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ABSTRACT

Ammonia decomposition is a key reaction in the context of hydrogen storage, transport, and
release. This study combines density functional theory (DFT) calculations with microkinetic
modeling to address the promotion mechanism of Ba species for ammonia decomposition on Co
catalysts. The modified adsorption properties of Co upon the addition of metallic Ba or BaO
suggest that the promoters play a role in alleviating the competitive adsorption of H. Calculating
the full reaction pathway of ammonia decomposition shows that limiting the investigation to the
N-N association step, as done previously, overlooks the effect of the promoter on the energy
barriers of the NH, dehydrogenation steps. Challenges of modeling the ammonia decomposition
reaction are addressed by understanding that the NH, intermediate is stabilized on the step sites
rather than the terrace sites. When the effect of H-coverage on the adsorption of NHj; is not
considered in the microkinetic simulations, the results conflict with the experiments. However,

accounting for the effect of H-coverage, as performed here, shows that BaO-doped Co has higher



rates than pristine Co and Ba-doped Co at the reaction temperature of 723.15 K. When H is
adsorbed on the Ba-doped Co, the adsorption of ammonia becomes significantly endergonic,
which makes the rates relatively slow. The superiority of the BaO-promoted catalyst is attributed
to a lower energy for the transition state of the rate-determining step, coupled with a reduced
impact of the hydrogen coverage on weakening the ammonia adsorption. The kinetic analysis of
the influence of Ba and BaO on the Co surface shows that BaO-doped Co aligns more closely
with experimental observations than Ba-doped Co. This implies that Ba on the Co surface is
likely to be in an oxide form under reaction conditions. Understanding the kinetics of the
ammonia decomposition reaction provides a foundation for developing highly effective catalysts
to accelerate the industrial utilization of ammonia as a sustainable hydrogen carrier.

Keywords: Cobalt catalyst; Ammonia decomposition; Hydrogen carrier; DFT; Microkinetic

1. Introduction

Thermocatalytic ammonia decomposition is widely recognized as a promising process to
produce hydrogen due to the high hydrogen storage capacity (17.7 wt%) of ammonia and the
well-established production, storage, and distribution infrastructures [1-7]. Ammonia
decomposition is the reverse of the Haber-Bosch reaction, and it involves breaking down
ammonia into its constituent elements of hydrogen and nitrogen using a catalyst [7]. The
hydrogen generated by this process has a high level of purity, as it is the only product formed
along with molecular nitrogen [6]. On an industrial scale, hydrogen is currently produced
through steam methane reforming coupled with the water-gas shift reaction, which is responsible
for large amounts of carbon dioxide emissions [4-7]. Ammonia decomposition, on the other
hand, is a carbon-free source for hydrogen generation [6—8]. These reasons have fueled a

growing interest in studying the ammonia decomposition reaction.



The reaction occurs at atmospheric pressure and typically requires a temperature of 500
°C and higher to achieve complete conversion of ammonia [4,7,9]. Achieving full conversion is
critical to avoid the need for subsequent purification, which would add expenses and
compromise the efficiency of the process [4,5]. At a temperature lower than 400 °C, conversion
is limited by thermodynamic equilibrium. On the other hand, a high operating temperature does
not comply with the U.S. DOE hydrogen storage requirement and poses a great risk for the onsite
hydrogen production [10,11]. Therefore, a catalyst that can reach a high conversion at a
temperature lower than 500 °C is important for making ammonia decomposition a safe and
economically feasible method for hydrogen generation.

Ru-based catalysts have shown superior activity in decomposing ammonia and have been
extensively studied experimentally and theoretically [5,12—17]. However, the high cost and the
scarcity of Ru limit the process from becoming viable for large-scale hydrogen production.
Therefore, there is a need to find a noble metal-free catalyst that can facilitate a complete
conversion of ammonia in conditions preferably under 500 °C [9,18].

Co-based catalysts have received intense interest as scalable and cost-effective
alternatives for Ru-based catalysts [18-20]. In a recent study by the Gascon group, the catalytic
activity of Ba-promoted Co was found to be comparable to the K-promoted Ru benchmark at
500 °C [9]. Metallic Co was identified as the active phase for the reaction [9,18]. Experimental
characterization showed that the crystal phase of the Co under reaction conditions was mainly
hexagonal close-packed (HCP) [9]. The superior catalytic activity of the HCP phase in
comparison to the face-centered cubic (FCC) phase was attributed to the presence of denser
active sites in the HCP phase [21,22]. Research has established that BS sites on the B-type step

are critical active sites for driving the ammonia synthesis and decomposition reactions



[12,13,22-24]. BS sites are the specific arrangement of two atoms on the B-type step edge and
three atoms on the lower terrace [25]. The distribution of the BS5 sites differs significantly
between the HCP and the FCC phase, which translates into different catalytic activity [22].

