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Abstract: To break through the bottleneck in hydrogen storage and transportation and advance
the industrial application of the "ammonia-hydrogen" energy route, this study focuses on the carrier
effect of cobalt-based non-precious metal ammonia decomposition catalysts. Through the
deposition-precipitation method, cobalt-based catalysts loaded on different oxide carriers (CeO», La,Os,
Si0s, etc.) were prepared. Combined with XRD, TEM, XPS and other methods for characterization, the
regulatory mechanism of the physical and chemical properties of the carriers on the structure and
ammonia decomposition performance of the catalysts was systematically explored, and kinetic analysis
and stability tests were carried out. The activity test shows that the chemical effect of the carrier has a
much greater impact on the catalytic efficiency than the physical specific surface area. The
cobalt-based catalyst loaded on nano CeO, (Co/CeO»(N)) performed the best, with an ammonia
conversion rate of 46.3% at 450°C and approaching complete decomposition (94.2%) at 550°C,
significantly superior to traditional Al,O; and TiO carrier catalysts. This research clarifies the
correlation between carrier properties and the structure-activity relationship of cobalt-based catalysts,
and confirms that nano CeO; can enhance catalytic performance through electronic regulation and the
synergistic effect of basic sites, providing a theoretical foundation and technical support for the design

and development of low-cost, high-stability ammonia decomposition catalysts.

Keywords: "ammonia-hydrogen" energy path, ammonia decomposition, nano CeO2

(Co/Ce02(N)), kinetic analysis.
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1. Introduction

Energy is the cornerstone of human civilization's progress and the core driving force for
industrialization, technological innovation, and economic growth. However, following centuries of
rapid industrialization, the conventional fossil energy system centered on coal, oil, and natural gas is
confronted with unprecedented challenges. On one hand, the non-renewability of fossil fuels has raised
deep concerns about global energy supply security and long-term sustainability; on the other hand, the
combustion of fossil fuels releases greenhouse gases, leading to global warming and frequent extreme
weather phenomena, thereby exerting a severe hazard to the human living environment. In the face of
this predicament, the transformation of the global energy system has become an irreversible historical
trend, with the core being to break the long-term dominance of fossil fuels and build a clean,
low-carbon, safe, and efficient new energy system [ 2. Against the backdrop of an increasing share of
renewable energy, how to solve the problem of accommodating fluctuating power sources such as wind
and solar energy, and how to achieve deep decarbonization in "difficult-to-decarbonize industries" such
as steel, chemical engineering, and heavy-load transportation, have become two major challenges
before us. Hydrogen, as a secondary energy source with a wide range of sources and combustion
products being only water, is recognized as a key carrier for achieving the "carbon neutrality" goal due
to its high energy density and the characteristic of interconnection across energy networks. Hydrogen is
not only an ideal substitute for fossil fuels but also the "lubricant" of the future energy system.
According to the "2050 Net Zero Emissions Roadmap" released by the International Energy Agency
(IEA), by 2050, the share of low-carbon hydrogen and its synthetic fuels in terminal energy
consumption needs to significantly increase to fill the emission gap that cannot be covered by
electrification B-1. Although hydrogen occupies a core position in the "dual carbon" strategy, its
physical and chemical properties determine the industrial dilemma of "easy to produce but difficult to
store and transport". Hydrogen is the lightest element in nature, with a density extremely low (only
0.089 kg/m?) under standard conditions, and its boiling point is as low as -252.9°C. These intrinsic
properties render the efficient storage and long-distance transportation of hydrogen a major technical

6191 In summary, a

bottleneck that restricts its flow from the production side to the application side [
single physical hydrogen storage method is difficult to simultaneously meet the industrial demands of
high density, low cost, and high safety.

To address these challenges, the "indirect storage and transportation” route using liquid chemical

3
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carriers or inorganic carriers has become a global research hotspot. Among these, NHs is considered the
most promising "green hydrogen carrier" on account of its excellent hydrogen storage performance and

(11, 12] ' Compared with hydrogen gas, ammonia has overwhelming

well-developed industrial foundation.
advantages in the storage and transportation process. Firstly, ammonia has an extremely high hydrogen
storage capacity, and the volume hydrogen content of liquid ammonia can reach 121 kg Ho/m?, which is
1.7 times that of the same volume of liquid hydrogen. This means that in the same transportation space,
ammonia can transport more hydrogen. Secondly, the liquefaction conditions of ammonia are relatively
mild, requiring only cooling to -33°C under one atmosphere pressure or pressurization to 10 bar at
room temperature to liquefy, which makes its storage conditions far superior to liquid hydrogen
(-253°C). Moreover, ammonia itself is a bulk chemical raw material with extremely mature synthesis,
transportation, and distribution infrastructure worldwide. The existing ammonia transportation network
(including pipelines, tankers, and transport ships) can be directly used for the blending of energy
ammonia, significantly reducing the initial investment cost of infrastructure construction '3 14,

However, to complete the last mile of the "ammonia-hydrogen" route, that is, to achieve efficient
conversion from ammonia to hydrogen, there are still severe technical challenges. The ammonia
decomposition reaction is a strongly endothermic reversible reaction, which generally requires a higher
temperature or catalyst assistance to take place. Energy conversion efficiency directly determines the
economic viability of the entire "ammonia-hydrogen" route. Current catalytic technologies struggle to
meet the dual requirements of "low temperature, high activity" and "low cost" for this new route
simultaneously 31, Therefore, for the key link of "ammonia-hydrogen" energy conversion, developing
non-precious metal ammonia decomposition catalysts with high activity and low cost, and designing
efficient and compact reaction systems based on this, is the key to promoting hydrogen energy from
concept to implementation, and is also the core driving force of this research paper.

The ammonia decomposition hydrogen production reaction (Equation 1) is a core technical link
for releasing the chemical energy in ammonia and realizing the "ammonia-hydrogen" energy closed
loop. From a thermodynamic perspective, this is a volume-expanding endothermic reversible reaction
that requires external energy input to sustain the reaction.

NHs(g) S 0.5N,(g) + 1.5H,(g), AH° = +46.2 kJ-molyy, (1)

Although the reaction has a spontaneous tendency at high temperatures, it is limited by the high

N-H bond energy in ammonia molecules (391 kJ/mol), resulting in a significant energy barrier in the

4
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kinetic process. Even at high temperatures, the reaction rate is extremely slow in the absence of a
catalyst. Therefore, developing efficient, stable, and low-cost catalysts to remarkably reduce the
reaction activation energy is the key to realizing rapid hydrogen production under mild conditions. The
catalytic decomposition of ammonia mainly includes three approaches: thermal catalysis,
electrocatalysis, and plasma-driven catalysis. Among them, thermal catalysis is the most mature and
widely applied method ['6]. This article mainly focuses on the thermal catalytic decomposition of
ammonia. Currently, research on ammonia decomposition catalysts mainly focuses on two systems:
one is represented by noble metal catalysts such as ruthenium, which have excellent low-temperature
activity but are limited by resource scarcity and high cost ['7-1%); the other is non-noble metal catalysts
represented by nickel [2% 2! cobalt 22 23], and iron, including bimetallic and multimetallic catalysts
[24-26] - which are low-cost and abundant in resources but usually require a relatively high reaction
temperature (>600°C) to achieve an ideal conversion rate. How to achieve the optimal balance between
catalytic activity and cost has become the main focus of current research in this field.

Among the current research systems for ammonia decomposition hydrogen production catalysts,
ruthenium-based catalysts are recognized by both the academic and industrial communities as the
activity benchmark for ammonia decomposition reactions [?7- 28], The dominant position of ruthenium
in ammonia decomposition reactions is determined by its intrinsic electronic structure. Although the
relative positions of different metals on the curve may vary slightly due to differences in computational
models or catalyst supports, under typical reaction conditions (about 500°C), ruthenium is always at the
top of the "volcano-shaped curve" of ammonia decomposition reactions, showing the optimal catalytic

[29-311 Specifically, ruthenium has a moderate binding energy

performance in ammonia decomposition
for nitrogen atoms (N*), which can effectively break the strong N-H bond and allow nitrogen atoms to
recombine to form N> and desorb at a relatively low temperature, thus avoiding the "poisoning" of
active sites [32],

In addition, the activity of ruthenium-based catalysts shows a high degree of structural sensitivity,
mainly dependent on a special geometric configuration called the "B5 site" 331, This step-like structure
consisting of five ruthenium atoms is typically distributed on the edges of particles with a particle size
of 2-5 nm, which can notably lower the energy barrier for nitrogen-nitrogen recombination. Thanks to

this, optimized ruthenium-based catalysts (especially when modified with alkaline additives such as K,

Cs or supported on CeO,, CNTs, etc.) can reach near-thermodynamic equilibrium ammonia conversion
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34, 331 By comparison, conventional non-noble metal

rates in the 400-450°C temperature range [
catalysts (including Ni, Fe) generally demand temperatures over 600°C to attain the same degree. This
significant temperature difference gives ruthenium-based catalysts a technical advantage in system
start-up speed and energy consumption control B3¢,

Although ruthenium-based catalysts perform well at the laboratory scale, when the perspective is
expanded to the gigawatt-scale (GW-scale) large-scale industrial hydrogen production scenario, their
resource scarcity and high price constitute insurmountable macro barriers. Ruthenium is a
platinum-group metal and ranks among the elements with the lowest abundance in the Earth’s crust,
with a global annual production extremely limited, only maintaining at around 30 tons, and highly
concentrated in a few regions such as South Africa, with a very fragile supply chain. A technical
economic assessment (TEA) of energy transition indicates that if only one 1 GW gas turbine power
plant is converted to ammonia cracking hydrogen technology and uses the current ruthenium-based
catalysts, this single project alone would consume about 10% of the global annual ruthenium
production P71, This means that the material basis of ruthenium simply cannot support the large-scale
energy substitution demands on a global scale. This scarcity has led to sharp and expensive price
fluctuations of ruthenium, directly driving up the costs of hydrogen production projects. To visually
demonstrate its cost disadvantage, Table 1 compares the market prices and resource profiles of
ruthenium with those of the main non-precious metal alternative elements (nickel, cobalt, iron) in
recent years.

