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ABSTRACT 
Against the background of global low-carbon energy 

transition, the storage and transportation of hydrogen 
remain challenging. Ammonia has become an ideal 
hydrogen carrier due to its high hydrogen density and 
easy liquefaction. However, conventional medium-
temperature ammonia decomposition reactors suffer 
from low conversion efficiency, poor heat transfer 
performance, and thermodynamic equilibrium 
limitations. To address these issues, this study proposes 
a novel reactor design that integrates metal foam for 
heat transfer enhancement and hydrogen-selective 
permeable membrane to break the thermodynamic 
equilibrium. Experimental results show that metal foam 
significantly improves the heat transfer performance of 
the reactor. The 40 PPI copper foam reduces the 
maximum radial temperature difference to 61.55 °C and 
greatly increases the overall heat transfer coefficient. In 
the temperature range of 450-600 °C, the metal foam-
packed membrane reactor exhibits much higher 
conversion than conventional reactors. It achieves nearly 
complete conversion at 600 °C, and reaches 65.18% at 
500 °C, which is 36.93% and 20.43% higher than that of 
the traditional packed-bed reactor and single membrane 
reactor, respectively. After parameter optimization, the 
conversion is further improved to 82.89%, and the 
reactor shows better stability under high gas hourly 
space velocity. This work provides a feasible scheme and 
experimental support for efficient medium-temperature 
ammonia decomposition for hydrogen production. 
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 GHSV 
 PPI 
 SEM 
 TPS 
 XRD 
 

Gas Hourly Space Velocity 
Pores Per Inch 
Scanning electron microscopy 
Transient plane source 
X-ray powder diffraction 
 

Symbols  

 A 
 
 dcell 
 dstrut 
 Hin 

 
 Hout 

 
 L 
 Qbed 

 
 Qtot 

 SBET 

 SV,F 
 
 Uoverall 

 
 VNH3,in 

 
 VNH3,out 

 
 XNH3 

 εF 

Cylindrical heat transfer area of 
packed bed reactor, m²  
Pore size of metal foam, m 
Foam strut width, m 
Enthalpy of the reactants at the inlet 
of the packed bed, J/s 
Enthalpy of the reactants at the 
outlet of the packed bed, J/s 
Length of the packed bed reactor, m 
Total thermal power of reaction bed, 
W 
Total thermal power, W 
Specific surface area, m2/g 
Specific surface area of metal foam, 
m-1 
Overall heat transfer coefficient, 
W·m-2·K-1 
Inlet ammonia volume flow rate, 
mL/min 
Outlet ammonia volume flow rate, 
mL/min 
Ammonia conversion, % 
Porosity of metal foam, % 

1. INTRODUCTION 
Against the backdrop of the global low-carbon 

energy transition, exploring abundant, clean and secure 
renewable energy has become an urgent technical 
challenge. As a distinctive secondary energy carrier, 
hydrogen is regarded as a key pathway to break through 
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technological bottlenecks and achieve the goals of the 
Paris Agreement [1]. For hydrogen to serve as an ideal 
low-carbon or zero-carbon energy vector, the problems 
associated with its storage [2] and transportation [3] 
must be urgently addressed. At present, storage and 
transportation costs account for more than 30% of the 
total cost, forming a critical bottleneck restricting the 
large-scale application of hydrogen energy. Owing to its 
high volumetric hydrogen density (108 kg-H2/m3 NH3), 
high gravimetric hydrogen density (17.8 wt.%) and facile 
liquefaction conditions (20 °C, 8 bar or -33 °C, 1 bar), 
ammonia has been recognized as an ideal carrier for 
hydrogen storage and delivery [4-7]. Among the 
technical routes for producing high-purity hydrogen 
from liquid ammonia, the three-stage system consisting 
of ammonia vaporization, decomposition and 
purification represents the mainstream industrial 
approach. However, considerable challenges still exist in 
the collaborative optimization and integrated 
technology of these processes. The stable triangular 
topological structure of the ammonia molecule results in 
high N-H bond energy, requiring substantial energy input 
to drive the ammonia decomposition reaction [8]. As the 
energy-determining step, the ammonia decomposition 
stage directly dictates the economic efficiency and 
energy consumption of the entire process. This work 
takes medium-temperature high-efficiency ammonia 
decomposition technology as the core strategy to break 
the energy-efficiency bottleneck of ammonia-to-
hydrogen conversion, focusing on the trinity innovation 
of catalyst activity promotion, reactor mass transfer 
intensification and hydrogen separation coupling. By 
overcoming the limitations of conventional 
thermodynamic equilibrium, the target of high ammonia 
conversion efficiency is achieved. 

