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A B S T R A C T

Direct ammonia-fed Protonic Ceramic Cells (NH3-PCC) hold great promise for efficient energy generation, since 
ammonia can be used directly as fuel at the anode without the need of prior cracking to hydrogen. This study 
evaluates the catalytic activity of barium-promoted ruthenium catalysts supported on Ni-BCZY cermet particles 
in a packed-bed reactor, and provides a microkinetic model for simulation of the thermo-catalytic ammonia 
decomposition reaction. Among the catalysts tested, the 0.5 wt% Ru and 1 wt% Ba supported on a Ni-BCZY 
cermet exhibited the best performance, requiring less active material. The addition of Ru and Ba improved 
the catalytic activity of the bare Ni-BCZY cermet, which also shows catalytic activity due to Ni active sites. A new 
set of microkinetic model parameters is presented, combining Ba-promoted ruthenium and nickel surface steps. 
This model was used to conduct a parametric simulation, providing insights into the impact of the operating 
conditions.

1. Introduction

In pursuit of sustainable energy generation, hydrogen (H2) is 
considered to be particularly promising as a carbon-free energy carrier. 
Although currently H2 is produced primarily from fossil resources, i.e., 
through steam reforming of natural gas [1–3], viable alternatives for 
hydrogen generation include using technologies that rely on renewable 
energy such as electrolysis,[4,5] or methane and biogas pyrolysis 
[6–11]. When replacing fossil fuels with green hydrogen, not only is the 
selection of appropriate methods for H2 production and storage of 

utmost importance [12], but also the establishment of a suitable 
large-scale hydrogen carrier [13]. To date, various H2 carriers are under 
consideration, such as metal or chemical hydrides, liquid organic 
hydrogen carriers (LOHC), and porous structures in which hydrogen 
adsorbs via physisorption [14–16]. Ammonia (NH3) is another pro
spective hydrogen carrier; in comparison to H2, it can be liquified at 
lower pressure, has a higher volumetric energy density (in liquified 
form), and is easier to store and transport due to its lower vapor pres
sure, higher boiling point, and reduced flammability [17]. Since NH3 is 
the second most produced chemical in the world, the infrastructure for 
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NH3 production, storage, and transportation is well established world
wide [18,19]. However, efficient decomposition of NH3 is a prerequisite 
for its use as a H2 carrier.

Ammonia-fed Protonic Ceramic Cells (NH3-PCC) allow the direct use 
of NH3 as fuel for energy generation [20–23]. Unlike solid oxide cells 
(SOCs) which use oxygen ion (O2-) conducting electrolytes, PCCs use 
materials that conduct protons (H+) and thus have a lower activation 
energy. This results in lower operating temperatures than SOCs and 
avoids fuel dilution at the anode when operated in the fuel cell mode 
with hydrogen as fuel [24,25]. Proton-conducting electrolytes, such as 
Y-doped BaCeO3-BaZrO3 solid oxides (BCZY), are increasingly used for 
their excellent H+ conductivity [26,27]. Due to the importance of ma
terial selection in the structure of electrochemical setups, many studies 
have focused on identifying useful materials and developing 
performance-improvement strategies [28–30]. A common method to 
improve stability and performance is to mix metals with conductive 
electrolyte materials, forming hybrid composites called cermets that 
increase thermal durability and the number of active sites within the cell 
[22,31,32]. Therefore, adding nickel (Ni) to the ceramic BCZY [29,33], 
makes Ni-BCZY a popular choice for use as anode for 
intermediate-temperature applications [21,22,34]. Since NH3 decom
position is an endothermic reaction, high temperatures are required for 
efficient decomposition, typically between 773 K and 1173 K (Eq. 1) 
[15,35–37]. Therefore, considerable efforts have been reported in 
literature to study the thermo-catalytic decomposition of ammonia in 
the presence of metals [18,36–41]. 

2NH3 ⇌ N2 + 3H2 → ΔH298K = 92.44kJmol− 1                                (1)

Catalysts based on ruthenium (Ru) typically exhibit the highest ac
tivity for NH3 decomposition [41–43]. Since the usage of Ru in com
mercial applications is limited by its relatively high cost, many studies 
on the optimization of catalysts [40,44–46], promoters [47–49], and 
support materials [49–51], as well as the establishment of efficient 
reactor configurations [40,52,53], have been conducted. According to 
Zhang et al. [54], barium (Ba) has a thermal stabilizing effect on the Ru 
catalyst and was shown to act as a promoter for ammonia synthesis. In 
addition, Ni has also been shown to exhibit high activity for ammonia 
decomposition [37,55–57], hence its presence in the anode could 
enhance catalytic activity, and merits further research.

The present work investigates the Ru-catalyzed decomposition of 
NH3 over Ni-based cermet supports in a packed-bed reactor for appli
cation in PCC setups. The catalyst performance data, supplemented by 
characterization measurements from scanning electron microscopy 
(SEM) and energy-dispersive X-ray spectroscopy (EDXS), are utilized to 
develop and validate a microkinetic model for catalytic ammonia 
decomposition over a Ba-promoted Ru/Ni-BCZY catalyst that also con
siders the activity of the metallic nickel present in the cermet support 
along with ruthenium. Finally, the proposed microkinetic model is used 
to investigate the surface dynamics and perform a parametric study to 
offer insights on the impact of operating conditions on the catalytic 
performance.

2. Experimental procedure

2.1. Catalyst preparation

Ni-based cermet material that are typically used in PCCs and SOCs 
were prepared by means of tape casting and subsequent sintering. Two 
different tapes were prepared by mixing either BaCe0.8Zr0.1Y0.1O3-δ 
(BCZY811; CerPoTech A.S.) or yttria-stabilized zirconia (8-YSZ; Tosoh 
Europe B.V.) powder with graphite (TimCal), ethanol, and methyl ethyl 
ketone (MEK) as solvents and dispersant. For all cermet-based samples, 
the BCZY or YSZ powder was additionally mixed with NiO powder (J.T. 
Baker®) in a weight ratio of 40:60. After mixing the resulting slurry for 
24 h in a TURBULA® 3D shaker mixer (type T2F, WAB), polyvinyl 

butyral (PVB) and two plasticizers (PEG and TEG-EH by Eastman) were 
added. At that point the solution was mixed once again for 3 h before it 
was rested for 24 h, and then de-airing was conducted under vacuum. 
Subsequently, a ZAA 2300 automatic film applicator coater (Zehnter 
GmbH) was used to cast the slurry onto a silicone-coated PET film. In 
order to remove the solvents, the resulting tape was then dried for 12 h 
at room temperature and for 10 min at 773 K. Analogous to PCC fabri
cation [58], the tapes were finally sintered for 9 h at 1673 K. To ensure 
the creation of open pores during the decomposition of organic com
ponents and graphite, and to minimize crack-formation as a result of 
thermal stress, the heating and cooling ramps for the sintering step were 
chosen to be 1 K min− 1 and 3 K min− 1, respectively.