According to the data listed in the table, the price of ruthenium is more than 2,000 times higher
than that of nickel and tens of thousands of times that of iron. Although the loading amount of
ruthenium catalysts is usually low (1-5 wt%), the cost of the core metal still constitutes the
overwhelming majority of the overall production cost of the catalyst 3%, In the highly cost-sensitive
hydrogen economy model, this high initial investment seriously hinders the reduction of hydrogen

production costs 3%,

Table 1 Comparison of price, resources, and performance between ruthenium

and non-noble metals (Fe, Ni, Co)

Comparison Ru Ni Co Fe




dimension

Metal

classification

Crustal

abundance

Market
price(2025)
Price multiple

(relative to Ni)

Price trend

(2020-2025)

Ammonia
decomposition
activation

temperature

Main industries

Platinum group
metals
Extremely

low(~0.001

ppm)

~32,000 /kg

~2,100 times

Significantly
increased, with
a rise of over
260% since
2020, and with
extremely large

fluctuations

400 - 450°C140]

High costs, risk

Transition metals

Medium(~84 ppm)

~15 /kg

1 time (base)

Fluctuating
downward,
currently at a

relatively low level

600 - 700°CEB8

High temperature

carbon deposition,

Transition metals

Low (~25 ppm)

~45-50 /kg

~3 times

Significantly
fluctuating, driven
largely by battery

demand

> 600°CH3]

Higher than Fe/Ni

in cost, poor

Transition metals

Extremely

high(~56,300 ppm)

~0.1-2.0 /kg

~ 0.1 times

Long-term stable,
low cost and easily

accessible

> 700°CH3!

Too low activity,

of resource poor requires extremely
Challenges low-temperature
depletion low-temperature high temperature
activity
activity
159
160 Given the high cost and scarce resource reserves of ruthenium-based catalysts, developing

161 non-precious metal (mainly transition metals such as iron, cobalt, and nickel) catalysts with abundant
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reserves, low prices, and superior activity has become a key core means to realize the industrial

application of ammonia decomposition for hydrogen generation 4431,

However, compared with
precious metal ruthenium, non-precious metals have their own inherent limitations in thermodynamic
properties and kinetic mechanisms, which are clearly demonstrated in the classic "volcano-shaped
curve".

Iron, as the classic catalyst in the ammonia synthesis industry (Haber-Bosch process), performs
unsatisfactorily in the ammonia decomposition reaction. According to the Sabatier principle, iron lies
on the left-hand side of the volcano-type curve, and its core defect lies in its excessive affinity for
nitrogen species [* %], Density functional theory (DFT) calculations demonstrate that on Fe(110) and
other face-centered planes, the adsorption energy of nitrogen atoms is as high as -1.70 eV to -1.82 eV,
much higher than the optimal value of ruthenium (approximately -1.27 eV to -1.35 eV) 461, This means
that during the reaction, the active sites on the iron surface are easily occupied by high coverage of
nitrogen atoms, hindering the subsequent adsorption of ammonia molecules and resulting in an
extremely high energy barrier for nitrogen compound desorption. Therefore, pure iron catalysts usually
require temperatures higher than 600°C or even 700°C to overcome the desorption energy barrier and

[47, 48]

achieve a higher conversion rate . Moreover, iron is prone to phase transformation into

nitrogen-containing phases under rich ammonia atmospheres, forming thermodynamically stable but
catalytically inert nitrides such as Fe4N or Fe3N, leading to a rapid decline in catalyst activity [49-311,

Using Co-Fe alloys can overcome this limitation of iron B! The incorporation of cobalt lowers the
d-band center of iron, weakens the strength of the Fe-N bond, and shifts the nitrogen adsorption energy
toward the top of the volcano curve. Additionally, cobalt atoms act as a physical barrier within the
lattice, which significantly restricts the diffusion of nitrogen atoms from the catalyst surface to the bulk
phase. This effectively prevents the formation of detrimental bulk iron nitride and sustains the metallic
active surface of the catalyst, ensuring its long-term catalytic activity 5% 331,

In comparison with iron, nickel generally lies on the right side of the volcano-shaped curve, and
the nitrogen adsorption energy on the Ni (111) surface is lower than that of ruthenium ¥, This weaker
interaction leads to a completely different kinetic bottleneck for nickel catalysts: on the one hand, the
weak M-N bond (metal-nitrogen bond) makes it difficult for the catalyst to effectively polarize and
break the N-H bond in the ammonia molecule, resulting in a higher first-step dehydrogenation

activation energy; on the other hand, due to the weak adsorption, the coverage of the surface steady

8
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intermediate species is low, and the probability of two nitrogen atoms meeting and undergoing
complexation on the surface is significantly reduced [**l. To achieve the desired conversion rate,
nickel-based catalysts usually need to operate at high temperatures (> 600°C)!>% 50, but this also leads
to serious sintering problems, causing the high-activity step sites to disappear and the catalytic
performance to significantly decline over time [57, 58]

Through in-depth analysis of iron and nickel, it can be concluded that non-precious metal catalysts
are faced with a "dilemma": iron has a too strong binding, leading to poisoning, while nickel has a too
weak binding, resulting in activation difficulties. According to the d-band theory, the position of the
d-band center of transition metals shifts downward as their atomic number increases. Cobalt, which is
located in Group 9, Period 4 of the periodic table, lies between iron and nickel. Correspondingly, its
nitrogen adsorption energy falls between that of iron and nickel, and is closer to that of ruthenium 3!
341, In Figures 1-2(c) and (e) of the volcano-shaped curve, the position of Co is close to the vertex Ru.
This means that among non-precious metals, cobalt has a more suitable binding energy: it has a
stronger ability to bind nitrogen than Ni, can effectively weaken the N-H bond; It has a weaker ability
to bind nitrogen than Fe, and the nitrogen atoms on the surface formed during the reaction can be
desorbed smoothly, avoiding surface poisoning and ensuring the smooth and rapid progress of the
reaction D7,

From the perspective of electronic configuration, Co (3d7 4s2) and Ru (4d7 5s1) belong to the 9th
column, and they have the same number of d-banded electrons. This intrinsic electronic structure
similarity endows cobalt with the inherent potential to simulate the catalytic behavior of ruthenium. By
finely regulating the d-band center of Co through alloying, carrier modification, etc., the adsorption
strength of nitrogen can be optimized, making the nitrogen adsorption energy approach that of
ruthenium or the theoretically predicted optimal level, thereby enhancing the catalytic activity and
achieving the substitution of ruthenium [6%],

Thanks to its inherent activity being higher than that of iron and nickel, cobalt-based catalysts are
expected to achieve high conversion rates at lower temperature ranges (400-500°C). This characteristic
enables it to better match the industrial waste heat utilization temperature, significantly reducing the
energy consumption and equipment material costs of the hydrogen production system, and thus
significantly reducing the average cost of obtaining hydrogen 1. Therefore, cobalt is currently the

most ideal active phase metal choice for achieving low-cost, low-temperature ammonia decomposition

9
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for hydrogen production.

Therefore, this work focuses on the research of the carrier effect of catalysts, through experimental
characterization to investigate the regulatory laws of different oxide carriers on the physical and
chemical properties of the catalysts, revealing the structure-activity relationship between carrier
characteristics and catalytic performance and optimizing the best carrier system. In supported metal
catalysts, the carrier not only plays a physical framework role of dispersing and stabilizing the active
components, but also through metal-carrier interactions, electron transfer effects, and surface acidity
and basicity regulation mechanisms, improves the catalyst performance [°!). For cobalt-based ammonia
decomposition catalysts, the physical and chemical properties of the carrier directly determine the
electronic state of Co species and their adsorption and desorption behaviors of reaction intermediates
(such as N atoms).

To screen out the most suitable carrier system and clarify its enhancement mechanism, The effect
of various oxide carriers on the ammonia decomposition activity of supported cobalt catalysts was
systematically explored, including traditional acidic carriers (Al,O3), inert/weakly acidic carriers (SiO»,
TiO;), basic carriers (MgO), and rare earth oxide carriers (CeO», La,O3). By correlating catalytic
activity with characterization results, the objective is to uncover the intrinsic nature of the carrier effect,
thereby offering data support and a theoretical foundation for the subsequent design of efficient
catalysts.