Ammonia decomposition is a key technology that 
converts ammonia (NH3) into hydrogen and nitrogen via 
high-temperature catalytic reactions. The fundamental 
chemical reaction is as follows: 
2NH3 ⇌ N2 + H2, ΔH = 91.2 kJ/mol (1-1) 
The above reaction is endothermic, and its mechanism 
generally involves the following key steps : 

1. NH3 + * ⇌ NH3
*  (1-2) 

2. NH3
* ⇌ NH2

* + H*  (1-3) 

3. NH2* ⇌ NH* + H*  (1-4) 

4. NH* ⇌ N* + H*  (1-5) 

5. N* + N* ⇌ N2 + 2*  (1-6) 

6. H* + H* ⇌ H2 + 2*  (1-7) 

* Denotes the catalyst active site. 
Under the catalysis, ammonia decomposition 

proceeds via a stepwise dehydrogenation pathway: first, 
ammonia molecules adsorb onto the catalyst surface 
through chemisorption; the adsorbed NH3 species then 
gradually lose hydrogen atoms; finally, nitrogen and 
hydrogen atoms on the catalyst surface recombine and 
desorb from the surface to form nitrogen and hydrogen 
gas. 

Ammonia decomposition exhibits the characteristics 
of multi-physics field coupling, and its conversion 
efficiency is restricted by multiple factors. On the one 
hand, it is governed by both the intrinsic kinetic 
properties of the catalyst and the thermodynamic 
equilibrium state; on the other hand, it is limited by the 
heat and mass transfer efficiency inside the reactor. 
Notably, even with highly active catalyst systems, the 
reaction process under practical operating conditions 
still tends to approach thermodynamic equilibrium. This 
indicates that, in parallel with catalyst performance 
optimization, synergistic enhancement is required 
through engineering strategies that intensify heat and 
mass transfer within the reactor and promote the 
forward shift of the reaction equilibrium. Packed bed 
reactors, widely used in thermochemical reactions, 
adopt a static mass transfer mode with catalyst particles 
packed in a tubular structure. Although they offer 
advantages in process maturity and cost-effectiveness, 
the stationary packed structure leads to critical 
engineering bottlenecks such as severe temperature 
gradients and limited heat and mass transfer efficiency, 
making them difficult to meet the demands of high-
reaction-rate systems. In contrast, membrane reactors 
enable the selective separation of products during the 
reaction, effectively driving the equilibrium toward the 
forward direction and thus achieving higher conversion 
and energy efficiency. Therefore, they are regarded as 
one of the most promising technologies for high-purity 
hydrogen separation [9-11]. The core mechanism is that 
a selective permeable membrane continuously removes 
hydrogen from the reaction zone during catalysis, 
breaking the constraint of thermodynamic equilibrium 
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while producing high-purity hydrogen (Fig. 1a). Although 
membrane reactors overcome equilibrium limitations 
and accelerate the reaction rate, the heat and mass 
transfer characteristics during the reaction remain 
unchanged. Thus, enhancing heat and mass transfer in 
ammonia decomposition membrane reactors represents 
one of the key approaches to improving conversion 
efficiency [12]. Research on structured reactors 
employing metal foams provides an innovative solution 
to the heat and mass transfer limitations of membrane 
reactors. Such materials form a three-dimensional 
interconnected network via uniformly distributed, 
randomly oriented pores. Among them, open-cell foams 
are preferred for reactor design due to their permeability 
to fluid flow: the interconnected cavities not only 
strengthen gas-solid contact via a high specific surface 
area but also induce turbulent mixing through tortuous 
pore channels, thereby simultaneously enhancing mass 
and heat transfer [13]. For instance, Slimani et al. [14] 
utilized aluminum metal foam to fill flow channels and 
improve forced convective heat transfer, with results 
showing a heat transfer enhancement of 125%-227%. 

Compared with conventional packed bed reactors, 
the use of open-cell metal foams with high porosity as 
structured supports has become an important technical 
approach to enhance heat transfer and improve process 
performance [15, 16]. As shown in Fig. 1b, by loading 
catalytically active materials [17, 18] (such as Ni/Al2O3, 
Ru/Mg-Al mixed oxides, Pd/Al2O3, etc.) on the surface of 
metal foams, a composite reaction system with both high 
thermal conductivity and catalytic activity can be 
constructed. Studies have shown that the substrate 
material exerts a significant influence on performance 
[19, 20]. Ni and Ru/Al2O3 catalysts supported on 316 
stainless steel foam enable highly efficient heat 
absorption during CO2 reforming of methane, whereas 
Cu-based foams loaded with Cu/Zn/Al2O3/ZrO2 and rare-
earth-modified catalysts exhibit outstanding heat 
transfer behavior in methanol steam reforming, reducing 
the magnitude of cold spots compared with packed beds. 
For instance, a structured Ru/Mg-Al oxide foam catalyst 
maintained high ammonia decomposition conversion 
even at a high GHSV of 6000 h-1 [21]. These multiscale 
synergistic effects demonstrate that the geometric 
features and thermal conductivity of metal foam 
supports play a crucial role in intensifying heat and mass 
transfer in fixed-bed reactors. 