While metallic Co was confirmed as the active site, the Ba-based promoter was found to
influence the kinetics of the reaction by enhancing the rate of N, association alongside the NH,
dehydrogenation steps [26]. Experiments show that Co-based catalysts exhibit strong hydrogen
adsorption, leading to poisoning of the active sites on the surface. This is evidenced by the
negative reaction order with respect to hydrogen, as also seen in Ru and Ni catalysts [4,27-30].
However, catalysts with Ba-based promoters exhibited a less negative reaction order in
comparison to the non-promoted Co catalysts [9,26]. A similar observation was found with high
entropy alloys containing Co and Mo when Mo-rich alloys showed less hydrogen inhibition
effect [20]. A study by He et al. also mentioned that bimetallic NiCo catalysts showed less
hydrogen poisoning in comparison to monometallic Ni and Co [31]. Moreover, Srifa et al. and
Kishida et al. proved that introducing Cs on Co3Mo3N and Ru catalysts mitigated the impact of
hydrogen poisoning on the active sites of the catalysts [17,19]. Even though the negative
influence of the strong hydrogen adsorption during the ammonia decomposition reaction has
been proven experimentally, the understanding of how promoters reduce the hydrogen
competitive adsorption and the effects of hydrogen coverage is still limited and rarely addressed
in theoretical studies.

However, recent theoretical studies shed light on how promoters modify the catalytic
surface. Cao et al. identified an effect induced by metallic promoters on spin-polarized catalysts
including Co [32]. While the promoter effect on Ru was mainly attributed to electrostatic dipole

interactions, the promoter effect on Co was ascribed to reduction in spin polarization in addition



to electrostatic effect [32]. When Co was promoted with metallic Li, Ba, Ca, and La, the
neighboring Co atoms experienced a decrease in their spin moment [33]. This decrease is not
only induced by promoters but also by adsorbates. Qian et al. observed a decrease in the spin
moment of Fe catalysts induced by reactants and intermediates during ammonia synthesis [34].
The change in spin moment was the highest for N, and it decreased with a smaller magnitude for
H, NH, and NH; to form NH;. This reduction in spin polarization created by specific adsorbates
or promoters has not been fully explored and it holds great significance in tuning the catalytic
activity of ferromagnetic metals [32,33,35].

Here, we present a density functional theory (DFT)-based investigation of the kinetic
influence of metallic Ba and BaO on Co catalysts during the ammonia decomposition reaction.
We aim to address fundamental questions that have not been clarified or accounted for in prior
studies. (i) How dose Ba/BaO alleviate the competitive adsorption of hydrogen during the
reaction? (ii) How does the reaction kinetics differ with the nature of the promoter (metallic or
oxidized)? (iii)) What is the electronic origin that dictates the promotion effect of each promoter?
Exploring these questions paves the way for developing highly efficient catalysts and

accelerating the industrial utilization of ammonia as a sustainable hydrogen carrier.



2. Methods

2.1. DFT methods

Spin-polarized DFT calculations were performed using the Vienna Ab-initio Simulation
Package (VASP) [36,37]. Custom Python scripts from GitHub were used to automate VASP
functionalities [38]. Core electrons were described by the projector-augmented wave (PAW)
method, while valence electron orbitals were developed in a basis set of plane waves with a 400
eV cutoff energy [39,40]. Electronic structures were calculated using the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional in the framework of the generalized gradient
approximation (GGA) [41]. Dispersion interactions were included using the DFT-D3 method of
Grimme [42,43]. The force convergence threshold was set to be 0.03 eV/A.

HCP bulk Co with P63/mmc crystallographic symmetry and two Co atoms per unit cell
was optimized using a Monkhorst-Pack k-point mesh of (10x10x6). The calculated lattice
constants are a = b =2.466 A and ¢ = 3.987 A, which are consistent with experimental values (a
=b=2.507 A and c = 4.061 A) [21,22,44,45]. The stepped (1015) facet was selected because of
the presence of the BS5 sites, which are essential to activate N-N association [25,46,47]. Also, the
(1015) facet of HCP Co has the strongest H adsorption relative to other facets, making it suitable
for investigating the competitive adsorption of H [47]. Surfaces were modeled by 4x6 supercells
and four-atomic-layer slabs [25]. Top and side views of the studied surfaces are shown in Fig. 1.
The large atomic radius of Ba in comparison to Co means that Ba is likely to be located on the
surface of the system. The positions of the two topmost layers and the adsorbates were relaxed,
and the rest of the layers were fixed to the bulk geometry. Sampling of the Brillouin zone was
performed by a (5%5x1) Monkhorst-Pack grid [48]. Periodic slabs were separated in the vertical

(z) direction by a 15 A vacuum gap and the dipole correction was applied. The climbing image-



nudged elastic band (CI-NEB) method [49] with 8§ images was used for transition state
calculations. Structures and energies of transition states were subsequently converged to low
force (0.03 eV/A) using the Quasi-Newton method. Transition states were verified using
vibrational frequency calculations, resulting in a single imaginary frequency along the reaction
coordinate.