2. Experiment

To promote the development of non-precious metal catalysts, this study fabricated ammonia
decomposition catalysts with various carriers and active components using the deposition-precipitation
method. An evaluation method for catalytic activity and durability was established; a variety of
physical and chemical characterization techniques, including XRD, TEM, BET, XPS, H,-TPR, and
CO,-TPD, were comprehensively utilized to systematically analyze the phase structure, microstructure,
and surface chemical properties of the materials. On a macroscopic scale, a numerical simulation
model based on CFD was established to simulate the ammonia decomposition process in the reactor
and the influence of thermal medium properties on hydrogen production, providing theoretical support
for subsequent system integration design. Based on the above ideas, this chapter will specifically
introduce the catalyst preparation process, performance evaluation, and physical and chemical

characterization methods involved in this study.
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2.1 Catalyst Preparation

This study prepared a series of non-precious metal and bimetallic alloy catalysts by means of the
deposition-precipitation method, which loaded the active metal components onto different oxide
carriers. This method utilized the uniform alkaline environment generated by the hydrolysis of urea at
high temperatures to allow the active metal components to deposit slowly and uniformly on the surface
of the carriers, achieving nanoscale dispersion of the active components. The specific preparation
process is shown in Figure 1.

Firstly, 2.0 g of oxide carrier was weighed, and the corresponding metal nitrate precursors and
precipitant urea were calculated and weighed according to a 10 wt% loading amount. The molar ratio
of urea to metal elements was 20:1. For bimetallic catalysts, the molar ratio of the two metal elements
was set at 1:1. The oxide carriers were CeQO», La;03, SiO,, MgO, Al,Os, and TiO, powders. The metal
precursors were the corresponding nitrate salts of the metals, including Co(NO3),-6H>O,
Ni(NO3),-6H,0, Fe(NO3)3-9H,0, and Mn(NO3),-4H,0.

An appropriate amount of deionized water was used to dissolve the carrier and metal precursors;
after thorough stirring to achieve uniform mixing, the precipitant was added sequentially. The mixture
was placed in a constant temperature magnetic stirring water bath at 80°C and reacted for 8 hours under

continuous magnetic stirring to complete the precipitation process.

i Y N\
' ~ =
Preci;i;;lting Heating Centrifuging ‘
Suss)
Final Catalyst Sieving Grinding Calcining

Fig.1 Schematic diagram of the catalyst preparation process

After the suspension liquid is cooled to room temperature, the upper clear liquid is removed by

centrifugation. The bottom precipitate is placed in an oven at 80°C to dry overnight to remove the
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physically adsorbed water, and then it is calcined in a muffle furnace at 600°C for 2 hours to form
stable metal oxide active phases. Finally, after grinding and sieving the calcined samples, particles with
a particle size of 40 to 80 mesh are selected to serve as the final catalyst.

In addition, based on the same process, 5 wt% and 20 wt% Co/La>O3 samples were prepared, as
well as Co-Ni/CeO>(N) samples with molar ratios of 1:3 and 3:1 to compare the effects of loading
amount and alloy ratio on catalytic performance.

To facilitate the expression and discussion in the subsequent chapters, this paper uniformly names
the prepared catalysts in the format of "active component/substrate (N)". The suffix "(N)" represents
that the used substrate is in nano size (Nano), and if there is no this suffix, it is assumed to be in
micrometer size. For example, "Co/CeO(N)" represents a catalyst with Co as the active component
and nano CeO; as the substrate. Moreover, if not specified otherwise, the total loading amount of the
active metal in the catalyst is assumed to be 10 wt%, and if it is a bimetallic catalyst, the molar ratio is
1:1.

2.2 Performance Evaluation and Physical and Chemical Characterization Methods of Catalysts

The catalyst activity evaluation system primarily consists of three parts: a gas control unit, an
ammonia decomposition reaction unit, and a product analysis unit, which is shown in Figure 2. The gas
control unit includes standard gas cylinders, pressure reducers, precision pressure gauges, and gas flow
meters, which are used to precisely control the flow rate of reaction raw materials; the core of the
reaction unit is a tube furnace equipped with a program temperature rise and temperature control
module, and the reactor is made of quartz glass tubes; the product analysis unit is equipped with an

online gas chromatograph (GC) for real-time detection of tail gas components.
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Fig.2 Schematic diagram of the ammonia decomposition catalyst activity evaluation system

The experimental raw gas used was high-purity ammonia gas with a purity of 99.99%. Each time,
0.5 g of catalyst powder was weighed and filled into the constant temperature zone of the reaction tube,
and the ammonia flow rate was set at 1 L/h, resulting in a mass specific hydrogen production rate
(WHSV) of 2,000 mL/(h-gca). Before the formal activity test, the bed temperature was raised to 550°C
and maintained for 1 hour under a pure NH3 atmosphere for pre-reduction treatment and in-situ
activation of the catalyst.

After the pre-treatment was completed, the activity was evaluated at different temperature points
according to the cooling or heating procedures. To ensure that the reaction reached thermodynamic and
kinetic equilibrium, the residence time at each temperature point was more than 17 minutes. The
method of taking two samples at each temperature point and averaging them was used to reduce
experimental errors.

The ammonia decomposition conversion rate was calculated based on the hydrogen concentration
detected by the gas chromatograph. Given that the ammonia decomposition reaction (Equation 1) is a
volume expansion reaction process, the total number of moles of gas before and after the reaction will
increase as the conversion rate increases. Based on the reaction stoichiometry and material balance
principles, the calculation formula for ammonia conversion rate (Xnu3) and the outlet hydrogen mole

fraction (yn2) is as follows:
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Based on the data of ammonia decomposition and conversion rates at different temperatures, the
reaction rate constant (k) of the catalyst can be calculated, and the apparent activation energy (Ea) and
pre-exponential factor (A) of the reaction can be determined using the Arrhenius formula. This allows
for an evaluation of the intrinsic activity of the catalyst from a kinetic perspective. The catalytic
decomposition reaction of ammonia is generally in the form of a zero-order reaction kinetics model,
meaning that the reaction rate does not change with the concentration of reactants, but is only affected
by the number of active sites on the catalyst surface and temperature. The formula for calculating the
reaction rate constant k is as follows:

(3)

In the equation, Fxus denotes the molar flow rate of ammonia at the reactor inlet, and mca stands
for the catalyst loading mass.

According to Arrhenius' law, the reaction rate constant k has an exponential relationship with the
reaction temperature T:

k = AeEa/RT (4)

In the equation, R denotes the ideal gas constant, and T represents the thermodynamic temperature
of the reaction.

To solve the kinetic parameters through linear regression, the natural logarithm is taken on both

sides of the equation, converting it into a linear form:
E,1
Ink =——=+InA (5)
RT

Plot the Arrhenius curve with 1000/T as the abscissa and Ink as the ordinate. Use the least squares
method to perform linear fitting on the experimental data points. Based on the slope and intercept of
the obtained straight line, the kinetic parameters Ea and A can be calculated.

3. Results and Discussion

3.1 Optimization of Active Component Loading

Before systematically investigating the effect of the carrier, the loading amount of the active
component cobalt (Co) was first optimized to determine the optimal metal loading ratio. Figure 3
shows the ammonia decomposition rates of Co/La,Os catalysts with different cobalt loading amounts (5
wt%, 10 wt%, 20 wt%) within the temperature range of 350 to 650°C. The ammonia is of high purity

1
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Fig.3 Effect of cobalt loading on ammonia decomposition activity at different temperatures

The experimental results show that as the cobalt loading increases, the ammonia decomposition
activity of the catalyst exhibits a non-linear growth trend. At high temperatures (700°C) or low
temperatures (350°C), due to complete decomposition or the beginning of decomposition, the influence
of the loading amount on the ammonia decomposition rate is relatively small. In the
medium-temperature range (e.g., 450°C), when the loading amount increases from 5 wt% to 10 wt%,
the ammonia conversion rate significantly increases from 36.6% to 44.6%, indicating that increasing
the density of active sites can effectively overcome the reaction kinetics limitation. However, when the
loading amount is further increased to 20 wt%, the increase in conversion rate slows down significantly
(only increasing to 49.9%). This marginal benefit diminishing phenomenon is mainly attributed to the
aggregation effect of metal particles: excessive loading often leads to an increase in cobalt particle size
and a decrease in dispersion, thereby reducing the atomic utilization rate per unit mass of metal.

Therefore, a loading amount of 10 wt% ensures a high catalytic efficiency while avoiding the use
of excessive metal, which can more prominently highlight the influence of different carriers on
catalytic performance. To control variables for easier comparison, the total metal loading in the
subsequent studies of this paper is all 10 wt%.

3.2 Performance Comparison of Ammonia Decomposition Catalysts on Different Supports

This section selects several typical oxide supports and their specifications (nanometer/micrometer)
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for comparison. Figure 4 shows the curves of ammonia decomposition conversion rate of each catalyst
with temperature changes (350 - 700°C). The cobalt-based catalysts loaded on different supports show

significant differences in activity.
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Fig.4 Ammonia decomposition activity of cobalt-based catalysts supported on different carriers

From the overall trend, the ammonia conversion rate of all samples increased with the rise in
temperature, presenting a typical "S" curve. According to the experimental data, the activity sequence
of the various catalysts was approximately: Co/CeO2(N) > Co/La,O3 > Co/LayO3(N) > Co/CeO, >
Co/Si0,(N) > Co/MgO > Co/Al,03(N) > Co/TiO».