In summary, to address the issues of low conversion 
efficiency and insufficient heat transfer in conventional 
medium-temperature (~500 °C) ammonia 
decomposition reactors, this study proposes a novel 

reactor design based on metal foam (for heat transfer 
enhancement) coupled with a hydrogen-selective 
permeable membrane. This design aims to break 
thermodynamic equilibrium limitations and improve 
ammonia decomposition conversion. Compared with a 
traditional packed bed reactor, the proposed reactor 
exhibits significantly improved heat transfer 
performance. The maximum radial temperature 
difference is reduced from 90.41 °C for the conventional 
packed bed to 61.55 °C for the 40 PPI copper foam 
packed bed. Based on the calculated overall heat transfer 
coefficient (Uoverall), the maximum value for the Cu 40 PPI 
packed bed reactor reaches 96.49 W·m-2·K-1, which is 
considerably higher than the maximum value of only 
57.86 W·m-2·K-1 for the conventional packed bed reactor. 
Furthermore, the ammonia decomposition conversion is 
greatly enhanced. At 600 °C, the conversion over the 40 
PPI copper foam packed bed reaches 91.63 %, 
representing an increase of 19.88 % compared with the 
traditional packed bed. Through systematic 
experimental investigations, this work validates the 
remarkable advantages of metal foam packed 
membrane reactors under medium-temperature 
conditions, providing important experimental support 
for the optimized design of ammonia decomposition for 
hydrogen production. 

 
Fig. 1 (a) Schematic diagram of ammonia decomposition 

membrane reactor [22]. (b) Diagram of metal foam 
supported catalyst [21].  

2. MATERIAL AND METHODS 

2.1 Catalyst preparation 

The preparation process of the Co3Mo3N catalyst 
used in this study consists of two steps: first, the catalyst 
precursor CoMoO4 was prepared via a hydrothermal 
method, and second, the Co3Mo3N catalyst was obtained 
by ammonolysis of the CoMoO4 precursor. For the 
preparation of the CoMoO4 precursor via the 
hydrothermal method [23], 8g of (NH4)2MoO4 and 11.18g 
of Co(NO3)2 were dissolved in 100 mL of deionized water, 
respectively. After stirring until the reagents were 
completely dissolved, the two solutions were uniformly 
mixed, and the mixed solution was then placed in a water 
bath stirrer at 80 °C for a constant-temperature reaction 
of 12 h, during which a purple precipitate gradually 
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formed. After the reaction was completed, the mixed 
solution was cooled to room temperature and then 
centrifuged at a high speed to obtain the purple 
precipitate. The precipitate was washed twice with 
deionized water and once with anhydrous ethanol in 
sequence, and then dried in a forced-air drying oven at 
80 °C for 10h to obtain CoMoO4·3H2O. The dried purple 
precipitate was evenly spread in a crucible and calcined 
in a muffle furnace at a heating rate of 5°C·min-1 to 500 
°C, held at this temperature for 5h, and naturally cooled 
to obtain the purple anhydrous CoMoO4 precursor. In the 
ammonolysis stage, the dried CoMoO4 was placed in a 
quartz tube, fixed with quartz wool, and then the quartz 
tube was placed in a tube furnace. Argon was first 
introduced to purge the system for 15 min, followed by 
switching to pure ammonia for purging for 20 min to 
ensure no residual air in the quartz tube. Under an 
ammonia atmosphere with a controlled flow rate of 100 
mL·min-1, the precursor was ammoniated through a 
stepped heating program: heated from room 
temperature to 357 °C at a rate of 5.65 °C·min-1, then to 
447 °C at 0.2 °C·min-1, and finally to 750 °C at 2.1 °C·min-

1, and held at this temperature for 5 h. The sample was 
then cooled to room temperature under an ammonia 
atmosphere, followed by passivation for 2 h under a 1% 
O2/N2 mixed gas atmosphere to avoid further oxidation 
of the as-prepared catalyst upon prolonged exposure to 
air. The preparation procedure of the catalyst is shown 
in the Fig. 2. 

 
Fig. 2 Catalyst preparation process 

2.2 Catalyst characterization 

X-ray powder diffraction (XRD) is a widely used 
analytical technique in materials science, chemistry, 
physics and other fields, which is employed to 
characterize the crystal structure, phase composition, 
crystallite size, lattice distortion and other related 
physical properties of substances. The principle of XRD is 
based on the interaction between X-rays and the crystal 
lattice inside materials. By analyzing the diffraction 
angles and intensities, information on the crystal 

structure of the sample can be obtained. In this study, 
XRD characterization of the catalysts was performed on 
a Rigaku SmartLab SE X-ray diffractometer. The 
instrument operated in reflection mode using Cu Kα 
radiation with a wavelength of λ = 1.540562 Å, at a 
voltage of 40 kV and a current of 40 mA. Data were 
collected at a scanning rate of 20°·min-1 over a 2θ range 
from 20° to 80°. 