In the following, the bare Co surface will be referred to as (Co). Ba doping is modelled
by the adsorption of a single Ba atom on the unit cell called (Co-Ba), while BaO doping is
modelled by a single BaO unit on the unit cell called (Co-BaO). Modeling single-atom
promoters, rather than nanoparticles, is a computationally reasonable approach that was found to
yield accurate results, particularly for NH3 synthesis or dehydrogenation reactions [25,32,33,50].
This simple model isolates the role of the promoter and effectively captures the surface
interactions without the added complexities of multiple promoter atoms interacting with each

other and with the surface.
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Fig. 1. Top and side views of Co, Co-Ba, and Co-BaO model catalysts. Surfaces were
constructed from 4x6 supercells of the Co (1015) surface, involving four-atomic layers. Co
atoms in the BS5 sites are highlighted. Color code: Co (pink), BS site (purple), Ba (green), and O

(red).

The internal adsorption energy of adsorbates (NHs*, NH,*, NH*, H* and N*) was
calculated following Eq. (1).

AEadsorption = Eadsorbate/surface - Esurface - Eadsorbate (1)

Where AEagsomption 18 the adsorption energy, Eadsorbate/surface 18 the total energy of the adsorbates on
the surface of the slab, Eqyface 1S the energy of the clean slab surface, and Eagsorbate 1 the energy of
the reference gaseous molecules.

The Gibbs free energy for reactants and intermediates adsorbed on the surface was

calculated according to Eq. (2) while treating all vibrational degrees of freedom harmonically.



G=E + E, +PV-TS (2)
where G is Gibbs free energy, E the internal energy, and Ey, is the vibrational energy of the
system calculated using the atomic simulation environment (ASE) package [51]. The pressure
and volume (PV) term is assumed to be negligible. T is the reaction temperature (723.15 K) and
S is the entropy including only the vibrational degrees of freedom for the adsorbates. In certain
scenarios, the change of Gibbs free energy (AG) values was approximated assuming that
vibrational contributions were negligible. Translational, rotational, electronic, and vibrational
degrees of freedom were included for the gas phase molecules. Gas phase thermodynamics and
Gibbs free energy of Co-promoted surfaces under reaction conditions are presented in Table S1

and Fig. S1, respectively.

2.2. Microkinetic model

The microkinetic model was constructed based on the six elementary steps presented in
Table 1 with no assumption of a rate-determining step. An initial conversion value of 15% was
employed assuming an atmospheric pressure for NH3;. The model included the reaction constants
of the adsorption, desorption, and surface reaction steps determined using the free energy values
obtained from DFT calculations. The resulting system of ordinary differential equations was
solved till a steady state was reached. The backward-differentiation formulas (BDF) method was
used which is fit for solving a set of stiff differential equations as implemented in the Python
package SciPy [52].

The maximum H coverage on Co, Co-Ba, and Co-BaO slabs corresponds to 24, 20, and
18 H atoms, respectively. This is assuming 1 H atom per accessible Co atom on the 4x6 unit cell,
as Ba and BaO block some of the adsorption sites. The configurations of H at various coverages

were generated manually. While the configurations could have been sampled in more detail with



exhaustive global optimization techniques, these approaches are highly computer-intensive for
large spin-polarized systems.

To incorporate the coverage effect of H in the surface unit cell, initial coverages of 18
adsorbed H (0.75 ML) for Co, 12 adsorbed H (0.60 ML) for Co-Ba, and 14 adsorbed H (0.78
ML) for Co-BaO were used in the microkinetic model. These coverages were selected because
they are the most thermodynamically stable coverages if two additional H atoms are adsorbed.
Notably, the decision to refrain from selecting the most thermodynamically stable coverage as
the initial state is to allow for both adsorption and desorption reactions to take place. Opting for
the most stable coverage would have exclusively favored desorption over adsorption during Step
6 of the elementary steps presented in Table 1. Steps 1 and 6 assume a barrierless
adsorption/desorption, and our calculations show that they are the only two relevant steps that
are significantly coverage-dependent. AG* for the surface reaction steps is assumed to be
unchanged by H coverage. This is based on the observation that the presence of H coverage does
not impact the value of energy barriers as it has a similar effect on the initial and the final states
of the transition states.

A single-site model assumes only one type of active site on the catalyst surface, where all
reaction steps happen on this single, uniform type of site. When applying this model, the
coverage of NH,* is overestimated. To address this challenge, a two-site model was used to
account for the presence of different types of active sites where 0.16 ML of the surface sites is
step-type and 0.84 ML is terrace-type. A similar concept was utilized by Vojvodic et al. to tackle
the issue of overestimating NH,* coverage in the ammonia synthesis reaction [53]. H and N can

be adsorbed on both types of sites, while all the NH, species are adsorbed on step sites only.
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These assumptions were made based on the calculated stability of the adsorbed species on both
types of sites.
For the surface reaction steps, the rate constants were calculated according to the

conventional transition state theory in Eq. (3).

k = kB_Te—AG*/kBT ®)

h

where kg is the Boltzmann constant, 7' is the reaction temperature, h is Planck’s constant, and
AG*is the free energy difference between the transition state and the most stable configuration of
the initial state.