The data clearly reflect that the catalysts loaded with rare earth oxides (CeO, and La>O3) have the
most excellent low-temperature activity. Taking Co/CeO,(N) as an example, the conversion rate of this
catalyst reached 46.3% at 450°C, significantly higher than that of Co/MgO (23.5%) and Co/AL,O3(N)
(16.5%) at the same temperature. As the temperature further increased to 550°C, the activity difference
further widened: the conversion rate of Co/CeO2(N) soared to 94.2%, achieving complete ammonia
decomposition, and the hydrogen production rate was approximately 2.8 m?/(h-kgcat) at this time; in
contrast, the traditional Co/Al,O3(N) catalyst had a conversion rate of only 60.5%, while Co/TiO,
performed the worst, at only 48.8%.

It is worth noting that although AlOs usually has a larger specific surface area, the activity of the
Co catalysts loaded on it is at a relatively low level, suggesting that in the ammonia decomposition

reaction, the chemical properties of the carrier (such as redox properties, acidity and basicity) play a
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more crucial role than the simple physical surface area. The reason why Co/CeO2(N) performed the
best may be attributed to the unique oxygen storage and release ability of CeO, and the strong
metal-carrier interaction, which will be discussed in detail in the subsequent characterization.

3.3 Chemical Reaction Kinetic Analysis

To further quantify the carrier effect from a kinetic perspective, the relationship between reaction
rate and temperature was fitted based on the Arrhenius equation: by plotting the In(r) against 1000/T
curve (Figure 5), the apparent activation energy (Ea) of each catalyst was calculated, as shown in Table
5. Within the examined temperature range (350-500°C), the In(k) of all samples and 1000/T showed a
good linear relationship, indicating that the ammonia decomposition reaction under these experimental

conditions follows the typical zero-order reaction kinetic characteristics.
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Fig.5 Arrhenius plots for catalysts supported on different carriers

As shown in Table 2, the apparent activation energy values of different catalysts are distributed
within a relatively wide range of 57.90 - 83.01 kJ/mol, and their changing trend shows a strong
negative correlation with the activity test results. That is, the higher the activity, the lower the
activation energy.

Among all the samples, Co/CeO,(N) once again demonstrated its superiority. Its apparent
activation energy was only 57.90 kJ/mol, which was significantly lower than that of Co/Al,O3(N)
(82.21 kJ/mol) and Co/TiO; (82.69 kJ/mol). The lower activation energy means that the CeO, carrier

greatly reduces the energy barrier of the reaction, making the dehydrogenation of ammonia molecules
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at the active sites or the desorption of nitrogen atoms much easier.

Table 2. Reaction activity parameters of catalysts supported on different carriers

Type of catalyst E. (kI-mol™) A (mol-h™ kgL
Co/CeOx(N) 57.90 5.87x10?
Co/La,03 65.49 1.92x103
Co/La;05(N) 68.08 2.76x10°
Co/Ce0O» 66.59 1.73x10°
Co/SiOx(N) 73.53 5.61x10°
Co/MgO 83.01 1.93x104
Co/AlLOs(N) 82.21 1.23x10°
Co/TiO, 82.69 9.78x10°

Overall, the activation energies of the catalysts loaded with rare earth oxide supports (CeO», La,03)
are generally lower than those of inert supports (such as SiO,) and acidic/strongly basic supports
(ALLO3, MgO). Additionally, although Co/MgO has the highest pre-exponential factor (1.93x104), this
is mainly due to the "compensation effect" in the kinetics, and its excessively high activation energy
(83.01 kJ/mol) remains the dominant factor limiting its low-temperature performance.

In conclusion, the kinetic analysis further confirms that the core of the carrier effect lies in the
regulation of the reaction energy barrier. Nanoscale CeO, effectively reduces the activation energy of
the ammonia decomposition reaction due to its unique electronic properties.

3.4 Phase composition and microstructure of the catalysts

3.4.1 Element content analysis

Before exploring the relationship between the structure and activity of the catalysts, it is crucial to
accurately determine the actual content of the active components. In this study, inductively coupled
plasma atomic emission spectrometry (ICP-OES) was used to conduct quantitative analysis of all

prepared catalysts, and the specific results are listed in Table 3.

Table 3. ICP results of catalysts supported on different carriers
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Loading amount of

Type of catalyst
cobalt (wt%)
Co/CeO»(N) 6.46
Co/Lax0O3 9.66
Co/La;O3(N) 11.25
Co/CeO, 5.04
Co/Si02(N) 8.30
Co/MgO 9.34
Co/ALLO3(N) 10.07
Co/TiO; 7.50

Although the loading amount was uniformly set at 10 wt% during the preparation process in this
study, the final test results showed that due to the differences in the surface properties of different
carriers (such as specific surface area) and the physical and chemical changes during the impregnation
and calcination processes, the actual cobalt content of each sample exhibited a certain fluctuation range.
Among them, the actual loading amounts of Co/Al,O3(N), Co/La;O3;, and Co/MgO were highly
consistent with the theoretical values, indicating that these carriers have a good adsorption retention
ability for the cobalt precursor.

However, the rare earth cerium-based catalyst that exhibited the best activity had a relatively
lower actual cobalt loading, with Co/CeO»(N) being 6.46 wt% and micro-sized Co/CeQO; being only
5.04 wt% in this case. In fact, during the preparation process, it could be observed that after
precipitation and solid-liquid separation, the filtrate color of CeO; as the carrier remained pink,
indicating that a considerable amount of cobalt ions did not precipitate but were lost in the solution in
this form. In the study, attempts were also made to increase the dosage of the precipitant, but no
significant improvement was observed. This might be attributed to the relatively small specific surface
area of CeO,, which limited its adsorption capacity for cobalt ions, or the surface charge properties
causing electrostatic repulsion of ion adsorption.

However, this set of data precisely reveals a highly persuasive fact: although the actual active

metal content of Co/CeO(N) (6.46 wt%) is much lower than that of Co/Al,O3(N) (10.07 wt%), its
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catalytic activity is significantly better than the latter. This strongly proves that the CeO; carrier does
not enhance performance simply by increasing the number of active sites, but rather through unique
electronic effects significantly improves the intrinsic catalytic efficiency (TOF) per cobalt atom, this
"less but better" characteristic has important engineering significance for catalyst optimization and cost
reduction.

3.4.2 Porous Structure and Specific Surface Area

To deeply explore the potential influence of the physical texture of the carrier on the catalyst
performance, this study used N> physical adsorption-desorption technology to systematically
characterize the specific surface area, pore volume, and average pore diameter of the series of catalysts
prepared. To more accurately reflect the pore characteristics of the materials, the total pore volume (Vp)
in this study was uniformly calculated based on the BJH adsorption data, while the average pore

diameter (Dp) was determined based on the BJH desorption data. The detailed results are summarized

in Table 4.
Table 4. Textural properties of catalysts supported on different carriers
BET specific surface Total pore volume Average pore
Type of catalyst
area (Sper) (m%/g) (V) (cm*/g) diameter (D,) (nm)
Co/CeOz(N) 15.898 0.066 12.241
Co/Lay0; 18.965 0.099 20.133
Co/La;03(N) 19.122 0.110 3.819
Co/CeO; 21.915 0.096 14.353
Co/Si02(N) 184.647 1.038 20.147
Co/MgO 69.165 0.475 23.894
Co/AlLO3(N) 379.835 1.373 13.257
Co/TiO> 13.872 0.065 20.313

It is not difficult to observe from the data in Table 4 that the catalysts constructed on different
carriers exhibit significant differences in their structural properties. The nano-carriers represented by

Co/Al,O3(N) show an extremely developed pore structure, with a BET specific surface area of up to
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379.84 m?%/g and a total pore volume of 1.37 cm?/g. Theoretically, such a huge specific surface area can
provide extremely abundant attachment sites for active metals, facilitating the highly dispersed state of
Co species. In contrast, the Co/CeO2(N) with the best catalytic activity has a much smaller specific
surface area of only 15.90 m%*g and a pore volume of approximately 0.07 c¢cm?/g. Moreover,
Co/La,03(N) shows a very small average pore diameter of 3.82 nm, which may be related to the special
packing density of its nanocrystalline grains.

Another counter-intuitive point is that the BET specific surface area of Co/CeO»(N) in the study
(15.90 m%/g) is slightly lower than that of Co/CeO, (21.92 m?/g), which seems to contradict the
conventional understanding that "nanomaterials have high specific surface areas". This phenomenon is
mainly attributed to the extremely high surface energy of nano-CeO; and its thermal instability during
the high-temperature sintering process. Due to the nanocrystalline particles being in a thermodynamic
metastable state, they are prone to undergo intense agglomeration and sintering during the sintering
process, causing the originally open inter-particle pores to collapse or close. Additionally, the loaded
Co species may preferentially fill the small interstitial channels between the nanocrystalline particles,
further reducing the effective specific surface area. On the contrary, although the micro-sized CeO; has
larger crystal grains, its framework structure becomes more rigidly stable under heat treatment, thus
retaining a relatively larger number of pore structures.

To more intuitively understand the physical meaning of these data, Figure 6 further presents the

adsorption-desorption isotherms and pore size distribution curves of each catalyst.