The sintered tapes crushed to a fine powder were used as support 
material for the catalysts. This approach ensures that the material 
properties during packed-bed testing are analogous to those in a PCC 
configuration. Ru and/or Ba were deposited by means of incipient 
wetness impregnation (IWI) using an aqueous ruthenium(III)-nitrosyl- 
nitrate solution (Alfa Aesar) and an aqueous Ba-containing precursor 
solution that was prepared by dissolving Ba(NO3)2 powder (Alfa Aesar) 
in deionized water. Due to the relatively low pore volume of the cermet- 
based support material, the precursor solution was added stepwise with 
100 µL per step and was subsequently dried at 348 K for 15 min until the 
desired amount of Ba and/or Ru was added. It should be mentioned that, 
in this formulation, the additional catalysts Ru and Ba are introduced as 
nanoparticles supported on the crushed cermet material and are not 
incorporated into the bulk of the proton-conducting ceramic. The ni
trates were decomposed during calcination for 5 h at 873 K in static air, 
and the prepared catalysts were granulated to a particle fraction of 
120–250 µm. Table 1 provides an overview of the prepared catalysts 
studied in this work.

2.2. Catalyst characterization

A BELSORP Mini II analyzer (MicrotracBEL) was used to obtain ni
trogen adsorption-desorption isotherms at 77 K. To remove any adsor
bed contaminants, the catalyst samples were degassed for two hours at 
573 K before the actual physisorption test. Using the adsorption data in 
the range of 0–0.5 relative pressure, the specific surface area was 
calculated according to the Brunauer-Emmett-Teller (BET) method.

The grain size was investigated using Scanning Electron Microscopy 
(SEM). A QuantaTM 250 FEG running at 20 kV accelerating voltage was 
used to obtain the SEM images. The sample’s composition and average 
nanoparticle size were estimated using SEM imaging and Energy- 
Dispersive X-ray Spectroscopy (EDX), which also revealed information 
about the sample’s nanoparticle size and structural integrity.

Temperature-programmed reduction (TPR) was conducted to eval
uate the reducibility of the catalyst and to provide insight into the 
strength of the interaction between the active metal species and the 
support. The TPR experiments were performed using approximately 
0.1 g of the powdered catalyst, which were placed in a quartz reactor 
and heated from room temperature to 1223 K at a heating rate of 
10 K min− 1 in a mixture of 10 % H2 in Ar (50 mL min− 1). Simulta
neously, the H₂ consumption was monitored using a thermal conduc
tivity detector (TCD).

The dispersion of Ni on the BCZY support was measured via H2 

Table 1 
Overview of the six prepared catalysts (nominal compositions). BCZY: 
BaCe0.8Zr0.1Y0.1O3-δ, YSZ: ZrO2 • 0.03 mol% Y2O3.

Catalyst Ru in wt% Ba in wt%

Ni-BCZY cermet - -
1Ru/Ni-BCZY 1.0 -
0.5Ru/1Ba/ Ni-BCZY 0.5 1.0
0.5Ru/0.5Ba/ Ni-BCZY 0.5 0.5
1Ru/1Ba/YSZ 1.0 1.0
1Ru/1Ba/Ni-YSZ 1.0 1.0
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temperature-programmed desorption (TPD-H2). As a pretreatment, 
100 mg of the sample were heated to 923 K under 40 mL min− 1 of Ar 
flow followed by reduction under 11 % H2/Ar for 1 h at 650 ◦C. After 
reduction, the sample was flushed in Ar flow (40 mL min− 1) at 923 K for 
0.5 h and subsequently cooled down to room temperature and flushed 
until H2 signal is stabilized. The chemisorption step took place under a 
flow of 10 % H2/Ar for 1 h at 298 K (total flow 50 mL min− 1). The 
temperature of adsorption was selected in order to minimize the effect of 
hydrogen spillover in the support. The temperature programmed 
desorption was carried out in a heating rate of 10 K min− 1 until the 
temperature of 1123 K. The integrated peak of desorbed hydrogen was 
compared to that of reference H2 pulses. The atomic ratio H:M of 1:1 was 
considered for the calculation of the metal dispersion. The specific 
surface area of metal for each catalyst was based on the consideration 
that the area occupied by a surface metal atom for Ni is 6.51 Å2 [59].

2.3. Thermo-catalytic experiments

The catalytic activity of the prepared catalyst samples was evaluated 
in a lab-scale catalyst testing unit as described elsewhere [60]. For the 
tests, a quartz glass tubular reactor (inner diameter 0.8 cm, length 
100 cm) loaded with 300 mg of the catalyst granulate mixed with 
700 mg of silica particles (both with a sieve fraction of 120–250 µm), 
resulting in a catalyst bed length of approx. 1.2 cm. The bed was fixed by 
two quartz wool plugs and the reactor was placed in a furnace. The gases 
were fed to the reactor through mass flow controllers (Bronkhorst). The 
catalyst bed temperature during the reaction was monitored by two 
thermocouples (type N), which were positioned approximately 2 mm 
up- and downstream of the catalyst bed, while a Fourier-transform 
infrared (FTIR) spectrometer (MG2030, MKS Instruments) was used to 
continuously analyze the effluent gas stream.

Each catalytic test started with 1.5 h of pretreatment at 873 K in 5 % 
H2 and balance in Ar. After cooling to 473 K and purging for 1 h in pure 
Ar to remove all H2 from the reactor, the performance tests were con
ducted at 1 bar with different NH3 concentrations (500 ppm, 1000 ppm, 
and 3000 ppm NH3) balanced in Ar. For this, the temperature was 
ramped to 873 K with a rate of 2 K min− 1, and a gas hourly space velocity 
(GSHV) of 50,000 h− 1 was chosen.

3. Modeling approach and numerical simulation

3.1. Numerical simulations

The DETCHEMPBR code [10], which is part of the DETCHEM [61]
simulation package, was utilized to perform the numerical simulations 
of the packed-bed reactor model, combined with detailed kinetic 
models. Eqs. 2 and 3 represent the set of governing equations solved in 
DETCHEMPBR, under the assumptions of negligible axial diffusion and 
constant flow properties in the radial direction. 

d(ρu)
dz

= av

∑

i∈S g
ṡiMi (2) 

ρu
d(Yi)

dz
+ Yi av

∑

i∈S g
ṡiMi = Mi(av ṡi + ω̇iε) (3) 

Herein, ρ is the density, u is the superficial gas velocity, z is the axial 
coordinate, av is the ratio of particle surface area to reactor volume, ṡi is 
the surface reaction rate of species i, Mi is the species molar mass, 
Yi is the species mass fraction in the gas-phase, ω̇i is the gas-phase 
reaction rate, ε is the porosity of the packed-bed, and S g is the set of 
all gas-phase species.