All the reaction constants k values were expressed in s '. The NH; and H adsorption steps
in Table 1 were assumed to be non-activated and the rate constants were obtained from the
kinetic theory of gases as shown in Eq. (4).

oP%A

kadsorption = JZmmkgT 4)

Where o is the initial sticking probability taken here as 1, P° is the standard pressure, and m is

the mass of the adsorbate. 4 is the surface area for one active site and a typical value of 10" m?
was used here [54,55]. Desorption rate constants were calculated from the adsorption equilibrium

constant, Kadsorption Was the rate constant for adsorption as shown in Eq. (5).

k _ kadsorption
desorption —

()

Kadsorption
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Table 1
Elementary steps and rate equations used in the microkinetic model. Step sites and terrace sites

are distinguished. *"

Surface reaction Rate equation

1 NH(g)+*< NH,* 1 =k6.Py, | P°~k_ by,
2 NH, +§ < NH, +H’ ry = kB By = k0, Oy
3. NH, +8 < NH +H°  15=k0y,.0; -k 0,6,
4@ NH + 06 <> N +H’ Yoy = KaOnyels = k05,0,
4b) NH +6 < N°+H Ty = K4Onpyels — k4050,

5 N+N° <N, (g)+*+5 7 = ksOyOys —k 56,6, | P*
6@ 2H° < Hy(g)+20 Toa) = kGas —k_6¢9§PH2 /P’

6b) 2H < H,(g)+2 * Tob) = kO _k_égprz /| P°

* * represents the free step site on the surface.

® 5 represents the free terrace site on the surface.
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3. Results and discussion

3.1. Coverage-dependent H adsorption

Exploring how the adsorption energy of H varies with coverage is important to
understand the population of surface species under reaction conditions. It was previously
reported that H is the most abundant species on the surface during the ammonia decomposition
reaction [26,56,57]. Fig. 2 presents the Gibbs free energies of N, NHs, and H adsorbed at low
coverage on the most stable sites of Co, Co-Ba, and Co-BaO at the reaction temperature. The
configurations of the adsorbates are provided in Table S2. Calculations show that Co-Ba has the
strongest adsorption energies for N and H, while Co has the strongest adsorption for NHj.
However, these adsorption energies are calculated on bare surfaces and, thus, do not indicate the
dominating species during a steady state of the reaction. The small size of H atoms, their weak
lateral interactions between adsorbates, and their mobility can make them more likely to

accumulate on the surface and reach a high-coverage situation per catalyst unit surface area.

0.0 1
=01
>
3
§-0.2
S
g —-0.3
< [\
B NHs
—-0.4 s H
i -0.42 i .
Co Co-Ba Co-BaO

Fig. 2. Gibbs free energies of N, NH3, and H absorbed on Co, Co-Ba, and Co-BaO at 723.15 K.

The reference is bare surface and Ha(g), Na(g), or NH3(g) for each species accordingly. These
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adsorption energies at low coverage do not reflect the dominating species during a steady state of
the reaction.

Fig. 2 shows that the adsorption energy of one H atom varies only slightly between the
three surfaces. However, the difference in energy becomes pronounced when multiple H atoms
are adsorbed on the surface. Fig. 3 shows the Gibbs free energy of adsorbed H as a function of H
coverage at 723.15 K, which is the target reaction temperature. The adsorption of H is weakened
after a certain threshold coverage is reached. The number of adsorbed H corresponding to the
most negative Gibbs free energy, which is the equilibrium coverage, varies depending on the
surface (24 H for Co, 20 H for Co-Ba, and 18 H for Co-BaO for the unit cell). This is because Ba
and BaO block some of the adsorption sites. Co and Co-Ba exhibit the strongest total adsorption
Gibbs free energy at equilibrium, while Co-BaO shows a markedly weaker H adsorption free
energy. If the investigation was solely focused on the adsorption of a single H atom (Fig. 2), the
conclusions could be misleading. This observation highlights the importance of studying the
coverage effect on adsorption energies.

The trend toward H adsorption was further confirmed when H atoms were adsorbed at
identical sites across every surface, as shown in Fig. S2. The average chemisorption energies as a
function of coverage are provided in Fig. S3. Fig. 3 and Figs. S2 and S3 gave the same
conclusion and the order of absolute values of H binding energy is Co-BaO < Co < Co-Ba.

The modified adsorption properties of Co upon the addition of metallic Ba or BaO
suggest that BaO plays a role in alleviating the competitive adsorption of H. The weakened
adsorption energies on Co-BaO may translate into higher desorption rates of H and more
availability of active sites on the catalytic surface. This finding helps in understanding the

experimental observation of reduced competitive adsorption of H on Ba-based promoted
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catalysts in comparison to unpromoted Co, which has not been explained in the literature. This
also suggests that the catalytically active phase is associated with BaO doping rather than
metallic Ba and the oxidic nature of BaO is preserved under reaction conditions. Cao et al. have
mentioned that the nature of the precursor on the Co catalyst might affect the active sites because

it could be challenging to reduce the precursors [32].