Specific surface area (SBET) refers to the total surface 
area possessed by a material per unit mass or volume, 
expressed in square meters per gram (m2/g). SBET is a key 
parameter for describing material properties, especially 
for porous materials, catalysts, adsorbents and 
nanomaterials. It reflects the porosity, pore size 
distribution and number of surface active sites, and is 
therefore closely related to the chemical reactivity, 
adsorption performance and thermal stability of 
materials. In this work, the SBET, total pore volume and 
average pore size of the catalysts were determined by 
nitrogen adsorption-desorption measurements at 77 K 
using a Microtrac BELcat II analyzer. In this method, 
nitrogen molecules are adsorbed onto the material 
surface at low temperature, and the specific surface area 
is determined from the adsorption isotherm (the 
relationship between adsorption capacity and gas 
pressure). The specific surface area was calculated using 
the multi-point Brunauer-Emmett-Teller (BET) method. 
The total pore volume was measured at a relative 
pressure (P/P₀) of 0.99. 

Scanning electron microscopy (SEM) works by 
scanning the sample surface with an electron beam. 
Signals generated from the interaction between the 
electron beam and the sample, such as secondary 
electrons and backscattered electrons, are collected by a 
detector, processed and amplified by a computer, and 
finally displayed as high-resolution images of the 
electrode material surface. In this study, the surface 
morphology of the catalysts was observed using a ZEISS 
Sigma 300 scanning electron microscope. 

Transient plane source (TPS) technique is based on 
embedding a transient heat source, usually a thin metal 
film, on the sample surface and applying a pulse current 
or heat flux to generate transient heat flow inside the 
sample. The temperature around the heat source 
changes over time, and physical information related to 
thermal conduction can be obtained by measuring the 
temperature variation of the heat source. According to 
the temperature response curve and the known sample 
geometry, the thermal conductivity of the sample can be 
calculated using heat conduction theory. Thermal 
conductivity measurements in this work were carried out 
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on a HotDisk 2500S thermal constants analyzer. The 
technique employs a disk-shaped temperature-
dependent resistive sensor that acts as both a heat 
source and a temperature sensor. By applying a short 
heat pulse and recording the temperature response, the 
thermal conductivity of the material is calculated. 

2.3 Catalytic tests 

In this study, elaborate pretreatments were 
performed on copper foams and alumina foams to 
ensure experimental accuracy. First, circular slices with a 
diameter of 22 mm and a thickness of 15 mm were cut 
from copper foam sheets with porosities of 10 PPI, 20 
PPI, and 40 PPI, respectively. A hole with a diameter of 3 
mm was precisely drilled at a position 6.5 mm away from 
the center of each slice using water-jet technology for 
thermocouple insertion, with a dimensional tolerance 
controlled within ±0.1 mm. Subsequently, these copper 
foam slices were immersed in acetone and 
ultrasonicated for 20 minutes to remove residual organic 
impurities on the surface. The slices were then immersed 
in 0.1 mol L-1 dilute hydrochloric acid solution at room 
temperature and ultrasonicated for another 20 minutes 
to eliminate surface oxides. After treatment, the samples 
were thoroughly rinsed with anhydrous ethanol and 
deionized water, followed by vacuum drying at 60 °C for 
12 hours in a vacuum oven. These rigorous pretreatment 
steps are crucial for the accuracy and reliability of the 
experimental results. Images of foams with different 
pore densities are shown in Fig. 3a-c. 

 
Fig. 1 Figures of foams with different pore densities. (a) 

10 PPI copper foam, (b) 20 PPI copper foam, (c) 40 PPI 

copper foam; Schematic diagram of the reactor. (e) Top 

view of the reactor cross-section, (f) Side view of the 

reactor longitudinal section. 

In this study, ammonia decomposition experiments 
and reaction kinetics investigations over the proposed 
metal foam packed bed reactor were conducted in a 
fixed-bed quartz tube reactor with an inner diameter of 
22 mm and an outer diameter of 25 mm, whose top 
cross-sectional view is shown in Fig. 3d. As presented in 
Fig. 3e, to maintain the stability of the packed bed, 
aluminum silicate fibers with no catalytic activity for 
ammonia decomposition were loaded from top to 
bottom at both the bottom and top of the reactor to fix 
the packed bed in position, after which the catalyst was 
loaded into the catalyst bed and the metal foam packed 
bed. During the packing procedure of the metal foam 
bed, a stainless steel sleeve was first inserted into the 
metal foam, then the metal foam was pushed into the 
reactor, and finally catalyst particles were uniformly 
poured into the cavity of the metal foam. To improve 
packing efficiency, the reactor was gently shaken during 
catalyst loading to ensure uniform distribution of the 
catalyst within the metal foam cavity, as illustrated in Fig. 
4a and 4b. 

To accurately measure the axial temperature 
distribution of the catalytic bed, thermocouple holes 
were reserved in both the packed bed and aluminum 
silicate fibers. Specifically, two different radial positions 
were selected for temperature measurement: one at a 
radial distance of 6.5 mm from the reactor center, and 
the other near the outer wall of the reactor, as shown in 
Figs. 4a and 4b. The temperature measurement 
resolution was set at 3 mm, covering a total length of 15 
mm, consistent with the thickness of the packed bed. At 
the radial position of 6.5 mm from the center, the 
thermocouple was placed inside a stainless steel sleeve 
with an outer diameter of 3 mm and an inner diameter 
of 2.5 mm to ensure stable insertion of the thermocouple 
with a diameter of 2 mm. The sleeve was then fixed to 
the flange using a 3 mm ferrule to prevent movement. 
For the thermocouple at the outer wall of the reactor, it 
was welded onto a 0.1 mm-thick stainless steel clamp 
that fitted tightly with the reactor wall to guarantee 
accurate temperature measurement. All thermocouples 
used were K-type. The schematic diagram of 
thermocouple distribution is shown in Fig. 4c, which 
displays the layout of the thermocouples. 
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Fig. 4 Schematic diagram of the metal foam packed bed. 