The external fluid-solid mass transfer effect was also considered for a 
more precise estimation of the reaction rates at the catalyst surface and 
modeled through Eqs. 4 and 5. 

ṡiMi = kfs, i (ci,f − ci, s) (4) 

kfs, i =
ShDi

dp
(5) 

Herein, kfs,i is the fluid-solid mass transfer coefficient, ci,f is the spe
cies concentration in the fluid-phase, ci,s is the species concentration at 
the catalyst surface, Sh is the Sherwood number, Di is the species 
diffusion coefficient, and dp is the particle diameter. The bed porosity is 
calculated using the Pushnov approximation in Eq. 6 correlating the 
particle and reactor diameter (dp and Dreactor) for spherical particles (Ap =

1.0, Bp= 0.375, and n = 2) [62]. 

ε =
Ap

(Dreactor
dp

)
n + Bp (6) 

The CaRMeN (Catalytic Reaction Mechanisms Network) software 
was used to accelerate the simulation workflow and for validation of the 
numerical simulations with experimental data [61,63,64].

3.2. Kinetic model

The surface reaction rates for species i are calculated through Eq. 7
where the rate constant kk for the kth reaction is modeled using the 
modified Arrhenius expression according to Eq. 8, which in contrast to 
the typical Arrhenius expression also includes the coverage-dependency 
parameter ϵi on the activation energy due to the coverage θi for the 
species i. 

ṡi = Fcat/geo

∑

k∈R S
θkk

∏

j∈S g∪S S
c

νʹ
jk

j (7) 

kk = Ak Tβk exp
(

−
Eak

RT

)
∏

i∈S s

exp
(

ϵi,kθi

RT

)

(8) 

θi =
ciσi

Γ
(9) 

Herein, R Sand S S are the set of all surface reactions and species, 
respectively, νik is the stoichiometric coefficient of species i for reaction 
k, Ak is the pre-exponential factor, T is the temperature, βk is the 
temperature-dependency parameter, Eak is the activation energy, and R 
is the universal gas constant (R = 8.314 k mol− 1 K− 1). The surface 
coverages θi are estimated under the mean field approximation using the 
surface concentration of species i (ci), the number of occupied adsorp
tion sites per adsorbed molecule i (σi), and the surface site density Γ. The 
DETCHEMSURFPROBE code was used to calculated the surface coverages 
and fluxes over the catalytic surface [61].

Fcat/geo correlates the actual catalytically active surface area Acat to 
the geometrical area Ageo of the particles. Acat is calculated under the 
assumption that half of the spherical metal nanoparticle surface is 
exposed on the surface. 

Fcat/geo =
Acat

Ageo
(10) 

Ageo = Np 4π(dp

2
)

2 (11) 

Acat = 0.5
mmetal

ρmetal

6
dnp

(12) 

Herein, Np is the total number of particles in the catalyst bed, dp is the 
diameter of the particle, mmetal is the active metal catalyst mass calcu
lated based on the catalyst loading, ρmetal is the density of the active 
metal catalyst, and dnp is the diameter of the nanoparticle. Additionally, 
the rates of the adsorption reactions are modeled using Eq. 13 in terms of 
sticking coefficients, S0

i , which represents the probability that a gas- 
phase molecule will adsorb when it collides with the surface. 

S. Davari et al.                                                                                                                                                                                                                                  Applied Catalysis A, General 708 (2025) 120571 

3 



ṡi = S0
i

∏

j∈Ss
θv́ jk

j

̅̅̅̅̅̅̅̅̅̅̅
RT

2πMi

√

ci (13) 

3.3. Microkinetic model and automated optimization procedure of the 
parameters

The mechanism for ammonia synthesis has been widely studied in 
the literature considering various active catalysts, promoters and sup
ports [65–69]. In 1996, Hinrichsen et al. [70] established a microkinetic 
model for NH3 synthesis consisting of 12 elementary steps encompassing 
N2 and H2 dissociative adsorption/desorption, sequential hydrogen ab
stractions, and NH3 adsorption/desorption over a Cs/Ru-MgO catalyst, 
wherein the kinetic parameters for the N2 desorption step were obtained 
via temperature-programmed desorption experiments. In this work, to 
model the experimental data for ruthenium catalyst samples, we use the 
microkinetic model and thermodynamically consistent kinetic parame
ters including coverage-dependent activation energies proposed by 
Zhang et al. [54] for a Ba-promoted Ru catalyst supported on YSZ; these 
data were validated with experiments for ammonia synthesis at various 
operating conditions. In accordance with the principle of microscopic 
reversibility, the mechanism for ammonia synthesis can also be used to 
describe ammonia decomposition. Additionally, to model the Ni-BCZY 
cermet sample, the microkinetic model proposed by Zhu et al. [71] is 
used, that investigated ammonia decomposition on a dual-channel 
protonic-ceramic fuel cell (PCFC) over a membrane electrode. It is to 
be noted that in both of these models, the reaction steps considered are 
as proposed by Hinrichsen et al. [70]; however, the individual rate co
efficients were modified to fit the experimental observations.

In the present work as well, the kinetic parameters needed to be 
optimized to match the experimental observations for selected samples. 
This was accomplished using the automated optimization procedure for 
detailed microkinetic models based on the Basin-Hopping algorithm, a 
global stochastic optimizer. The general approach for the automated 
optimization procedure is described in detail in an earlier work [72]. 
The algorithm stochastically explores the high-dimensional kinetic 
parameter space without relying on gradient information. It combines 
random perturbations with local minimization using the Nelder-Mead 
method to identify parameter sets that minimize deviation from exper
imental data. Only the kinetic parameters of linearly independent re
actions are directly optimized at each step [73]. The objective function 
for the optimization was chosen as the sum of the absolute difference 
between the experimental data points and the simulated data points over 
various reactor temperatures Tr as shown in Eq. 14. 

f
(
λj
)
=

∑

r
| XNH3 , Tr − XNH3 , Tr | (14) 