—o— Co
Co-Ba
=0-51 —e— Co-Ba0O
S
L
5 10/
=
s
o
%]
°
Q9
_1.5 -
<
©
=
S
_2.0 -
-25+4 T T T T T

0 2 4 6 8 10 12 14 16 18 20 22 24
H* number

Fig. 3. Total chemisorption free energies at 723.15 K versus the number of adsorbed H atoms on
Co, Co-Ba, and Co-BaO. The reference is bare surface and H(g). Change of Gibbs free energy
(AG) values was approximated assuming that vibrational contributions were negligible. The
generated geometries and the values of adsorption energies are presented in Tables S3—S5. The
adsorption of H is significantly weakened after reaching a certain threshold. The threshold
(equilibrium) coverage corresponds to a different number of adsorbed H on each surface. The
weaker adsorption strength for the Co-BaO surface becomes evident when multiple H atoms are

adsorbed, in contrast with the behavior observed on bare surfaces (Fig. 2).
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Due to the small size of H atoms and the negligible repulsive interactions between them,
the behavior of the coverage-dependent binding energies for H is different from that of larger
adsorbates, e.g. C,H, [58]. While molecules like CoH, show a gradual decrease in the adsorption
energy after a certain threshold, H binding energy is maintained until reaching equilibrium
coverage where it tends to destabilize drastically as shown in Fig. 3. The possibility of surface
restructuring at high coverage of H was not explored here, as it requires specific global
optimization calculations which are outside the scope of this study.

3.2. Reaction profiles

The initial focus of this study is to understand the reaction on bare surfaces, setting the
foundation to examine the H coverage effect in the next sections. Reaction profiles were
calculated to provide insights into the adsorption properties and activation barriers of individual
molecules. The reaction profiles on Co, Co-Ba, and Co-BaO are presented in Fig. 4. The values
of all the energy barriers used in Fig. 4 and the structures of the transition states are shown in
Tables S6-S9. The reaction starts with the adsorption of NH3 on a bare surface followed by
sequential dehydrogenation to generate H and N. The pathway has three N-H bond-breaking
barriers (associated with transition states TS1, TS2, and TS3) and it ends with N-N and H-H
association and desorption. TS4 corresponds to the N—N association barrier while the H-H
association was reported to have negligible barrier [47]. The largest energy barrier for all the
surfaces is for the N-N association step (Fig. 4 and Table S6). This is consistent with the existing
literature proposing that the N—N association is the rate-determining step for many NHj3
decomposition catalysts [20,26]. Co has the highest transition state energy for N-N association
(TS4), followed by Co-BaO and Co-Ba, indicating the promotional effect of Ba species on this

step. A decrease of 0.17 eV in the free energy of the transition state was also observed for the

16



second N—H bond breaking for Co-Ba relative to Co. The dehydrogenation step of NH, was

reported to be another kinetically relevant step in this reaction [26]. Studying the full reaction

pathway clarified that limiting the investigation to the N-N association step overlooks the

promotional effect on the energy barriers of the NH, dehydrogenation steps.
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Fig. 4. Gibbs free energy profiles for ammonia decomposing on a bare surface of Co, Co-Ba, and

Co-BaO at 723.15 K. Energies are relative to the bare surface, NHs(g), and Hx(g). The labels

assigned to each step denote the corresponding reacting species. The green region indicates the

NH, dehydrogenation steps, and the blue region indicates the N, dissociation step.

3.3. Microkinetic simulations

Microkinetic simulations were performed to see how the reaction kinetics differ with the

nature of the promoter (metallic or oxidized). Fig. 5 presents the H, production rates for the Co,

Co-Ba, and Co-BaO catalysts across a range of temperatures. Co exhibits the highest rate at all

temperatures, while Co-BaO has a consistently lower rate compared to both Co and Co-Ba. All

the rates are converging at high temperatures. However, these results contrast with experimental

17



findings where Ba/BaO is introduced as a promoter, and thus, expected to show higher

production rates than Co.

10°

104_

103_

Rate (s71)

600 625 650 675 700 725 750 775 800
Temperature (K)

Fig. 5. H, production rates (s ') of Co, Co-Ba, and Co-BaO versus temperature (K) at 15%
conversion. The simulations are obtained for ammonia decomposing on a bare surface. The gray
shaded area indicates the reaction temperature (723.15 K). Co exhibits the highest rate compared

to Ba-promoted surfaces. These results do not agree with experiments.

The coverage distribution of reaction species was then analyzed to understand the
influence of Ba and BaO on the catalyst surface. Fig. 6 presents the calculations for surface
coverage distributions at various temperatures and two conversion values. At 15% conversion, N
is the dominant species on the surface for Co and Co-BaO, while H is the dominant species for
Co-Ba. However, as the reaction progresses and at a higher conversion value (40% conversion),

N remains the dominant species for Co but H becomes the dominant species for Co-BaO. For

18



Co-Ba, H continues to be the dominant species as shown in Fig. 6(d—f). This is supported by the

results in Fig. 2, as H is adsorbed more strongly on Co-Ba than on Co-BaO and Co.