(a) Metal foam packed bed before catalyst loading, (b) 

Metal foam packed bed after catalyst loading, (c) 

Thermocouple distribution schematic diagram; (d) 

Performance test diagram of packed bed reactor. 

In this experiment, a high-precision temperature 
monitoring system was employed for real-time 
temperature detection of the packed bed reactor. A 
KEYSIGHT-34972A data acquisition unit equipped with a 
thermocouple scanning module and a multichannel 
thermocouple array was used to achieve simultaneous 
monitoring at multiple positions of the reactor, with a 
system temperature measurement accuracy of 0.001 °C. 
Through the dedicated Datalogger3 software platform, 
temperature data were collected and stored in real time, 
and visual curves were generated automatically. The 
experimental setup for performance testing of the 
packed bed reactor is shown in Fig. 4d. A two-stage gas 
purification system was constructed at the reactor outlet 
based on the acid-base neutralization principle: the first 
bottle was filled with 1 mol·L-1 H2SO4 to trap unreacted 
NH3, and the subsequent bottle containing Ca(OH)2 was 
used to remove water vapor. 

In addition, a tubular ammonia decomposition 
membrane reactor was designed in this study, as 
illustrated in Fig. 5. The reactor consists of an outer 
stainless steel coiled tube and an inner Pd-Ag alloy 
membrane tube. The 6 mm outer stainless steel coiled 
tube is used to preheat the reactant gas (NH3), so as to 
reduce the thermal shock to the membrane tube and 
avoid membrane damage. Detachable flanges are 
installed at both the upper and lower parts of the reactor 
to facilitate the loading and replacement of the catalyst 
and metal foam. The reactor has an outer diameter of 30 
mm and an inner diameter of 28 mm. The Pd-Ag alloy 
membrane with a thickness of 20 μm is assembled on a 
porous alumina support. To drive the ammonia 

decomposition reaction, the reactor was placed in an 
electric heating furnace, and the annulus of the reactor 
was filled with the Co3Mo3N catalyst. 

For membrane reactors, the fundamental driving 
force for hydrogen permeation is the hydrogen partial 
pressure difference across the membrane. To maintain a 
low hydrogen partial pressure on the permeate side, two 
common methods are used: vacuum pumping and sweep 
gas. In this work, a vacuum pump was adopted to remove 
the permeated hydrogen. A vacuum pump (model 
SV16b) was used to continuously extract hydrogen from 
the permeate side, thus maintaining the partial pressure 
difference. 

During catalyst loading, an appropriate amount of 
aluminum silicate fiber was first placed at the bottom of 
the membrane reactor, followed by inserting the metal 
foam into the reactor with the membrane tube passing 
through the central hole of the metal foam. 
Subsequently, catalyst particles were uniformly poured 
into the cavity of the metal foam. To optimize packing 
efficiency, the reactor was gently shaken to achieve 
uniform catalyst distribution. Finally, void spaces in the 
membrane reactor were filled with aluminum silicate 
fiber to fix the metal foam and catalyst. 

 
Fig. 5 (a) Physical picture of ammonia decomposition 

membrane reactor. (b) Internal structure of metal foam 
filled ammonia decomposition membrane reactor. 
To avoid discrepancies in catalyst mass loading 

during ammonia decomposition performance tests in the 
two types of reactors, the catalyst loading amount and 
kinetic test conditions were kept identical. The detailed 
procedure is as follows: prior to reactor testing, the 
catalyst was pretreated at 550 °C for 1 h under a H₂ flow 
of 400 sccm to complete activation, followed by 
treatment with pure ammonia for 1 h. Ammonia 
decomposition conversion measurements were then 
immediately carried out by feeding pure ammonia (99.99 
%) at the target temperature. 
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In the reactor experiments, the gas hourly space 

velocity (GHSV) was set to 6000 mL·gcat
-1·h-1, with a 

catalyst mass of 4g, corresponding to an ammonia flow 
rate of 400 mL·min-1. The NH3 feed flow rate was 
precisely controlled by a mass flow controller in the gas 
circuit, and the outlet gas mixture (H2 and N2) was 
measured using a calibrated mass flow meter. The 
ammonia conversion XNH3 was calculated as follows: 

= =
3

3

3 3

,

, ,

1
-

21-
2

NH in out
out

NH

NH in NH in

V V
V

X
V V

 (2-1) 

where VNH3,in is the inlet ammonia volume flow rate in 
sccm,and VNH3,out is the outlet ammonia volume flow rate 
in sccm. 