Herein, λj denotes a j-dimensional vector representing the overall 
kinetic parameters to be optimized for a given microkinetic model, while 
XNH3 , Tr and XNH3 , Tr indicate the simulated and experimental conversion 
of NH3 at a given reactor temperature. It is to be noted that, since the 
number of parameters to be tuned is large compared to the number of 
experiments, multiple solutions exist that perform similarly. We report 
in this work the values that perform reasonably well on the validation 
data as well as the fitting data. Only the performance data corresponding 
to the inlet feed concentration of 1000 ppm of NH3 was used in the 
objective function during the fitting procedure, while the rest of the 
experimental data were used for validation of the fitted parameters. The 
Basin-Hopping iterations and the Nelder-Mead local search iterations 
were kept as 25 and 200, respectively, to allow a thorough exploration of 
the kinetic parameter space to obtain the optimal parameters. The step 
size for the hopping step was kept as 0.05 representing a 5 % change in 
the parameter value in either direction at each iteration. For maintain
ing thermodynamic consistency in the entire surface mechanism, the 
number of degrees of freedom in the combined mechanism is 2 [73]. 
Therefore, the kinetic parameters associated with the NH3 desorption 
step for the Ni surface and the reverse of the dehydrogenation reaction 

for the Ru surface were calculated at each iteration via DETCHEMADJUST 

such that Eq. 15 is satisfied for all pairs of reversible reactions in the 
model, hereby ensuring thermodynamic consistency throughout the 
optimization routine [73,74]. This elementary step was chosen through 
a preliminary sensitivity analysis due to its least sensitivity towards NH3 
conversion. This approach effectively reduces the dimensionality of the 
parameter space by deterministically calculating dependent parameters. 

kf (T)
kr(T)

=
∏

i

(
c⦵

i
)νi exp

(

−
ΔRG
RT

)

(15) 

Herein, kf is the forward reaction rate constant, kr is the rate con
stant for the reverse reaction, ΔRG is the Gibbs free energy change, and 
c⦵

i is the concentration of species i at standard conditions.

4. Results and discussion

4.1. Experimental results

Due to their relevance for NH3-PCC applications, catalyst materials 
based on BCZY have been studied frequently in the past [25,75,76]. 
Since in the present study the performance of the catalysts is evaluated 
thermo-catalytically, tests were also conducted with samples using YSZ 
ceramic and Ni-YSZ cermet, which serve as reference materials and 
enable a comparative analysis of the catalytic activity of materials that 
are commonly used in fuel cell applications. The primary aim was to 
observe the effect of addition of ruthenium as active metal and barium as 
promotor on the catalytic activity of the cell materials. Table 2 sum
marizes the BET surface area of the YSZ powder and the NiO-BCZY 
support. The cermet-based support exhibits a very low specific surface 
area of 1.1 m2 g− 1 because the synthesis and processing conditions of 
cermet materials often involve high-temperature treatments to achieve 
the necessary structural and compositional characteristics [77,78]. 
Despite its low surface area, the dense and stable matrix of the cermet 
support is essential for maintaining the structural integrity and ensuring 
the efficient conduction of ions and electrons within the fuel cell. 
Additionally, nickel oxide (NiO) plays an important role [79]. NiO is 
used as a precursor which, after reduction, forms nickel (Ni) particles 
within the ceramic matrix that act as active sites for electrochemical 
reactions with a dispersion of 3.17 %. The combination of Ni with the 
ceramic material affects the overall catalytic activity and durability of 
the fuel cell, compensating for the low surface area by potentially 
providing additional active sites for ammonia decomposition [21,22]. 
Thus, there exists a trade-off between the specific surface area and the 
electrical and mechanical properties required in PCC fuel cell 
applications.

The TPR profile of the Ni-BCZY support, shown in Fig. 1, reveals a 
single, sharp, symmetrical peak at around 673 K. This sharp peak sug
gests a straightforward, well-defined reduction process. The BCZY sup
port contributes to moderate stabilization of NiO, enhances reducibility 
through oxygen vacancies, and improves catalytic performance via 
structural and electronic effects, making Ni-BCZY effective for 
intermediate-temperature application [21,22].

The experimentally determined NH3 conversion curves of the 
various catalysts listed in Table 1 at temperatures ranging from 473 to 
873 K for 1000 ppm NH3 in Ar, are plotted in Fig. 2. The differences in 
activity amongst the various supported catalyst samples suggest that the 
support material has a significant impact on catalytic performance. The 
1Ru/1Ba/YSZ catalyst is the most active, with an onset temperature of 
503 K and full NH3 conversion at approximately 673 K. The superior 

Table 2 
BET analysis for NiO-BCZY and YSZ.

Support Material Specific surface area

NiO-BCZY (Oxidized state) 1.1 m2 g− 1

YSZ 14.1 m2 g− 1
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performance of this sample compared to others is due to the high activity 
[43] and amount of Ru, the promoting effects of Ba [80], and the higher 
surface area of the YSZ powder support (Table 2), resulting in better 
dispersion of the active material [54,81,82]. It has been shown in the 
literature that YSZ alone exhibits very low activity for ammonia 
decomposition, while addition of Ni, to form a cermet composite, boosts 
the activity [32]. However, as shown in Fig. 2 including Ni in the sup
port in the presence of other active metals (1Ru/1Ba/Ni-YSZ catalyst) 
results in a significant decrease in performance, in spite of having the 
same content in Ru and Ba. This can be attributed to the Ni accumulated, 
which forms large particles [32] and leads to a loss of the internal 
porosity and surface area of the cermet-supported sample compared to 
the YSZ powder, due to the high sintering temperatures used during the 
preparation of the cermet support [32,77,78]. The Ni-BCZY sample with 
no additional ruthenium or barium has the lowest activity compared to 
other catalyst samples, while the activity is increased by addition of 
ruthenium alone or in combination with barium, and perform better 
than the 1Ru/1Ba/Ni-YSZ sample. A prior study has demonstrated that 
Ni-BCZY is more active than Ni-YSZ for ammonia decomposition, due to 
its lower tendency to get poisoned by hydrogen [76,83]. Note, that in 
this context hydrogen poisoning means the hydrogen species cover the 
surface of the catalyst, occupying the free active sites, and thereby 
decrease the catalyst’s efficiency [84]. The promotor effect of Ba can be 
observed by comparing the activity of samples with and without barium. 
The samples containing Ba along with 0.5 wt% Ru (i.e. 0.5Ru/1Ba/
Ni-BCZY and 0.5Ru/0.5Ba/Ni-BCZY) performs at par with the 1Ru/N
i-BCZY sample containing 1 wt% Ru. Table 3 depicts the T10 and T50 
values for each sample, i.e., the temperatures required to achieve 10 % 
and 50 % conversion of ammonia, respectively. By replacing some of the 
active noble metal with 1 wt% Ba in the 0.5Ru/1Ba/Ni-BCZY sample, 
there is a slight improvement in T10 and the performance at higher 
temperatures is very similar to that of 1Ru/Ni-BCZY (Table 3). 

Therefore, 0.5Ru/1Ba/Ni-BCZY was selected for further investigation, 
due to its catalytic performance and potential for usage in NH3-PCC.

Fig. 3 illustrates the performance of the chosen catalyst, 0.5Ru/1Ba/ 
Ni-BCZY, at three different ammonia inlet concentrations. As the 
ammonia concentration in the inlet is increased from 500 to 1000 ppm 
and then to 3000 ppm, the temperature required to achieve 50 % con
version increases from 653 to 674 and subsequently to 695 K. Regardless 
of the ammonia concentration in the feed, conversion starts at about 
523 K and ammonia is fully converted beyond 758 K.