15% Conversion 40% Conversion
1.0 1.0
(a)Co = H* — NHy* (d) Co

— 0.8 N* — NH* —~ 0.8
s —— NHy3* —— Co g
© 0.6 © 0.6
()] [@)]
© o
o 0.4 o 0.4
> >
(o] o
O o2 Yo.2

.0 7 7 7 0.0 7 7 7 :

600 625 650 675 700 725 750 775 800 600 625 650 675 700 725 750 775 800

Temperature (K) Temperature (K)

1.0 1.0
(b) Co-Ba (e) Co-Ba
= S
© 0.6 0 0.6
()] [@)]
© o
o 0.4 o 0.44
> >
1) o
(@) 0.2 / O 0.2 /
— )
.0 - - — - - 0.0 +—= - - - — - -
600 625 650 675 700 725 750 775 800 600 625 650 675 700 725 750 775 800
Temperature (K) Temperature (K)
1.0 1.0
(¢) Co-BaO (f) Co-BaO
308' 308'
2 =
© 0.6 o 0.6
()] [@)]
© ©
o 0.4 o 0.44
> >
(o] (o]
O o2 Yo.2
600 625 650 675 700 725 750 775 800 600 625 650 675 700 725 750 775 800
Temperature (K) Temperature (K)

Fig. 6. Surface coverage distributions of reaction species for (a) Co, (b) Co-Ba, and (c¢) Co-BaO

versus temperature at 15% conversion. (d) Co, (¢) Co-Ba, and (f) Co-BaO versus temperature at
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40% conversion. The simulations are obtained for ammonia decomposing on a bare surface.
Different coverage distributions are observed upon introducing Ba and BaO on the surface.
Developing an accurate microkinetic model for ammonia decomposition is not
straightforward and some challenges need to be addressed. Firstly, there is a risk of
overestimating NH, coverage when using a single-site model, resulting in NH, dominating the
surface over H and N (Fig. S4). This can be resolved by applying a two-site model and
understanding that NH, adsorption is favored on the step sites rather than the terrace sites (as
done in Figs. 5 and 6). Secondly, the observed discrepancy with experiments where hydrogen is
not the most abundant species at low conversion (15%) introduces another layer of complexity.
Navigating this issue requires a deeper look into how the surface coverage changes with
conversion to ensure that the model presents the correct dominant species. Finally, the rates of
promoted surfaces appear inaccurate in comparison to pristine Co. This warrants additional
investigation, particularly due to the promoter-induced impact on H binding energies at high H
coverage as shown in Fig. 3. Tackling these challenges is important to enhance the predictive

capabilities of microkinetic models for the ammonia decomposition reaction.
3.4. Coverage effect of H* on NH; adsorption

Considering the expected influence of promoters on H, production rates, the results in
Section 3.3 motivated a further look into the effect of H coverage on the surface. Calculations on
a smaller unit cell of the (1012) stepped Co surface showed similar energy barriers for NH;
scission at different H coverages as shown in Table S10. As a result, the energy barriers for
surface reactions were kept unchanged and only adsorption steps were modified and recalculated

with the presence of H coverage.
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The co-existence of NHs with high H coverage has not been evaluated in theoretical
studies. Correspondingly, there is still uncertainty regarding whether promoters affect the
adsorption of NHj; differently when the surface is covered with H. The reason ammonia was
selected among all the intermediates stems from its inherently weak adsorption compared to H
(Table S11). To incorporate the coverage effect of H, the rates of NH; and H adsorption were
recalculated with an initial coverage of 18 adsorbed H (0.75 ML) for Co, 12 adsorbed H (0.60
ML) for Co-Ba, and 14 adsorbed H (0.78 ML) for Co-BaO as shown in Fig. 7. These coverages
correspond to the most thermodynamically stable coverages in Fig. 3 minus two H atoms. The
most stable H coverages are 20 H atoms (0.83 ML) for Co, 14 H atoms (0.70 ML) for Co-Ba,
and 16 H atoms (0.89 ML) for Co-BaO as shown in Fig. 3. Two H atoms are removed to enable

the adsorption of two additional H atoms (the reverse reaction of Step 6).
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Fig. 7. Structures for the adsorption of NH; on bare and H-covered surfaces of (a) Co (18 H), (b)
Co-Ba (12 H), and (c) Co-BaO (14 H). Color code: Co (pink), Ba (green), O (red), N (blue), and

H (white).

Table 2 presents the adsorption Gibbs free energy values of H and NH; used on the bare
surface model and the H-covered model. The H-covered model employs differential adsorption
energies of H and NH; with respect to H-covered surfaces. While the variations in the

differential adsorption of H may seem subtle (Table 2), the H coverage significantly influences
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the adsorption of NH; from exothermic (on bare surface) to endothermic (on H-covered
surfaces). Even though Co-Ba and Co-BaO initially exhibited comparable adsorption energies of
ammonia on bare surfaces (Fig. 2), the effect of the strong H adsorption on Co-Ba becomes
apparent when the surface is saturated with H atoms. Overall, the adsorption energies are weaker
with the presence of H on the surface.