To verify the accuracy of the ammonia 
decomposition conversion results, a gas chromatograph 

(GC9790Ⅱ) was used to determine the molar ratio of H2 
to N2 in the products. To eliminate the influence of the 
quartz tube reactor itself on the ammonia 
decomposition reaction in the packed bed reactor, blank 
experiments were conducted. The results showed that 
the NH3 conversion at 575 °C was less than 1%. 

3. RESULTS 

3.1 Characterization results and analysis 

First, X-ray diffraction (XRD) analysis was 
performed on the CoMoO4 precursor and the Co3Mo3N 
catalyst to verify the validity of the catalyst synthesis 
process. Fig. 6a shows the XRD patterns of CoMoO4 and 
Co3Mo3N, compared with their corresponding standard 
reference patterns (standard PDF cards: 04-1108282 for 
CoMoO4·3/4 H2O and 89-7953 for Co3Mo3N). It can be 
observed from the Fig.6a that the XRD patterns of the as-
prepared CoMoO4 and Co3Mo3N are in good agreement 
with the standard ones, confirming the successful 
synthesis of Co3Mo3N and its precursor. 

 
Fig. 6 (a) X-ray diffraction patterns of the Co3Mo3N and 

CoMoO4. (b) Nitrogen adsorption-desorption isotherm of 

Co3Mo3N catalyst. (c) SEM images for Co3Mo3N catalyst. 

SEM images of copper foams with different pore 

densities: (d) 10 PPI, (e) 20 PPI, (f) 40 PPI. 

The catalytic activity of the catalyst for ammonia 
decomposition is also closely related to its physical 
properties, especially specific surface area, porosity, and 
pore size. Nitrogen adsorption-desorption 
measurements were carried out on the Co3Mo3N 
catalyst. Fig. 6b shows the nitrogen adsorption-
desorption isotherm of the Co3Mo3N catalyst. The 
isotherm indicates the presence of mesopores (2-50 nm) 
and macropores (>50 nm) in the Co3Mo3N catalyst 
particles. The specific surface area, pore volume, and 
pore size of the Co3Mo3N catalyst are listed in Table 1. 
The Co3Mo3N catalyst exhibits a specific surface area of 
5.6 m2·g-1, a pore volume of 0.019 cm3·g-1, and a pore 
diameter of 17.23 nm. These results demonstrate that 
the catalyst possesses a moderately developed pore 
structure, which is favorable for its catalytic performance 
in the ammonia decomposition reaction. 

 
Table 1 Specific surface area, porosity and pore size of the 

Co3Mo3N catalyst. 

Catalyst 
SBET 

(m2/g) 

Pore 
volume 
(cm3/g) 

Pore 
size 
(nm) 

Co3Mo3N 5.6 0.019 17.23 

 
To further evaluate the thermal conductivity of the 

Co3Mo3N catalyst, the transient plane source (TPS) 
technique was employed. As listed in Table 3.4, the 
thermal conductivity of the Co3Mo3N catalyst is 0.2554 
W·m-1·K-1 at 450 °C and decreases to 0.2326 W m-1·K-1 at 
550 °C (Table 2). This indicates that the thermal 
conductivity of the Co3Mo3N catalyst decreases slightly 
with increasing temperature. 

 
Table 2 Thermal conductivity of Co3Mo3N catalyst. 

Catalyst 
Test 

temperature 
(oC) 

Thermal conductivity 
(W·m-1·K-1) 

Co3Mo3N 
450 0.2554 

550 0.2326 

 
To further investigate the morphology and particle 

size of the as-prepared sample, the Co3Mo3N catalyst 
was ground, sieved to a particle size of 10 μm, and 
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characterized by scanning electron microscopy. Fig 6c 
shows the SEM images of the Co3Mo3N catalyst. The 
images reveal that the Co3Mo3N catalyst exhibits distinct 
flake-like and granular structures with a relatively rough 
surface. This morphology may help provide a large 
specific surface area, thereby enhancing catalytic 
activity. The irregular particle shape, along with 
numerous protrusions and cracks on the surface, can 
increase the number of active sites and facilitate mass 
transport during the ammonia decomposition reaction. 

Microstructural characterization of copper foams 
with a constant porosity of 95% and pore densities of 10 
PPI, 20 PPI, and 40 PPI was performed using SEM (Fig. 6d-
f). Combined with geometric analysis, it was found that 
as the pore density increased from 10 PPI to 40 PPI, both 
the cell diameter (dcₑₗₗ) and strut width (dₛₜᵣᵤₜ) of the 
copper foams decreased. Such structural refinement 
directly led to a significant increase in the specific surface 
area (SV,F) of the material, as listed in Table 3. The 
experimental results demonstrate a strong correlation 
between pore density and the geometric parameters of 
the porous internal structure. At a fixed porosity, the 
specific surface area of copper foam can be controllably 
tuned by increasing the pore density, providing a 
structural design basis for optimizing its mass transfer 
and catalytic performance. 
 
Table 1 The geometric parameters of copper foams with 
varying pore densities. 