The 0.5Ru/1Ba/Ni-BCZY sample was further characterized via SEM 
and EDX analysis. Fig. 4 shows the results of SEM measurements under 
different resolutions. The average diameter of 50 particles was measured 
to be 241 µm with a standard deviation of 42 µm. The SEM results 
(Fig. 4c) showed a macro-porous structure with sharp edges that could 
be due to the high fraction of metallic nickel present after reduction. 
Fig. 5 depicts the EDX result along with the cropped and masked EDX 
image by the ImageJ software [85] for analysis (Fig. 5b). The EDX image 
demonstrates a uniform dispersion of the ruthenium metal, and with 
30000x–240000x magnifications individual particles could be identi
fied, and their size distribution was determined to be 4.78 ± 1.16 nm.

4.2. Reactor simulations

Since the experimental data and prior literature studies [32,76]
indicate that the cermet support, namely Ni-BCZY with 60 wt% NiO, is 
catalytically active under the conditions of interest due to the presence 
of Ni, the kinetic model for catalyst samples supported on Ni-BCZY 
should also consider the elementary steps on nickel surface sites in 
addition to ruthenium. Therefore, a microkinetic model combining both 
surfaces was developed for the 0.5Ru/1Ba/Ni-BCZY sample, which may 
be utilized for PCC design comprising Ni-BCZY as anode.

As an initial estimate, the reaction steps for the Ni and Ru surfaces 
with associated kinetic parameters were taken from the microkinetic 
models for Ni and Ba-promoted Ru catalysts reported by Zhu et al. [71]
and Zhang et al. [54], respectively, and a combined mechanism was 
formulated by including both sets of elementary reaction steps over each 
metal. The comparison of the simulated data using the initial estimated 

Fig. 1. TPR profile of Ni-BCZY during heating with 10 K min− 1 in 10 % H2 
in Ar.

Fig. 2. Catalytic NH3 decomposition performance of various samples in a 
packed-bed reactor. Conditions: 1000 ppm NH3 in Ar; GHSV = 50,000 h− 1; 
ramp rate = 2 K min− 1; P = 1 bar.

Table 3 
Temperature for 10 % and 50 % conversion, T10 und T50, for each catalyst 
sample corresponding to the performance data plotted in Fig. 2.

Catalyst sample T10 in K T50 in K

Ni-BCZY 656 717
1Ru/ Ni-BCZY 621 675
0.5Ru/1Ba/ Ni-BCZY 615 675
0.5Ru/0.5Ba/ Ni-BCZY 621 676
1Ru/1Ba-YSZ 536 589
1Ru/1Ba/Ni-YSZ 621 688

Fig. 3. NH3 conversion curves for the 0.5Ru/1Ba/Ni-BCZY catalyst. Conditions: 
500, 1000, or 3000 ppm NH3 in Ar; GHSV = 50,000 h− 1; ramp rate 
= 2 K min− 1; P = 1 bar.
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parameters along with the experimental data shown earlier in Fig. 3 in 
the temperature range of 473–873 K can be found in the supplementary 
material. The nickel dispersion of 3.17 % and the ruthenium nano
particle size of 4.78 nm, which corresponds to a Ru dispersion of 13.5 % 
[86], used for the calculation of the catalytically active area, were ob
tained from H2-TPD (temperature-programmed desorption) measure
ments and the EDX analysis, respectively. As expected, the simulations 
overpredict the experimentally observed performance significantly. This 
overprediction was probable since the kinetic parameters reported by 
Zhang et al. [54] were for Ba-promoted Ru supported on YSZ, and the 
parameters reported by Zhu et al. [71] were validated for Ni supported 
on BaZrO3. Hence, in order to better understand the Ru activity on a 
Ni-BCZY support, an accurate prediction of the Ni activity in the cermet 
support is required.

To this extent, we first performed additional temperature- 
programmed experiments with a Ru-free Ni-BCZY sample at various 
concentrations of NH3. The experimental data and the corresponding 
numerical simulation results with the Ni-BCZY cermet sample are 
compared in Fig. 6; note that the original kinetic parameters as reported 
for a Ni surface by Zhu et al. [71] were used (solid lines). The available 
active catalyst area is incorporated in the reactor simulations through 
the calculation of Fcat/geo (Eq. 10) based on the characterization data of 
the Ni-BCZY sample. The overprediction in the simulations, as 
mentioned above, is because in the study of Zhu et al. [71], the model 
parameters were fitted using the thermo-catalytic ammonia decompo
sition experiments over a highly active 40 wt% Ni/BaZrO3 sample taken 
from Okura et al. [87] Since the Ni/BaZrO3 sample was synthesized by 
impregnation of Ni on the BaZrO3 ceramic, its microstructure is likely 

different from the Ni-BCZY cermet used in the present work, therefore 
the model parameters do not reflect well the experimental observation 
of low activity. In here, NiO accounts for 60 wt% of the cermet support 
and undergoes an intense cermet-making process, leading to low 
porosity (Table 2), with only a small amount of catalytically active Ni 
accessible on the surface, thereby exhibiting relatively low catalytic 
activity. In order to accurately describe the Ni-BCZY performance, an 
optimization of the kinetic parameters for Ni surface reactions was 
required and performed as described in Section 3.3. The experimental 
data for 1000 ppm NH3 was used for fitting the parameters and the data 
for 500 and 3000 ppm was used for validation of the optimized model. 
The available active catalyst area through Fcat/geo was kept constant 
throughout the optimization procedure. The simulations with the opti
mized kinetic parameters shown by dashed lines in Fig. 6, demonstrate a 
good agreement with the experimental data for 500 ppm and slightly 
underpredict the performance at 3000 ppm. The better predictions after 
the optimization of the kinetic parameters highlight that even though 
the reaction steps considering Ni as the active metal do not change, the 
kinetic parameters needed to be altered to reflect the effect of the sample 
morphology.

Moreover, since the kinetic model over the Ru surface of Zhang et al. 
[54] was developed for a YSZ support, it was necessary to optimize also 
the parameters associated with the ruthenium reaction steps to reflect 
the effect of the Ni-BCZY support (procedure described in Section 3.3). 
Similar to the procedure followed for the Ni-BCZY sample, the data for 
1000 ppm NH3 was used for fitting and the data for 500 and 3000 ppm 
was used for the validation of the parameters. Fig. 7 shows the com
parison of the experimental data on ammonia decomposition over 

Fig. 4. SEM images of the 0.5Ru/1Ba/Ni-BCZY catalyst with increasing magnification from left to right. a) Image obtained from backscattered electron (BSE) 
measurements; b) image obtained from secondary electron (SE) measurements; c) image obtained from BSE measurements at higher magnification.