Table 2

Adsorption Gibbs free energy (eV) at 723.15 K for NH; and H on bare and H-covered Co (18 H),

Co-Ba (12 H), and Co-BaO (14 H).

Co Co-Ba Co-BaO
Surface Bare H-covered Bare H-covered Bare H-covered
NH;3 —0.21 —0.01 —0.01 0.29 —0.01 0.15
H —0.18 —0.04 —0.25 —0.07 —0.20 —0.05

Fig. 8 shows the H, production rates for H-covered Co, Co-Ba, and Co-BaO at various
temperatures. Co-Ba shows a higher rate at lower temperatures. However, as the temperature
increases, both Co and Co-BaO outperform Co-Ba. Conversely, Co exhibits a higher rate when
the temperature exceeds 750 K because the adsorption of ammonia for the Ba-promoted surfaces
becomes challenging at higher temperatures (Table 2), which makes the rates relatively slow. At
the reaction temperature, Co-BaO shows a higher production rate than Co and Co-Ba. The
superiority of Co-BaO can be attributed to a lower transition state than Co for the N-N
association step, coupled with a lesser impact of H coverage than Co-Ba on weakening the
adsorption of ammonia. The coverage distribution at various temperatures for the vacant sites

that are not pre-covered with H is shown in Fig. S5.
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Fig. 8. H, production rates (s ') of H-covered Co, Co-Ba, and Co-BaO versus temperature (K) at
15% conversion, from microkinetic simulations using adsorption energies calculated at high H
coverage. The gray shaded area indicates the reaction temperature (723.15 K). Co-BaO shows a
higher production rate. The competitive adsorption of H is blocking the adsorption of ammonia

on Co-Ba.

To determine how each of the energy barriers influences the rate of H, production, the
degree of rate control (DRC) was calculated for the activated surface reaction elementary steps
and presented in Fig. 9. For Co and Co-BaO, NH, dehydrogenation and N—-N association have
the largest positive DRC values as shown in Fig. 9(a and c). However, between these two steps,
N-N association has the largest DRC. Unlike the cases for Co and Co-BaO, Co-Ba showed a
single dominating step with a positive DRC value, which is NH3; dehydrogenation as shown in

Fig. 9(b). The switch in the rate-determining step (RDS) to NH3 dehydrogenation for Co-Ba is
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attributed to the Ba promotional effect on the N-N association and the second N-H bond-
breaking steps. The findings in Fig. 9 are consistent with the calculated reaction profiles in Fig.
4, as both the N-N association (TS4) and the second dehydrogenation step (TS2) represent the
highest free energies in the pathway for Co and Co-BaO. In contrast, for Co-Ba, the NH;

dehydrogenation barrier (TS1) is the highest transition state in free energy (Fig. 4).
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Fig. 9. Degree of rate control (DRC) of the activated reaction steps for ammonia decomposition

on (a) Co, (b) Co-Ba, and (c) Co-BaO at 723.15 K and 15% conversion. N-N association has the

largest positive DRC value for Co and Co-BaO, while the dehydrogenation of ammonia has the

largest DRC value for Co-Ba.
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The kinetic analysis of experimental results of Ba-promoted Co catalysts proposed that
N-N association and NH; scission are both kinetically relevant steps in the reaction, with N-N
association as the RDS and NHj; scission representing a relatively slow step [26]. Therefore, the
computed kinetic analysis of the influence of Ba and BaO on the Co surface presented in Figs. 8
and 9 shows that Co-BaO aligns more closely with experimental observations than Co-Ba. This
implies that the Ba on the Co surface is likely to be O-bound. This is in line with the surface
stability diagram in Fig. S1, which shows that the Co-BaO catalyst is more stable than Co-Ba.

3.5. Electronic origin of promoter effect

It has been reported in the literature that certain adsorbed promoters, including Ba,
decrease the spin moment of the Co atoms in their immediate vicinity, resulting in a stabilized
N-N transition state [32,33]. Table 3 shows the difference in spin moment when N, was
adsorbed on CoBa and Co-BaO relative to N on pristine Co. These local spin moments are
obtained by taking the difference between the up and the down spin charges. The reduction in the
spin moment between Co-BaO and Co is insignificant, which could explain why they have
similar N—N association barriers. Meanwhile, the reduction in spin moment induced by metallic
Ba is evident, explaining the reduced barrier of N-N association as shown in Table 3. The
reduction in Co spin moment can explain the effect of metallic Ba, but this explanation does not

apply to the case of BaO, which is the relevant situation under experimental conditions.
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Table 3
A Spin moment (uB) of N> on CoBa and Co-BaO relative to N, on pristine Co on neighboring Co

atoms and the promotion effect on the N-N association energy barrier.

