy with current drawn from the cell. SRM demon-
strates higher accuracy in estimating activation energy, as indicated
by lower RMSE and higher R? values than DRM. Although DRM’s
activation energy is lower than SRM’s, this contrast with previous
studies is due to the SRM model’s better accuracy. Nonetheless, DRM
still shows promising results with an R? value of ~ 0.95.
Thermodynamics of adsorption: Negative AHJQ values indicate

exothermic adsorption, with H20 being more exothermic than CO,.
Current density affects HoO’s enthalpy changes more than CO,,
which remains unaffected by the current draw from the cell. Differ-
ences in ASjO suggest CO, adsorption is more ordered in DRM than
H,0 in SRM. Current density has little effect on HyO entropy, but
increased current leads to a more ordered state for CO5 molecules in
DRM. Under open-circuit conditions, both H;O and CO; exhibit
higher adsorption coefficients than in closed-circuit, with H,O hav-
ing a significantly greater coefficient than CO at the same current
density.

These findings deepen our understanding of DRM and SRM inside
SOFCs, providing crucial insights for optimizing electrocatalytic pro-
cesses. It helps develop advanced anode materials, offering better cat-
alytic activity and resist issues like carbon buildup and sulfur poisoning.
These improvements are especially important for distributed energy
systems using SOFCs that require flexible and reliable fuel options. As
we delve into the complexities of electrochemical reactions in SOFCs,
additional research is still needed to fully comprehend the potential of
this promising technology.

5.1. Hints for future research

e Understanding intrinsic kinetics is crucial for accurately determining
catalytic activity and reaction mechanisms, free from heat and mass
transport limitations. Future studies could examine different flow
rates to evaluate external diffusion limitations. If the reaction rate
remains unchanged with increasing flow, external diffusion is min-
imal and intrinsic kinetic parameters are reliable. Alternatively, the
Mears criterion or Carberry number could be used to assess external
mass transfer limitations, where values below critical thresholds
indicate negligible diffusion.
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e Kinetics of syngas reforming in carbon dioxide and steam mixtures,
representing actual syngas compositions in SOFCs. This will provide
valuable insights into how temperature and current density influence
reforming kinetics under practical conditions.

Current reaction rate functions in simulation studies rely on
temperature-dependent equations for DRM and SRM, which may
lack accuracy as kinetic parameters vary with increasing current
density. Developing universal rate equations that account for tem-
perature and current density effects will improve the accuracy and
reliability of SOFC simulation studies.
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