Parameter Cu10 Cu20 Cu40 

Pore density, PPI 10 20 40 

Porosity, εF (%) 95 95 95 

Pore size, dcell (m) 0.0043 0.0028 0.0019 

Foam strut width, 
dstrut (m) 

0.00083 0.00049 0.00021 

Specific surface area, 
SV,F (m-1) 

662.23 994.76 1264.77 

3.2 Performance analysis of metal foam packed bed 

reactor 

To investigate the effect of packed bed configuration 
on ammonia decomposition, four different reactor 
structures were tested as described in Section 3.1: a 
conventional packed bed, a 10 PPI Cu foam packed bed 
(Cu 10 PPI), a 20 PPI Cu foam packed bed (Cu 20 PPI), and 
a 40 PPI Cu foam packed bed (Cu 40 PPI). Due to 
differences in reactor layout, inert zirconia particles 
(3.3g) were added to dilute the catalyst in the packed bed 

to ensure the same catalyst mass per unit volume across 
all configurations. Blank experiments were conducted to 
rule out the contribution of the quartz tube reactor itself 
to ammonia conversion, and the results confirmed that 
NH3 conversion at 575 °C was less than 1%, guaranteeing 
the reliability of the experimental data. 

Fig.7a-d shows the temperature profiles as a 
function of distance from the reactor outlet for the four 
reactor structures. Tests were performed at a gas hourly 
space velocity (GHSV) of 6000 mL·gcat

-1·h-1, and for clarity, 
only results obtained at a furnace temperature of 650 °C 
are presented. As shown in Fig.7a-d, the strong 
endothermic behavior associated with ammonia 
decomposition is clearly visible in all temperature curves, 
especially as a pronounced negative temperature 
difference between the radial and outer-wall 
temperatures. Comparison between the conventional 
packed bed (Fig. 7a) and Cu foam-enhanced beds (Fig. 
7b-d) reveals that radial heat transfer in the ammonia 
decomposition reactor is significantly improved after 
introducing copper foam, reflected by the distinct 
narrowing of the gap between radial and outer-wall 
temperature distributions. The maximum radial 
temperature difference reaches 90.41 °C for the 
conventional packed bed, whereas it decreases to 61.55 
°C for the 40 PPI Cu foam packed bed (Fig. 7d), 
representing a reduction of 28.86 °C. 

Furthermore, as shown in Fig. 7b-d, within the 
copper foam packed beds, increasing pore density leads 
to a noticeable reduction in radial temperature 
difference and a more uniform temperature distribution 
across the bed. This behavior can be attributed first to 
the high thermal conductivity of copper (380 W·m-1·K-1), 
which promotes efficient radial heat transfer and 
homogenizes the temperature field. Second, the 
shrinking gap between radial and outer-wall 
temperature profiles with increasing pore density likely 
arises from enhanced wall heat transfer coefficients, 
further improving thermal conduction within the bed. 
These improvements in heat transfer directly influence 
the location of the maximum temperature drop. In 
poorly heat-conductive configurations such as the 
conventional packed bed, large temperature gradients 
develop, and the maximum temperature drop occurs far 
from the inlet. This is because ammonia decomposition 
kinetics are slow at lower temperatures, causing 
equilibrium conversion to be achieved at a greater 
distance from the reactor inlet. In contrast, copper foam 
packed beds satisfy the heat demand of ammonia 
decomposition more efficiently owing to superior heat 
transfer, resulting in less pronounced temperature peaks 



9 

near the catalyst bed inlet and a smoother overall 
temperature distribution. Similar trends were observed 
at other GHSV values and furnace temperatures. 

 
Fig. 7 Temperature distributions measured at two radial 

positions under the conditions of 650 °C and GHSV = 

6000 mL·gcat
-1 h-1. (a) Packed bed, (b) Cu 10 PPI, (c) Cu 20 

PPI, (d) Cu 40 PPI. (e) Schematic diagram of the 

boundaries of the packed bed reactor. 

To more comprehensively evaluate the performance 
of different reactor layouts, Fig. 8a presents the variation 
in the maximum radial temperature difference with 
furnace temperature for various packed bed structures. 
The data point at 650 °C corresponds to the maximum 
radial temperature differences shown in Fig. 7a-d. These 
results indicate that, compared with the conventional 
packed bed, the maximum radial temperature difference 
is significantly reduced when using high-thermal-

conductivity metal foam packed beds, demonstrating 
improved heat transfer performance of the system. At a 
furnace temperature of 450 °C, the difference in 
maximum radial temperature difference between the 
conventional packed bed and the 40 PPI Cu foam packed 
bed is 7.87 °C, whereas at the highest furnace 
temperature of 650 °C, this difference reaches 28.86 °C. 
These findings reveal that copper foam packed beds not 
only enhance heat transfer within the reactor but also 
exhibit more pronounced advantages at elevated 
operating temperatures, providing strong support for 
performance optimization of ammonia decomposition 
reactors. 