Co-Ba Co-BaO
A spin moment (uB) of step Co 0.115 —0.011
A spin moment (uB) of terrace Co 0.095 0.008
AEn~N 15 (€V) —0.23 0.00

To further examine the electronic properties, Bader charge and density of states (DOS)
were calculated and presented in Fig. 10(a) and Fig. S6. Bader charge analysis revealed that O
from BaO induces a positive charge on the adjacent Co atom (Co’). This positive charge
contributes to the weakened adsorption energy for the adsorbates located in a bridge site that
includes this Co atom. There is an upward shift of the d-band center with respect to the Fermi
level in the case of Co-Ba and Co-BaO relative to pristine Co. The shift induced by BaO is less
significant than that induced by Ba, indicating that another effect might have a greater impact

(Fig. S6 and Table S12).

The electrostatic field induced by Ba and BaO, indicating the presence of ionic bonding
as reported previously for other alkali promoters, was determined [59]. The average electrostatic
potential along a line perpendicular to the Co surface is shown in Fig. S7. To determine the value
of the promoter-induced electrical field (&promoter), the slope of the difference in average
electrostatic potential relative to the surface of pristine Co was calculated as shown in Fig. 10(b).
epromoter Of C0-BaO 1is larger than that of Co-Ba, which indicates that the promotional effect of

BaO is primarily dictated by the induced electrostatic potential. This finding emphasizes the
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significance of considering the electrostatic influence of BaO-doped Co catalysts and paves the

way for a more comprehensive understanding of the effects of promoters.

()

~_~
=)
~

o\

Difference in average potential (V)

_1.0 T T T T T T T
1.6 1.8 2.1 2.3 2.6 2.8 3.1 3.3 3.6

Distance along Z axis (4)

Fig. 10. (a) Bader charge analysis of the corresponding Co atoms labeled a and b. O induces a
positive charge on the adjacent Co atom (Co®). Color code: Co surface (pink), Ba (green), and O
(red). (b) Difference in average electrostatic potential (V) of Co-Ba and Co-BaO with respect to
pristine Co along a line perpendicular to the Co surface. The promoter-induced electrical field (e
(V/A)) is the slope of the black dotted line along the curve. €promoter 0f Co-BaO 1is larger than that
of Co-Ba, implying that the promotional effect of BaO is controlled to a larger extent by the

induced electrostatic potential.
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4. Conclusions

This study provides insights into the promotion mechanism of Ba-doped Co catalysts for
the ammonia dehydrogenation reaction and the role of promoters in alleviating the competitive
adsorption of H on the catalytic surface. First, the importance of studying the coverage effect on
adsorption energies was highlighted in this study. A distinct contrast between Co, Co-Ba, and
Co-BaO appeared only when multiple H atoms were adsorbed. The weakened adsorption of H on
Co-BaO hints at the active role of BaO in mitigating the competitive adsorption of H.

Free energy reaction profiles were calculated to study the influence of Ba and BaO on N—
H bond-breaking and N-N association steps. The full reaction pathway was calculated, which
revealed that limiting the investigation to the N—N association step overlooks the promotional
effect on the NH, dehydrogenation steps.

Microkinetic simulations were then constructed based on the free energy reaction
profiles. Challenges of modelling the ammonia decomposition reaction were addressed by
applying a two-site model and understanding that NH, adsorption is favored on the step sites
rather than the terrace sites. When the effect of H coverage was not considered in the
microkinetic simulations, Co showed the highest rate compared to Ba-promoted catalysts. This
conflicted with the experimental results. On the other hand, the microkinetic simulations based
on adsorption energies with high H coverage agreed with the experimental results and showed
that Co-BaO exhibited higher activity than Co-Ba and Co under reaction conditions. The origin
of the higher activity of Co-BaO stems from the lower transition state for the N-N association
step compared to Co, coupled with a reduced impact of the H coverage on weakening ammonia
adsorption compared to Co-Ba. High endergonic adsorption of ammonia was observed for H-

covered Co-Ba at the reaction temperature, which made the rate relatively slow. N-N association
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was the RDS for Co and Co-BaO, and NH, dehydrogenation was a slow step. While for Co-Ba,
the NH; dehydrogenation is the RDS. The switch in the RDS to NH3 dehydrogenation for Co-Ba
was attributed to the Ba promotional effect on the N—N association. The kinetic analysis of the
influence of Ba and BaO on the Co surface showed that Co-BaO aligns more closely with
experimental observations than Co-Ba. This implies that the Ba on the Co surface is likely to be
O-bound. The reduced barrier for N-N association in Co-Ba was attributed to the reduction in
spin moment in the case of metallic Ba, while the reduction in the spin moment between Co-BaO
and Co is insignificant and the promotional effect of BaO is predominantly driven by the
electrostatic potential. Understanding the kinetics of decomposing ammonia provides a
foundation for developing highly effective catalytic systems to utilize ammonia as a carrier for

hydrogen, setting the stage for a sustainable energy landscape.
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Graphical Abstract

The modified adsorption properties of Co upon the addition of metallic Ba and BaO suggest that

BaO plays a role in alleviating the competitive adsorption of H.
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