Fig. 5. a) Ru distribution according to EDX analysis of the 0.5Ru/1Ba/Ni-BCZY catalyst; b) ImageJ zoomed in on the clipped and masked EDX image.
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0.5Ru/1Ba/Ni-BCZY with the data simulated using the dual surface 
mechanism (c.f. Table 4), comprising the optimized reaction parameters 
involving the reactions on the ruthenium surface and the previously 

optimized parameters of the Ni surface reactions. As the figure shows, 
the optimized model is able to predict the experimental data with a good 
accuracy for all NH3 concentrations. A detailed comparison between 

Fig. 6. Comparison between the experimental and simulated NH3 conversion over Ni-BCZY using original Zhu et al. [71] kinetic parameters (solid lines) and 
optimized parameters (dashed lines). Conditions: 500 (a), 1000 (b), or 3000 (c) ppm NH3 in Ar; GHSV = 50,000 h− 1; ramp rate = 2 K min− 1; P = 1 bar.

Fig. 7. Comparison between the simulated data using the optimized Ru and Ni surface reaction parameters and the experimental data for 0.5Ru/1Ba/Ni-BCZY. 
P = 1 bar, GHSV = 50,000 h− 1, with varying NH3 inlet concentration diluted in Ar: a) 500 ppm, b) 1000 ppm, c)3000 ppm.
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experimental and simulated NH₃ conversion results, using both original 
and optimized kinetic parameters, is provided in Table S2 of the sup
plementary material.

Table 4 presents the thermodynamically consistent set of optimized 
parameters for the elementary steps in the microkinetic mechanism 
considering Ru and Ni as active surfaces for the Ru/Ba/Ni-BCZY cata
lytic system. It should be noted that throughout this microkinetic study, 
barium is treated as a promotor [54,88,89] and its effect is implicitly 
reflected in the optimized Ru kinetic parameters. Although synergistic 
effects between two metals (Ru and Ni) can, in some cases, modify the 
reaction pathway or shift the rate-limiting step, such effects were not 
explicitly accounted for in this modeling framework. Instead, we 
assumed a dual-site, non-interacting surface where each metal 

contributes independently to the overall activity. Furthermore, this 
model is intended to describe the kinetics of this specific material. 
Parameter modifications, including changes in A, β, and Ea values, are 
presented in Table S1 in supplementary material.

To gather more insights on the dynamics on the surface during 
ammonia decomposition, the surface coverages and the gas-phase con
centration of NH3 was investigated along the length of the reactor. As 
demonstrated in Fig. 8, the conversion increases steadily along the 
reactor with increasing temperature. Furthermore, at temperatures 
beyond 773 K, the full length of the reactor is not required to achieve full 
conversion. Fig. 9 shows the simulated coverages of the key surface 
species along the reactor length using the proposed microkinetic model 
in Table 4. The coverages correspond to 615 K (dashed lines) and 818 K 
(solid lines), at which the 0.5Ru/1Ba/Ni-BCZY catalyst exhibits 10 % 
and 100 % conversion, respectively. The other parameters were set at 
1 bar pressure and a gas hourly space velocity of 50,000 h− 1 with an 
inlet concentration of 1000 ppm NH3 in Ar. As seen in Fig. 9, the 
adsorbed NH3 species are negligible compared to the adsorbed nitrogen 
and hydrogen species, suggesting that the NH3 adsorption and subse
quent hydrogen abstraction reactions are fast. Both Ru and Ni surface 
sites are predominantly covered by adsorbed nitrogen species 
throughout the reactor length at 615 K, with only a small fraction of free 
sites and adsorbed hydrogen species. This indicates that N2 desorption is 
likely the rate limiting step, in agreement with prior studies [15,37, 
90–92]. At higher temperature of 818 K (solid lines), the N2 desorption 
is faster, and the adsorbed nitrogen coverages are predicted to decline 
along the length increasing the free surface sites. Under these operating 
conditions, in comparison to the active nickel sites, the adsorbed ni
trogen and hydrogen species coverages on the ruthenium sites are lower, 
suggesting relatively higher rates of association and desorption of 
gaseous N2 and H2 on the ruthenium sites. Also, a higher accumulation 
of the adsorbed hydrogen species on the nickel surface is predicted, 
especially at higher temperature, in comparison to the ruthenium sur
face, which suggests that the Ni surface is more prone to hydrogen 
poisoning [76,93] than Ru.

In order to probe only the surface kinetics of the active ruthenium 
and nickel sites, without the influence of reactor geometry and transport 
properties, DETCHEMSURFPROBE was used to numerically evaluate the 
relative activity of the metals in terms of turnover frequency (TOF) [61]
using the kinetic parameters proposed in this work (Table 4). The 
turnover frequencies were calculated based on the surface fluxes (Eqs. 7 
and 8) and the surface site density, in the range of 450–850 K for a mole 
fraction of 1000 ppm of NH3 and 1 bar pressure, and the results are 
shown in Fig. 10. When comparing the two catalyst surface sites indi
vidually, Ni exhibits lower TOF than Ru up to 808 K, which underscores 
the higher efficiency of ruthenium for ammonia decomposition. 

Table 4 
Thermodynamically consistent detailed kinetic model for Ru/Ba/Ni-BCZY. S0

i : 
Sticking Coefficient, Ak: Pre-exponential factor, Eak : Activation energy, β: Tem
perature dependency parameter (Eq. 8).

Reaction S0
i Ak 

[cm,mol, 
s]

β Eak 

[kJ/mol]

N₂ + 2 Ru → 2 N 
(Ru)

3.01 × 10− 06 - 0.0 35.87

2 N(Ru) → 2 Ru 
+ N₂

- 2.08 × 1017 − 0.297 143.70–18.03θN 

(Ru)

H₂ + 2 Ru → 2H 
(Ru)

3.91 × 10− 03 - 0.0 0.0

2H(Ru) → 2 Ru 
+ H₂

- 3.75 × 1020 0.734 91.82–1.67θH(Ru)

NH₃ + Ru → 
NH₃(Ru)

1.15 × 10− 05 - 0.0 0.0

NH₃(Ru) → Ru 
+ NH₃

- 2.51 × 1011 0.087 72.45

H(Ru) + N(Ru) → 
NH(Ru) + Ru

- 2.02 × 1022 − 0.380 101.6–9.02θN(Ru)

NH(Ru) + Ru → H 
(Ru) + N(Ru)

- 6.31 × 1019 0.216 33.44 + 0.83θH 

(Ru)

NH(Ru) + H(Ru) 
→ NH₂(Ru) 
+ Ru

- 5.25 × 1019 0.100 84.93

NH₂(Ru) + Ru → 
NH(Ru) + H 
(Ru)

- 8.91 × 1019 − 0.085 15.65 + 0.83θH 

(Ru)

NH₂(Ru) + H(Ru) 
→ NH₃(Ru) 
+ Ru

- 3.58 × 1019 0.081 16.10

NH₃(Ru) + Ru → 
NH₂(Ru) + H 
(Ru)