~ (b)
39 57 :
i :W - CD/LaIOJ
13 19

Ikl
40 Co/La,0,(N) 38 Co/Ce0,

_
=}
S’

—8—Co/ CeOy(N) —w—Co/SiOyN)
0.10+ ~p—Co/La,0, —4&—Co/MgO
4— Co / La,0y(N) —8—Co/ALO,(N)
0.084 —#—Co/cCcO, —&—Co / TiO,

!

orbed (cm3-g™)

£

.TDD

E
20 Y- 19 = 0.06

0 OO0 0= O=0C 0 %

Z 600 io|282 =
< 400 Co/Si0,(N) 188 Co/MgO j = 0.04

94

= zog [, G g
= 840 4 £ 0.021

S 5601  Co/ALON) M 28 Co/TiO, =
S = g 0.004

0.0 02 04 06 08 1.0 0.0 02 04 0.6 08 10 0 10 20 30
Relative Pressure (P/P,) Pore Diameter (nm)

Fig.6 (a) N, adsorption-desorption isotherms and (b) BJH pore size distribution curves of catalysts with

different supports

According to the TUPAC classification, the isotherms of all samples exhibit typical IV-type
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characteristics, and a significant hysteresis loop appears within the relative pressure (P/P0) range of 0.4
- 1.0. This indicates that all the catalysts have mesoporous structures.

However, the shape of the hysteresis loop reveals significant differences in the pore geometric
characteristics. Co/SiO»(N) shows a more typical Hl-type hysteresis loop feature, indicating a
relatively regular pore structure, possibly formed by the close packing of spherical particles, with a
relatively concentrated pore size distribution; Co/CeO»(N) has a hysteresis loop more similar to the
Hl-type hysteresis loop, but also has some features of the H3-type hysteresis loop, indicating a
relatively regular pore structure and a relatively concentrated pore size distribution; the other catalysts
show H3-type hysteresis loop features, and this hysteresis loop is usually related to the slit pores
formed by the stacking of plate-like particles, and the adsorption branches do not have a significant
adsorption plateau when approaching the saturated vapor pressure, indicating the presence of large
pores or inter-particle stacking pores in the material, and the pore structure is relatively irregular.

The pore size distribution curve in Figure 6(b) further confirms this. Co/SiO2(N) shows the
narrowest and sharpest distribution peak, centered at approximately 28 nm, indicating a relatively
uniform mesoporous structure; while the pore size distribution of Co/CeO»(N) is slightly broader, with
the main peak at approximately 12 nm, the pore size distribution is neither particularly concentrated
nor particularly dispersed, between Co/SiO»(N) and other catalysts, which also indicates that the
dispersion of the Co species on the surface is better and more uniform, this moderate pore size
distribution situation may be one of the reasons for its optimal activity; the pore size distribution of the
other catalysts shows greater irregularity, with a tendency to extend to the large pore region, this wide
distribution feature is related to the disordered pore structure formed by the particle stacking. It should
be noted that the small peaks around 3.8 nm in some samples are usually attributed to the "stretching
strength effect (TSE)" caused by the nitrogen adsorption test, and do not represent the true microporous
structure.

Based on the analysis results of Table 4 and Figure 6, an extremely important anomaly was
observed. Co/A1,O3(N) with the largest specific surface area (379.84 m?/g) does not exhibit the highest
catalytic activity, but rather Co/CeO»(N) with a specific surface area only 1/24 of it has an advantage.
This result strongly proves that for the ammonia decomposition reaction, the physical texture (such as
specific surface area) is not the only or dominant factor determining the catalytic performance.

3.4.3 Crystal Phase Structure Analysis
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To determine the phase composition of the catalysts and the crystallization state of the active
components on the carrier surface, X-ray diffraction (XRD) characterization was performed on each

carrier-loaded cobalt-based catalyst after calcination, as shown in Figure 7.
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Fig.7 XRD patterns of catalysts supported on different carriers

From the spectra, it can be clearly observed that different carrier systems exhibit completely
different diffraction characteristics. The peak intensity is higher in the left graph, and the peak shape is
clearer, indicating that the crystallinity of the catalyst particles is higher. While the several substances
in the right graph have lower crystallinity, resulting in a broader peak shape.

For the Co/CeO,(N) sample that shows the best activity, its XRD spectrum is dominated by the
characteristic peaks of the carrier. Sharp and intense diffraction peaks with extremely high intensity
appear near 20 values of 28.5°, 33.1°, 47.5°, and 56.3°, which perfectly correspond to the (111), (200),
(220), and (311) crystal planes of the cubic fluorite structure CeO, (PDF#04-003-6947), indicating that
the nano-CeO> carrier has excellent crystallinity. Most importantly, on the corresponding curve in this
spectrum, there are almost no obvious characteristic diffraction peaks belonging to the single Co
element or other Co species, while relatively obvious peaks of Co single species are observed in
Co/MgO and Co/TiO,. Considering that ICP analysis has confirmed that this sample contains
approximately 6.5 wt% of cobalt, the absence of this diffraction signal strongly indicates that the Co
species do not undergo large-scale agglomeration on the CeO, surface, but exist in a highly dispersed
microcrystalline or amorphous cluster form, or even may partially enter the CeO, lattice to form a solid
solution. This highly dispersed state may be attributed to the abundant oxygen vacancies on the CeO,

surface, which strongly anchor the cobalt atoms.
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In the XRD spectra of the Co/La,Os series samples, in addition to the expected characteristic
peaks of calcium oxide (LaxO3), a clear diffraction signal of Lax(CO3)O; (carbonated calcium oxide)
was observed. The appearance of this phase is not a synthetic impurity but is determined by the
inherent physical and chemical properties of the La,0s carrier. As the strongest alkaline material among
rare earth oxides, La,Os has extremely strong hygroscopicity and affinity for acidic gases. During the
storage or sample preparation of the catalyst in the air, La,0Os3 is easily chemically adsorbed and reacts
with atmospheric CO, and H>O (La;O; + CO, — Lay(CO3)0,), generating thermodynamically
relatively stable monoclinic or hexagonal phase carbonated calcium oxide in situ.

Although this carbonation process to some extent alters the phase structure of the carrier, this "air
sensitivity" precisely corroborates that the surface of this carrier has extremely rich strong alkaline sites.
In the ammonia decomposition reaction mechanism, the abundant surface alkaline sites are generally
considered to facilitate the transfer of electrons to the metal cobalt, thereby promoting the activation
and breakage of N-H bonds. Therefore, the presence of Lay(COs3)O; is not only direct evidence of the
high alkalinity of the lanthanide-based material, but also may be the structural basis for its specific
catalytic behavior under reaction conditions.

In contrast, the spectrum of Co/Al,O3(N) shows broader diffraction peaks, which is consistent
with the relatively lower crystallinity of y-Al>Os. It should be noted that the broad shoulder peaks near
20 = 37° and 46° often overlap with the signals of the spinel phase Co304 or cobalt aluminum oxide
CoAlI204. Although this peak broadening also implies a certain degree of dispersion, combined with its
peak position and the relatively low catalytic activity, it is more likely to form surface spinel species
that are difficult to reduce, resulting in a decrease in the number of active sites.

For Co/TiO,, the spectrum shows extremely sharp and complex diffraction peaks, mainly
corresponding to the high crystallinity characteristics of the anatase and rutile mixed phase. However,
this highly crystalline carrier fails to effectively disperse the active components, and its low specific
surface area (only 13.9 m?/g) limits the spread of the Co species, resulting in poor overall catalytic
activity of the catalyst. In conclusion, the XRD characterization results, from the perspective of
crystallography, confirmed that although the CeO; carrier has a high degree of crystallinity itself, it can
achieve "nanoscale" or "cluster-level" high dispersion of the active component cobalt through unique
interfacial interactions, thereby exposing more active sites. This perfectly explains why Co/CeO2(N)
still exhibits the highest ammonia decomposition catalytic performance despite not having a dominant

2
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3.4.4 Microscopic Morphological Characteristics

To further reveal the dispersion state of the active component on the carrier surface and the contact
characteristics of the metal-carrier interface at the microscopic scale, transmission electron microscopy
(TEM), high-resolution transmission electron microscopy (HRTEM), and energy dispersive X-ray
spectroscopy (EDS) surface scanning were conducted on the representative catalysts (Co/CeO2(N),
Co/Ce0,, Co/Lay03). Figure 8 shows the microscopic morphology of these three catalysts from top to
bottom.

For the Co/CeO2(N) sample with the best activity (Figure 3-6(a)), the TEM image at the middle
position shows that the nano-CeO> carrier mainly presents an irregular polyhedral structure with a
particle size of approximately 20 nm, and the cross-section is mostly spherical. At lower magnifications,
no large dark aggregates of high size are observed on the carrier surface, indicating that the active
metal cobalt is anchored on the carrier with an extremely high dispersion, which is highly consistent
with the result that no obvious cobalt peak was detected in the XRD.

The HRTEM image on the left further reveals the details of the metal-carrier interface. Clearly
visible in the image are multiple lattice stripes closely intertwined, with a lattice spacing of 0.312 nm
corresponding to the (111) crystal plane of CeO,; while the adjacent nano-clusters show a stripe
spacing of 0.215 nm, corresponding to the (220) crystal plane of CoO. Additionally, CeO,'s (220)
crystal face stripes and the (220) crystal face of the metal Co in close contact are also observed. In
other areas of the sample, the (111) crystal face stripes of Co with the highest density are clearly
captured. At the interface between cobalt and cerium oxide, the lattice stripes show obvious continuity
or epitaxial growth characteristics, providing direct geometric evidence for the existence of strong
metal-carrier interaction. This tight interface contact is conducive to electron transfer during the
reaction process and the migration of oxygen species.