- 1.36 × 1020 0.0 76.90 + 0.83θH 

(Ru)

H₂ + 2 Ni → 2H 
(Ni)

1.87 × 10− 03 - 0.0 0.0

2H(Ni) → 2 Ni 
+ H₂

- 5.92 × 1020 − 0.11 103.94

NH₃ + Ni → 
NH₃(Ni)

1.82 × 10− 05 - − 0.097 0.02

NH₃(Ni) → Ni 
+ NH₃

- 9.89 × 1012 − 0.825 50.35

N₂ + 2 Ni → 2 N 
(Ni)

1.43 × 10− 06 - 0.0 53.95

2 N(Ni) → 2Ni 
+ N₂

- 1.83 × 1016 − 0.136 129.43

NH₃(Ni) + Ni → 
NH₂(Ni) + H 
(Ni)

- 1.84 × 1020 0.198 66.09

NH₂(Ni) + H(Ni) 
→ NH₃(Ni) + Ni

- 5.26 × 1019 − 0.201 26.08

NH₂(Ni) + Ni → 
NH(Ni) + H(Ni)

- 5.70 × 1019 0.174 12.21

NH(Ni) + H(Ni) → 
NH₂(Ni) + Ni

- 9.22 × 1019 − 0.155 78.27

NH(Ni) + Ni → N 
(Ni) + H(Ni)

- 6.11 × 1019 0.141 28.83

N(Ni) + H(Ni) → 
NH(Ni) + Ni

- 6.28 × 1020 0.169 103.55

Fig. 8. Ammonia conversion along the reactor length at different packed-bed 
temperatures calculated by the optimized mechanism proposed in this work 
(Table 4). Conditions: 1000 ppm NH3 in Ar; GSHV = 50,000 h 1, P = 1 bar.
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However, Ni exhibits a much stronger temperature dependency and has 
higher TOF values compared to Ru once the temperature exceeds 808 K. 
Since the combined model considers two independent surface sites, the 
overall TOF may be obtained by summation of the TOFs of the individual 
surfaces and exhibits strong temperature dependency similarly to Ni. It 
may be inferred that at operating temperatures below 673 K ruthenium 
is more efficient than nickel, and at temperatures above 673 K the 
bimetallic catalyst samples containing both Ni and Ru surface sites 
would be more efficient than monometallic ones [94]. The improved 
turnover frequency observed in the bimetallic system likely results from 
a reduction in the energy barriers of key steps, rather than a synergistic 
shift in the reaction pathway [37,95–97].

Using the validated microkinetic model, we performed a parametric 
study considering a broader range of operating conditions for ammonia 

decomposition in a packed-bed reactor. In Fig. 11, the effect of various 
operating conditions, namely the inlet feed concentrations, the total 
inlet flowrate, and the pressure on the predicted conversion of ammonia 
are shown. The left-side graphs in Fig. 11 demonstrate the simulated 
data at a constant temperature with varying operating conditions, while 
the right-side plots showcase the ammonia conversion also as a function 
of reactor temperature. Unless specified as variable, the parameters are 
T = 615 K (T10), P = 1 bar, 1000 ppm NH3 in Ar with GHSV 
= 50,000 h− 1. Fig. 11a shows the effect of varying ammonia concen
tration in the feed, keeping all other operating conditions constant. The 
model predicts an exponential decline in the ammonia conversion with 
increase in the ammonia concentration at the inlet in the range of 
100 ppm to 10,000 ppm NH3 inlet concentration. This also results in the 
activity shifting towards higher temperatures, as shown in Fig. 11b. This 
trend suggests that a saturation of the active sites occurs due to the in
crease in the ammonia concentration, leading to an increase in the 
overall rate [36]. A similar trend of monotonic decrease in conversion is 
observed when the total flowrate is increased in the range of 100–100, 
000 h− 1 (Fig. 11c and Fig. 11d). Therefore, catalyst operation at lower 
flowrates would lead to a better catalyst performance, even at low 
temperatures. It should be considered, however, that a stack of protonic 
ceramic cells as typically exploited in real-world applications which is a 
different reactor configuration than a fixed bed reactor as considered for 
the present study and that different flow limitations apply [98]. In 
contrast, the increase in the total pressure from 0.5 to 5 bar leads to a 
slight increase in ammonia conversion due to the increase in the contact 
time between the surface sites and ammonia molecules. Additionally, 
Fig. 11e and Fig. 11f illustrate the combined effect of temperature and 
pressure. At temperatures up to 613 K, the increase in pressure has a 
negligible effect on the obtained conversion, indicating that the system 
is kinetically limited. However, at 693 K, full conversion is achieved at 
5 bar pressure, whereas only about 71 % conversion is achieved at 1 bar, 

Fig. 9. Spatially resolved simulated adsorbed species coverages according to the optimized mechanism proposed in this work (Table 4). Conditions: 1000 ppm NH3 
in Ar; GHSV = 50,000 h− 1; P = 1 bar; T = 615 K (dashed lines) and T = 818 K (solid lines). a) N species, b) H species, c) free Ru and Ni sites, and d) NH3 species.

Fig. 10. Simulated turnover frequency (TOF) comparison for the Ru-based, the 
Ni-based and the combined model as a function of temperature. Conditions: 
1000 ppm NH3 in Ar; GHSV = 50,000 h− 1; P = 1 bar.
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signifying a shift towards a diffusion-controlled regime. Therefore, 
above 613 K, the dependency on temperature becomes more pro
nounced, leading to better catalytic performance at higher pressures.

5. Summary and conclusion

In this study, a Ba-promoted ruthenium catalyst supported on a Ni- 
BCZY cermet is experimentally and numerically investigated for 
ammonia decomposition in a packed-bed reactor. Physisorption, SEM, 
EDX, and TPR techniques were employed to characterize the samples, 
which allowed to gain insights on the sample microstructure and 
quantify the active surface sites. Experimental data showcased the 
suitability of the 0.5 wt% Ru sample promoted with 1 wt% Ba supported 
on a Ni-BCZY cermet for efficient ammonia decomposition. Our inves
tigation revealed that the presence of Ni in the support enhances the 
activity for NH3 decomposition by providing additional active sites, 
which supports earlier findings reported in literature. However, its 
addition in the form of a cermet support diminishes the catalyst per
formance in the packed-bed, due to the decrease in porosity during the 
synthesis procedure used to obtain the mechanical properties necessary 
for fuel cell applications. Simulations performed with existing detailed 
kinetic models for the cermet support and the ruthenium-impregnated 
sample highlighted the need for optimization of the kinetic parameters 
in order to consider the effect of changes to support and sample 
morphology. Therefore, a new microkinetic model with a thermody
namically consistent set of parameters for the ruthenium and nickel 

surfaces are proposed and further validated with the experimental data.
Through numerical investigations with the validated microkinetic 

model, it was further demonstrated that the associative desorption of 
nitrogen is the rate limiting step that leads to the accumulation of 
adsorbed nitrogen species on both the ruthenium and the nickel surface 
sites. Analysis of the TOF over each metal surface reveals that the ac
tivity of Ni is higher than that of Ru if temperatures exceed 808 K. 
Therefore, the presence of Ni in the cermet material, which was added in 
order to increase in the proton conductivity of the cell, contributed to 
the overall thermochemical activity by introducing not only more active 
sites in general, but also due to their particularly higher activity under 
certain conditions. A parametric analysis of the operating conditions 
indicated that at low inlet ammonia concentrations, high pressure and 
low flowrates promote ammonia decomposition, even at low tempera
tures. Therefore, the 0.5Ru/1Ba/Ni-BCZY catalyst is particularly 
promising for use as an anode material in direct ammonia-fed protonic 
ceramic cells and may be explored further through electrochemical in
vestigations. Future investigations will focus on validating the model 
under higher concentrations of ammonia in the inlet, including pure 
ammonia feeds, which are the typical operating conditions of PCC. The 
proposed microkinetic model may be utilized in the development and 
modeling of the protonic ceramic cell.
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[59] G. Ertl, H. Knözinger, J. Weitkamp (Eds.), Handbook of Heterogeneous Catalysis, 

1st ed., Wiley, 1997.

S. Davari et al.                                                                                                                                                                                                                                  Applied Catalysis A, General 708 (2025) 120571 

11 

https://doi.org/10.1016/j.apcata.2025.120571
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref1
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref1
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref2
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref3
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref3
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref4
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref4
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref5
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref5
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref5
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref6
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref6
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref7
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref7
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref8
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref8
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref9
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref9
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref10
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref10
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref10
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref11
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref11
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref12
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref13
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref14
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref15
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref15
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref16
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref16
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref17
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref18
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref18
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref19
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref19
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref20
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref20
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref21
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref21
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref22
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref22
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref23
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref24
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref25
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref26
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref26
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref27
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref27
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref28
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref29
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref30
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref30
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref31
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref31
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref32
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref32
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref33
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref33
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref34
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref35
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref35
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref36
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref36
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref37
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref37
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref38
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref39
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref40
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref40
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref41
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref42
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref43
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref43
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref43
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref44
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref44
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref45
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref45
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref46
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref46
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref47
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref47
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref48
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref49
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref49
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref50
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref50
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref51
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref51
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref52
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref52
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref53
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref54
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref54
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref55
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref55
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref56
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref57
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref57
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref58
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref58
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref59
http://refhub.elsevier.com/S0926-860X(25)00473-9/sbref59


[60] P. Lott, P. Dolcet, M. Casapu, J.-D. Grunwaldt, O. Deutschmann, Ind. Eng. Chem. 
Res. 58 (2019) 12561–12570.

[61] O. Deutschmann, S. Tischer, S. Kleditzsch, V. Janardhanan, C. Correa, D. 
Chatterjee, N. Mladenov, D. Minh, H, H. Karadeniz, M. Hettel, V. Menon, A. 
Banerjee, H. Gossler, A. Shirsath, E. Daymo, DETCHEM (n.d.).

[62] A.S. Pushnov, Chem. Pet. Eng. 42 (2006) 14–17.
[63] H. Gossler, L. Maier, S. Angeli, S. Tischer, O. Deutschmann, Phys. Chem. Chem. 

Phys. 20 (2018) 10857–10876.
[64] H. Gossler, L. Maier, S. Angeli, S. Tischer, O. Deutschmann, Catalysts 9 (2019) 227.
[65] A. Cao, V.J. Bukas, V. Shadravan, Z. Wang, H. Li, J. Kibsgaard, I. Chorkendorff, J. 

K. Nørskov, Nat. Commun. 13 (2022) 2382.
[66] A. Boisen, S. Dahl, J. Norskov, C. Christensen, J. Catal. 230 (2005) 309–312.
[67] M. Hattori, S. Iijima, T. Nakao, H. Hosono, M. Hara, Nat. Commun. 11 (2020) 

2001.
[68] K. Ooya, J. Li, K. Fukui, S. Iimura, T. Nakao, K. Ogasawara, M. Sasase, H. Abe, 

Y. Niwa, M. Kitano, H. Hosono, Adv. Energy Mater. 11 (2021) 2170018.
[69] K. Honkala, A. Hellman, I.N. Remediakis, A. Logadottir, A. Carlsson, S. Dahl, C. 

H. Christensen, J.K. Nørskov, Science 307 (2005) 555–558.
[70] O. Hinrichsen, F. Rosowski, A. Hornung, M. Muhler, G. Ertl, J. Catal. 165 (1997) 

33–44.
[71] H. Zhu, C. Karakaya, R.J. Kee, Int. J. Green. Energy 19 (2022) 1568–1582.
[72] R. Chacko, K. Keller, S. Tischer, A.B. Shirsath, P. Lott, S. Angeli, O. Deutschmann, 

J. Phys. Chem. C. 127 (2023) 7628–7639.
[73] A.B. Mhadeshwar, H. Wang, D.G. Vlachos, J. Phys. Chem. B 107 (2003) 

12721–12733.
[74] K. Delgado, L. Maier, S. Tischer, A. Zellner, H. Stotz, O. Deutschmann, Catalysts 5 

(2015) 871–904.
[75] Y. Lin, R. Ran, Y. Guo, W. Zhou, R. Cai, J. Wang, Z. Shao, Int. J. Hydrog. Energy 35 

(2010) 2637–2642.
[76] K. Miyazaki, H. Muroyama, T. Matsui, K. Eguchi, Sustain. Energy Fuels 4 (2020) 

5238–5246.
[77] S.T. Aruna, M. Muthuraman, K.C. Patil, Solid State Ion.. 111 (1998) 45–51.
[78] T. Shimonosono, T. Ueno, Y. Hirata, J. Asian Ceram. Soc. 7 (2019) 20–30.
[79] Y. Liu, Z. Shao, T. Mori, S.P. Jiang, Mater. Rep. Energy 1 (2021) 100003.

[80] K. Aika, Catal. Today 286 (2017) 14–20.
[81] C. Chatzilias, E. Martino, S. Tsatsos, G. Kyriakou, A. Katsaounis, C.G. Vayenas, 

Chem. Eng. J. 430 (2022) 132967.
[82] G. Bergeret, P. Gallezot, in: G. Ertl, H. Knözinger, F. Schüth, J. Weitkamp (Eds.), 
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