The EDS elemental surface scan on the right shows that the O region overlaps highly with Co and
Ce (not shown in the figure), confirming the high overlap and relatively uniform distribution of the
three elements Co, Ce, and O in the microscopic area, without obvious Co enrichment areas, again
confirming the excellent dispersion ability of the nano-oxide cerium carrier for the Co species. In the
high-resolution image, a key detail can be clearly captured: CeO, not only serves as a supporting
substrate, but its surface species even show a tendency to migrate to the surface of the cobalt particles,

2
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forming a layer of tightly adhered nano-thin layer. This unique coating structure is the direct evidence
of strong metal-carrier interaction in the geometric morphology. It is like a protective film, not only
physically fixing the cobalt particles, effectively inhibiting their migration and sintering in the
high-temperature reaction, but also constructing the maximum metal-oxide interface, providing
extremely convenient channels for electron transfer and the migration of active species during the
reaction process.
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Fig.8 HRTEM (left), TEM (middle), and EDS elemental mapping (right) images of representative

catalysts: (a) Co/CeO1(N); (b) Co/CeO2; (c) Co/LayOs.

In contrast, the Co/CeO, sample with a micrometer-sized cerium oxide as the carrier (Figure
3-6(b)) exhibited distinct morphological characteristics. The TEM images showed that the particle size

of the carrier was significantly increased, even in the more dispersed areas, and was much larger than
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that of the Co/CeO2(N) sample. In the area shown in the picture, the main form was spherical
polyhedra with a particle size of approximately 40 nm, while from the overall morphology, it was
mainly large elliptical block-like structures with a size of around 200 nm. Although the cobalt species
still maintained a certain degree of dispersion on the carrier surface, compared to the Co/CeO>(N)
sample, the metal particles underwent significant agglomeration, and the average particle size
significantly increased. This agglomeration effect led to a decrease in the distribution density of the
active components on the carrier surface, and obvious voids appeared in local areas. This was a
reasonable geometric explanation for why its catalytic activity was slightly inferior to the nano-carrier
system. The larger metal particle size not only reduced the specific surface area but also directly
decreased the total number of effective active sites exposed per unit mass of the catalyst [©2],

For the Co/La,O3 sample (Figure 3-6(c)), the EDS spectrum confirmed the extremely high
dispersion of cobalt elements, which was superior to Co/CeO, and even showed a dispersion trend
exceeding that of Co/CeO»(N) in some areas, which also explained why Co/La,0Os also had excellent
performance second only to Co/CeO»(N). At the same time, the HRTEM image on the left revealed its
unique steady-state mechanism. It can be observed that the lattice stripes of the metal cobalt are often
tightly encapsulated by a layer of amorphous or low crystallinity on the carrier surface (possibly due to
the carbonation of La>O; on the surface). This special embedding structure is not merely a physical
barrier but an effective spatial confinement mechanism that restricts the migration and agglomeration
of cobalt nanoparticles at high temperatures, significantly enhancing the catalyst's resistance to
sintering.

In conclusion, the microscopic morphology characterization further confirmed the core viewpoint
of this study, that is, in the design of ammonia decomposition catalysts, the chemical interaction
between the carrier and the active metal (SMSI) contributes more to the catalytic performance than the
influence of the physical specific surface area. The CeO, and La,O; carriers achieved efficient
utilization of cobalt through this chemical regulation mechanism, overcoming the limitations of
physical texture.

3.5 Surface Chemical Properties of the Catalysts

3.5.1 Analysis of Surface Element Valence States

To deeply explore the regulatory mechanism of carrier properties on the electronic state and
reduction behavior of the active component, X-ray photoelectron spectroscopy (XPS) was used to
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characterize the samples after reduction and air passivation. Figure 9 shows the XPS spectra of Co2p
for different carrier catalyst samples and their peak fitting results.

Looking at the spectra of the eight samples as a whole, all catalysts show clear Co2ps» and
Co2p1,» spin-orbit splitting peaks in the binding energy range of 778 - 782 eV and 793 - 797 eV, and the
high binding energy side is accompanied by satellite peaks (Satellite peaks). According to the strength
of the satellite peaks, the oxides of cobalt on CeO, and La,Os carriers mainly exist in the form of
Co0304, while on the other carriers, it is mainly CoO. Considering that cobalt was not reduced, it is
speculated that extremely stable structures such as cobalt aluminum oxide (CoAl204) spinels and
Co-Mg-O solid solutions were formed, which not only prevented cobalt from being reduced to the
active metal phase but also led to a lack of electron feedback mechanism on the surface, thereby
reducing the catalytic activity.

The fitting results show that compared with the standard metal cobalt's Co0 at 778.2 eV and Cod+
at 779.7 eV, all loaded catalysts show different degrees of blue shift (red shift) of the Co characteristic
peaks. This widespread blue shift phenomenon is mainly attributed to the "small size effect" of the
nano-sized cobalt particles, that is, when the metal particles are reduced to the nanoscale (especially <
10 nm), the electrons outside the nucleus are more strongly bound by the atomic nucleus, resulting in a
decrease in the kinetic energy of photoelectrons and an increase in binding energy [63],

The Co/AlLO3(N) sample shows a large binding energy shift (approximately 1.0 eV). This
excessive blue shift indicates that in addition to the small size effect, there is a strong electron
extraction effect between the acidic alumina carrier and the cobalt species (or a surface phase with a
deficient electron state of cobalt aluminate is formed), causing the active center to be in an extremely
"electron-poor” state. Although this strong Lewis acidity is beneficial for the adsorption of ammonia
molecules, it also has an overly strong attraction effect on the nitrogen atom of the reaction
intermediate product. The extremely strong Co-N bond strength significantly increases the energy
barrier for the recombination and desorption of the nitrogen atom on the catalyst surface, which is not
conducive to the forward reaction, and this may be one of the reasons for the poor performance of

Co/ALOs(N).
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Fig.9 Co2p XPS spectra of catalysts supported on different carriers

In contrast, the blue shift of the Co/CeO,(N) and Co/La,Os samples with rare earth carriers is
relatively small (with moderate binding energy). This indicates that the unique electron-donating
properties of the carriers, such as the oxygen vacancies in CeO> or the basicity of La,Os, compensate
for the electron loss caused by the small size effect to some extent, maintaining the active cobalt sites
in a moderately electron-deficient state [©4. This electronic structure ensures that sufficient
electrophilicity is retained to effectively adsorb ammonia molecules while the relatively low positive
charge density avoids excessive adsorption of N atoms, ensuring that the Co-N bond has an appropriate
strength, allowing the product N to be smoothly desorbed from the surface [¢°],

In the comparison of the Co2p spectra of all catalysts, only the spectra of Co/CeO»(N) and
Co/CeO; samples show clear identifiable metal cobalt (Co0) characteristic peaks, which may be
attributed to the unique "reducing aid" property of the CeO, carrier. The CeO, lattice contains rapid
conversions of Ce3+ and Ce4+, enabling it to easily activate hydrogen molecules. During the reduction
process, the dissociated active hydrogen species (H*) adsorbed on the CeO, surface or interface can

66] This active

rapidly migrate to the adjacent cobalt oxide species through the overflow effect !
hydrogen has extremely high reactivity and can effectively break the Co-O bond, thereby promoting

the deep transformation of cobalt oxide to metal cobalt under relatively mild conditions. Therefore, the
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significant Co0 signal in XPS confirms that the CeO, carrier successfully assisted the generation of the
active phase, exposing a large number of intrinsic metal active sites.

To further reveal the structural origin of the Co2p binding energy shift and the strong metal-carrier
interaction, the XPS spectra of Ols for each catalyst were analyzed in detail. Figure 10 shows the Ols
spectra of different carrier catalyst samples and their peak fitting results. Different carriers exhibit
distinct oxygen species distribution characteristics.

According to the chemical properties of the oxide surface, the Ols spectra are usually fitted with
three characteristic peaks, corresponding to different chemical environments. The lattice oxygen (Oa)
is located at the lower binding energy (approximately 529 - 530 eV), belonging to the O% in the metal
oxide lattice; the surface adsorbed oxygen or defect oxygen (Op) is located at the intermediate binding
energy (approximately 531 - 532 eV), corresponding to the active oxygen species (such as O—, 02%")
adsorbed by oxygen vacancies or low-coordination oxygen, and the relative content of this species is a
key indicator for measuring the surface defect concentration of the carrier; the surface hydroxyl or
adsorbed water (Oy) is located at the higher binding energy (> 532.0 eV), usually belonging to the

water molecules or hydroxyl species physically adsorbed on the surface.
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Fig.10 Ols XPS spectra of catalysts supported on different carriers

In the spectrum of Co/CeO»(N), the lattice oxygen peak (Oa) at 529.2 eV and the defect oxygen
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peak (Op) at 530.3 eV can be clearly distinguished. The Of peak has a significant area, and its relative
content (O / Ototal) ranks at the top among all samples. This feature directly confirms the existence of
extremely high concentrations of oxygen vacancies on the surface of nano-CeO,. In the catalytic
system, these abundant oxygen vacancies not only act as electronic regulation hubs, effectively
regulating the electronic state of cobalt species through strong metal-oxide interaction, but also serve as
cooperative active sites, assisting in the adsorption and activation of ammonia molecules, especially
promoting the dehydrogenation process of intermediate species (NHx).

The lattice oxygen binding energy of Co/La,O3(N) sample is the lowest (528.5 eV), reflecting the
strong ionic nature of La-O bonds and the strong Lewis basicity of the carrier. The Of peak (531.0 eV)
is also prominent, which may be related to the formation of Lax(CO3)O; on the surface or surface
defects. These acidic sites also facilitate the feedback of electrons to the metal cobalt.

The main peak of Co/AlLO3(N) is located at a higher binding energy (530.9 eV), which usually
belongs to the lattice oxygen of AI-O bonds. It is prone to overlap with the defect oxygen peak, making
it difficult to distinguish. Similarly, Co/SiO»(N) mainly shows a broad and symmetrical main peak at a
higher binding energy of 533.0 eV. This characteristic peak belongs to the strong covalent Si-O-Si bond
in the silica framework and is classified as lattice oxygen. This high binding energy reflects the
extremely strong electron binding ability and chemical stability of Si-O bonds. The lack of
low-binding-energy lattice oxygen peaks and characteristic defect oxygen shoulder peaks in the
spectrum indicates that the SiO, surface is difficult to form active oxygen vacancies or participate in
the exchange cycle of oxygen species like CeO,.

Furthermore, comparing different scale carriers, it is found that on the whole, the
micrometer-scale carriers exhibit sharp and intense lattice oxygen peaks (Oa), while the lattice oxygen
signals of the nanometer-scale carriers are significantly weakened, and the proportion of defect oxygen
(OB) increases relatively. This phenomenon is mainly attributed to the extremely high surface/phase
atomic ratio of nanomaterials. Due to the detection depth of XPS being only a few nanometers from the
surface, the signals mainly reflect the highly exposed surface coordination unsaturation state and defect
structure of the nanoparticles, rather than the regular crystal lattice inside.

In conclusion, XPS analysis confirms that the excellent catalytic performance of Co/CeO2(N) is
attributed to its oxygen vacancy-induced electronic regulation mechanism. The high concentration of
oxygen vacancies on the carrier surface induces strong metal-oxide electronic interaction, causing the
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active metal cobalt to be in a moderately electron-rich and highly reduced state, thereby significantly
reducing the activation energy of the rate-determining step of the ammonia decomposition reaction.

3.5.2 Reduction property analysis

To explore the true existence state of the catalyst after reduction treatment and the reversibility of
the surface species' oxidation-reduction, H,-TPR characterization was performed on the catalyst
reduced at 550°C in ammonia atmosphere and then passivated by air. Figure 11 shows the hydrogen
consumption profiles of each sample.

It should be noted that since the samples have been pre-reduced at high temperatures, theoretically
the phase has been transformed into metal cobalt. Therefore, the low-temperature hydrogen
consumption peaks in the spectrum mainly belong to the re-reduction of the surface oxide passivation
layer, while the high-temperature peaks correspond to the residual refractory species or the carrier itself
that have not been reduced during the pre-treatment.

Co/CeO(N) shows a unique and sharp hydrogen consumption peak in the low-temperature region
(256°C). This temperature is significantly lower than that of other carrier systems, indicating that the
oxide passivation layer formed on the surface of Co/CeO; is extremely unstable and can easily be
reconverted into active metal cobalt through hydrogen treatment. This remarkable "low-temperature
regeneration ability" is attributed to the abundant oxygen vacancies on the surface of nano-CeO, and
the hydrogen overflow effect. Even if the surface is oxidized, it can be rapidly reduced and activated in
the initial stage of the reaction. Moreover, this sample shows no significant hydrogen consumption in
the high-temperature zone, confirming that the ammonia pre-treatment at 550°C has successfully
reduced the majority of the Co species to the metallic state, and there are no remaining refractory

phases that are difficult to reduce.
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Fig.11 H,-TPR profiles of catalysts supported on different carriers

In contrast, the reduction peak of the passivation layer of Co/Al,O3(N) was delayed to 331°C, and
the peak width was relatively large. This indicates that on the surface of alumina, the interaction
between the Co species and the carrier is stronger, and the formed surface oxide layer is more difficult
to be removed. The reduction behavior of Co/TiO; is similar, with the peak temperature located at
351°C. This means that during the initial stage of the actual reaction, these catalysts require a higher
temperature or a longer time to completely activate the surface active sites.

Co/SiOy(N) exhibits completely different characteristics. It shows almost no obvious hydrogen
consumption signal in the low-temperature range, indicating that either its surface is difficult to form a
passivation layer or the passivation layer is extremely thin. However, a strong hydrogen consumption
peak appears at 695°C. This strongly suggests that during the ammonia pre-treatment at 550°C, there
are still a large number of cobalt species (possibly cobalt silicate, CO,Si04) that have not been reduced.
These residual oxidized species need to be reduced at temperatures close to 700°C in TPR, which
explains why this sample performs poorly in the low-temperature segment of the activity test, but
significantly improves after 600°C - because the effective metal active sites are severely lacking and
are only exposed after being reduced at high temperatures.

The spectrum of Co/La>Os is the most complex. In addition to the surface cobalt species reduction
peaks at 358°C and 392°C, there are huge broadened hydrogen consumption bands at 616°C and 732°C.

Given that the sample has been pre-reduced, these high-temperature signals mainly belong to the
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decomposition and reduction of Lay(CO3)O, formed by the carrier during ammonia treatment or air
contact. This further confirms the structural sensitivity of the lanthanum-based carrier in the reaction
environment.

The H,-TPR results reveal the essential differences in the surface species of the pre-reduced
catalysts. Co/CeO2(N) demonstrates the lowest re-reduction temperature (256°C) and the absence of
residual refractory phases, proving that not only is its reduction degree high, but also the surface metal
sites are extremely easy to maintain an active state in the reaction atmosphere. In contrast, carriers such
as Co/SiO»(N) have a large number of residual species that are difficult to be reduced at 550°C, limiting
their catalytic performance in the low-temperature segment.

3.5.3 Surface Basic Sites Analysis

In addition to the redox properties, the acid-base properties of the carrier surface also have a
decisive influence on the ammonia decomposition reaction process. Since ammonia molecules are
Lewis bases, and the reaction's rate-determining step usually involves the breaking of the N-H bond
(requiring electron injection into the antibonding orbital), the basic sites (Basic Sites) on the carrier
surface are generally considered to be able to promote the activation of the metal by electron-induced
effects.

To evaluate the strength and distribution of the basic sites on the catalyst surface, CO,-TPD
characterization was performed on the reduced samples. Figure 12 shows the CO, desorption spectra of
each catalyst. Generally, the basic sites are classified by desorption temperature into three categories:
weak basic sites (< 200°C, corresponding to surface hydroxyl groups or physical adsorption),
moderately strong basic sites (200-500°C, corresponding to M-O or M-O-M pairs), and strong basic

sites (> 500°C, corresponding to low-coordinated lattice oxygen).
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Fig.12 CO,-TPD profiles of catalysts supported on different carriers

As shown in Figure 12, the Co/CeO»(N) with the best activity exhibited the widest and most
significant desorption characteristics. A sharp desorption peak appeared at the low-temperature region
of 94°C, indicating the presence of abundant weakly basic sites. More importantly, it showed a huge
broadening desorption band in the wide range of 200—500°C, with the center located at approximately
403°C. The basic sites in this region are usually closely related to surface oxygen vacancies. Combined
with the previous Ols XPS results, it can be confirmed that the high concentration of oxygen vacancies
on the nano-sized cerium oxide surface acts as a Lewis basic center. During the reaction process, these
sites not only enhance the electron density of nitrogen atoms, promoting the breakage of N-H bonds,
but also inhibit the strong adsorption of acidic sites on the product H,, avoiding hydrogen poisoning,
and thus demonstrating excellent catalytic activity. In contrast, the signal of Co/CeQO> in the same
region is extremely weak, again confirming the amplification effect of the nano-scale on the alkalinity
of surface defects.

For the Co/La>O; sample, in order to avoid its extremely high intensity signal masking the
characteristics of other samples, the curve of this sample was excluded in Figure 12. This sample
showed an extremely large CO, desorption peak in the high-temperature region (about 734°C), with the
peak intensity being approximately 12 times that of the main peak of Co/CeO>(N). Such a huge
desorption amount and extremely high desorption temperature reveal the unique chemical properties of

this carrier, which exceeds the scope of conventional surface strong basic sites and essentially
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corresponds to the decomposition of thermodynamically extremely stable phase La,(CO3)O: species.
This result quantitatively confirms that La,O3 has a very strong capture ability for acidic molecules and
an extremely high alkaline strength. Although this extremely strong alkalinity is theoretically very
conducive to feedback of electrons to the active metal, in the actual reaction environment, the carrier is
prone to over-absorb the reaction products or impurities, forming a thick carbonate coating (which is
consistent with the "embedded" structure observed in TEM), thereby to some extent, forming physical
steric hindrance, limiting the contact between reactants and internal metal active sites. This also
reasonably explains why its alkalinity is far greater than cerium oxide, but the final catalytic activity is
second.

Co/AlLO3(N) shows a double-peak characteristic at 80°C (weak base) and 410°C (medium-strong
base). Although it also has some medium-strong basicity, considering the amphoterically acidic nature
of alumina itself, its electron donor ability is much weaker than that of rare earth oxides, and it is
difficult to effectively control the electronic state of cobalt. Co/SiO2(N) has a weak signal only at
381°C, indicating that its surface is chemically inert and lacks effective basic sites to activate reaction
molecules. Co/MgO, as a typical alkaline earth metal oxide, shows a clear broad peak at 149°C and
409°C, indicating good surface alkalinity. However, due to its formation of a difficult-to-reduce solid
solution (Co-Mg-0O), even with an alkaline surface, it cannot compensate for the deficiency of metal
active sites.

In conclusion, CO,-TPD reveals the characteristics of alkaline sites for catalytic activity, and
Co/CeO2(N) has the optimized distribution of medium-strong basic sites. This moderate alkalinity
dominated by oxygen vacancies can provide sufficient electrons to activate N-H bonds, and does not
cause surface poisoning or reconstruction like La,O3 due to excessive alkalinity, thus achieving the
optimization of catalytic performance.

3.6 Effect of Space Velocity on Catalytic Performance

To explore the external mass transfer diffusion limitation and determine the optimal operating
window of the catalyst, the influence of mass velocity (WHSV) on the ammonia decomposition
performance of the optimal Co/CeO»(N) catalyst at different reaction temperatures (550°C, 600°C,
650°C) was investigated. The test range was set at 2,000 - 15,000 mL/(h-gcar). The results are shown in
Figure 13.

From the figure, it can be observed that at a higher reaction temperature (650°C), the ammonia

3



856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872
873

874

875

876

decomposition conversion rate shows extreme insensitivity to changes in space velocity. Even when the
space velocity increased from 2,000 to 15,000 mL/(h-gc.), the ammonia conversion rate remained
above 99.2% at all times, almost maintaining a horizontal line. This indicates that at this
high-temperature condition, the catalyst has extremely high intrinsic activity and a very fast reaction
rate, and the reaction system may be close to the thermodynamic equilibrium state. At this point,
increasing the gas flow rate is not sufficient to change the macroscopic conversion rate.

In contrast, at a relatively lower temperature (550°C), the catalytic activity shows significant
speed dependence. As the WHSV increased from 2,000 to 15,000 mL/(h-gc.), the ammonia conversion
rate showed a significant downward trend, dropping from approximately 94% to around 81%, but the
rate of decline slowed down as the space velocity increased. This phenomenon is mainly attributed to
the shortening of the contact time. In the low-temperature kinetic control region, the adsorption-surface
reaction-desorption process of ammonia molecules at the active sites is the rate-determining step. As
the space velocity increases, the residence time of reactant molecules in the catalyst bed layer
significantly decreases, resulting in some ammonia molecules not having the opportunity to undergo
dissociation reactions at the active sites before flowing out of the reactor, thereby causing a decrease in

the macroscopic conversion rate.

NH:s Decomposition (%
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0 5000 10000 15000
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Fig.13 Effect of WHSYV on the catalytic performance of Co/CeO,(N) at different reaction temperatures

At 600°C, the catalyst exhibited a transitional behavior between the two extremes. At low space

velocities (< 5,000 mL/(h-gcat)), the conversion rate was close to 100%; however, as the space velocity
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increased further, the conversion rate began to decline slowly, indicating that the system gradually
shifted from equilibrium control to kinetic control.

In summary, the Co/CeO,(N) catalyst maintained relatively good catalytic activity over a wide
range of space velocities. Particularly at 550°C, the conversion rate varied significantly with the space
velocity, indicating that this condition was in the kinetic sensitive zone, which could most accurately
reflect the intrinsic activity differences of the catalyst.

3.7 Stability Evaluation

The catalyst's resistance to deactivation (i.e., stability) is a key indicator for assessing its potential
for industrial application [©7 %81 To more rigorously evaluate the stability of the catalyst, the
Co/CeO1(N) catalyst with the best overall performance was selected. It was subjected to a continuous
online durability test for 50 hours at 550°C and WHSV = 2,000 mL/(h-gc) to ensure the sensitive
monitoring of possible deactivation phenomena under non-100% conversion rates. The test results are
shown in Figure 14.

Figure 14 uses a dual Y-axis coordinate system to present the test results. The left Y-axis
(corresponding to the blue curve) represents the real-time ammonia conversion rate recorded every 30
minutes. From the figure, it can be seen that during the entire 50-hour test period, the blue data points
almost formed a straight line, with the conversion rate consistently maintaining a high level above 93%,

without any obvious monotonic decline trend.
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Fig.14 Stability test of the Co/CeO»(N) catalyst at 550°C
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The right Y-axis (corresponding to the red curve) represents the average ammonia conversion rate
calculated every 5 hours. It should be noted that although the red line graph visually shows some
oscillation, this is mainly due to the extremely large scale range of the right coordinate axis (only
covering the narrow interval of 90% - 97%). In fact, the maximum fluctuation of the catalyst activity is
less than 1.0%. This extremely small fluctuation is within the normal disturbance range allowed by the
experiment and not a sign of catalyst deactivation.

Co/CeO1(N) exhibits remarkable stability, which is closely related to its unique microstructure.
Combined with the TEM characterization in the previous text, the strong metal-#/4& interaction
between the nano-sized cerium oxide carrier and the cobalt species plays a crucial anchoring role. This
interaction effectively inhibits the migration and agglomeration of metal cobalt particles during the
high-temperature (550°C) reaction process, thus maintaining a high density of active sites. Moreover,
the excellent oxygen storage and release ability of CeO, helps to promptly eliminate trace
nitrogen-containing substances or carbon precursor deposits on the active sites, maintaining the
cleanliness of the surface.

Therefore, the durability test results confirm that the Co/CeO2(N) catalyst not only has excellent
medium and low-temperature activity, but also possesses excellent structural stability and anti-sintering
ability, capable of meeting the requirements of long-term continuous operation, and demonstrating a
favorable industrial application prospect.

4. Summary

This chapter aims to develop an efficient non-precious metal ammonia decomposition catalyst. It
systematically investigated various oxide carriers (Co/CeO,, Co/La;03, Co/SiO,, Co/MgO, Co/Al,O3,
Co/TiO,, etc.) and their microscale (nano, micrometer) regulation laws on the performance of
cobalt-based catalysts. Combined with multi-dimensional physical and chemical characterization, it
deeply clarified the structure-activity relationship between the carrier properties and catalytic activity.
The main conclusions are as follows:

(1) The activity test results show that the physical and chemical properties of the carrier play a
dominant role in catalytic efficiency. Co/CeO(N) exhibits the most excellent medium and
low-temperature catalytic activity (T100 = 550°C), and its performance is significantly better than that
of micrometer-sized similar carriers and other oxide systems. Co/La,O3 demonstrates activity second
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only to the cerium-based catalyst due to its unique surface properties, while Co/Al,O3(N), with the
largest specific surface area, performs poorly due to the low intrinsic activity of the active sites. This
strongly proves that in the ammonia decomposition reaction, the chemical interaction between the
carrier and the metal is more crucial than the simple physical surface area.

(2) XPS and H,-TPR characterization revealed the physical and chemical essence of the
performance differences. The nano-sized CeO; carrier achieved deep reduction of the active component
at low temperatures (reduction peak temperature as low as 256°C) and the stable existence of the metal
state (Co0). More importantly, the carrier imposed a moderate electron regulation (Co2p binding
energy slightly increased) on the metal cobalt, keeping the active centers at the optimal electron energy
level for adsorption-desorption balance. This moderate electron deficiency state not only ensures
effective adsorption of reactants NH; but also avoids excessive binding of intermediate product N
atoms, effectively overcoming the "nitrogen poisoning" phenomenon. In contrast, the extremely poor
electron state induced by acidic carriers (significant increase) leads to difficulties in N atom desorption
and the formation of difficult-to-reduce spinel phase on the surface, limiting the number of effective
active sites.

(3) CO,-TPD confirmed that Co/CeO»(N) has abundant and uniformly distributed medium-strong
basic sites (corresponding to surface oxygen vacancies), which can effectively assist the activation of
N-H bonds by the active metal. Although Co/La,0s exhibits extremely strong surface alkalinity (owing
to calcium oxide lanthanum), which is conducive to electron feedback, XRD and TEM reveal that its
surface is prone to form a thick carbonate coating. This "encapsulation" structure not only inhibits
metal sintering but also causes physical steric hindrance, limiting the further release of its activity.

(4) At 550°C and higher gas flow rates, Co/CeO,(N) withstood a continuous stability test for 50
hours, with the ammonia conversion rate remaining above 93% throughout, and no obvious
deactivation was observed. This is attributed to the strong anchoring effect provided by the strong
metal-support interaction effect, effectively inhibiting the migration and agglomeration of active
particles at high temperatures.

In conclusion, Co/CeO»(N) with its easily reducible highly dispersed metal center, moderately
regulated electronic structure, and abundant medium-strong alkalinity induced by oxygen vacancies,
combines the advantages of a single metal cobalt-based supported catalyst that overcomes the
limitation of physical surface area and becomes the optimal catalyst selected in this chapter's research.
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