In addition to temperature profile characterization, 
ammonia decomposition conversion under different 
temperatures and packed bed structures was 
experimentally measured. Fig. 8b shows the ammonia 
conversion over the conventional packed bed, 10 PPI Cu 
foam packed bed (Cu 10 PPI), 20 PPI Cu foam packed bed 
(Cu 20 PPI), and 40 PPI Cu foam packed bed (Cu 40 PPI) 
at oven temperatures ranging from 450 °C to 650 °C. 
Experimental results illustrate that ammonia 
decomposition conversion increases monotonically with 
rising reaction temperature. Notably, within the 
temperature range of 500-600 °C, significant differences 
in catalytic performance are observed among different 
packed bed structures. For copper foam packed beds, 
ammonia conversion increases markedly with increasing 
pore density. For instance, at an oven temperature of 
600 °C, conversion increases from 71.75 % for the 
conventional packed bed to 91.63 % for the 40 PPI Cu 
foam packed bed, representing an improvement of 19.88 
%. The enhanced ammonia conversion is mainly 
attributed to the improved temperature distribution 
throughout the catalytic bed enabled by copper foam, 
allowing the reactor to operate at higher catalyst 
temperatures and thereby accelerating reaction kinetics. 
The novel reactor design achieves improvements in both 
thermal efficiency and hydrogen production efficiency, 
as directly reflected by these two closely related 
performance indicators. However, it should be noted 
that this advantage may become even more significant 
under high gas hourly space velocity (GHSV) conditions. 

A comprehensive analysis of different packed bed 
reactor configurations can be performed by evaluating 
the thermal power (Qbed, W) associated with the 
ammonia decomposition reaction during experiments. 
Fig. 7e displays a schematic diagram of the tested 
ammonia decomposition packed bed reactor 
configurations and their corresponding temperature 
distributions. The temperature profiles indicate that 
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temperatures upstream and downstream of the catalytic 
bed are influenced by the ammonia decomposition 
reaction, and axial heat transfer begins to occur between 
different regions of the packed bed reactor. Therefore, 
when analyzing the overall heat transfer coefficient, the 
influence of heat reflux on the estimated results must be 
excluded. Due to experimental limitations, only the 
thermal power of the packed bed region (i.e., Region 1-2 
in Fig. 7e) was calculated, with the regions above and 
below the packed bed filled with aluminum silicate fiber. 
The total thermal power (Qtot) can be calculated as 
follows: 

= −tot out inQ H H  (3-1) 

where Hin (J/s) is the enthalpy of the reactants at the 
inlet of the packed bed (Boundary 1, Fig. 7e), and Hout 
(J/s) is the enthalpy of the product stream at the outlet 
of the packed bed (Boundary 2, Fig. 7e). In all four packed 
bed configurations, the reaction occurs within the 
catalytic bed, where the cold spot of the system is 
located. The heat requirement of the ammonia 
decomposition reaction is supplied solely by this single 
catalytic bed region; thus, the total thermal power can 
be expressed as: 

= bedtotQ Q  (3-2) 

Finally, the calculated Qbed values according to the 
formula are presented in Fig. 8c, plotted as a function of 
the temperature difference between the outer wall and 
the radial position of the catalytic bed. When Qbed is 
plotted against the average radial temperature 
difference within the catalytic bed (Fig. 8c), the overall 
heat exchange performance of each reactor 
configuration can be preliminarily evaluated from the 
slope of the corresponding trend line. Distinct 
differences are observed in the relationship between 
Qbed and the average radial temperature difference 
among different reactor setups. Specifically, the Qbed 
values for the copper foam systems (Cu 40 PPI, Cu 20 PPI, 
Cu 10 PPI) increase markedly with rising radial 
temperature difference, among which the Cu 40 PPI 
system exhibits the largest slope, indicating the best heat 
transfer performance and enabling high hydrogen 
production efficiency at relatively low temperature 
differences within the catalyst bed. In contrast, the 
conventional packed bed system shows a much smaller 
slope, implying poorer heat transfer behavior 
accompanied by large radial temperature gradients, 
which reduce catalyst utilization efficiency. Overall, the 
Cu 40 PPI (40 PPI Cu foam packed bed) system delivers 
the optimal overall heat transfer performance among all 
configurations. 

Qbed (W) represents the thermal power associated 
with the ammonia decomposition reaction in the 
catalytic bed. A more precise assessment of the heat 
transfer performance for each reactor configuration was 
conducted under the single operating condition 
investigated in this work. Within this range, the overall 
heat transfer coefficient (Uoverall, W·m-2·K-1) was 
calculated according to Equation 3-3 and plotted in Fig. 
8d as a function of furnace temperature, which serves as 
an independent descriptor for variations in the thermal 
and reaction conditions of the system. 

2
1Δ ( )

bed
overall

Q L
U

A T x dx





 (3-3) 

where ∆T (K) is the average temperature difference 
between the outer wall temperature and the radial 
temperature integrated over the axial direction (x) of the 
catalytic bed, A (m2) is the cylindrical heat transfer area 
of the packed bed reactor, and L (m) is the length of the 
packed bed reactor. Fig. 8d shows the overall heat 
transfer coefficient (Uoverall) for different reactors at 
various furnace temperatures. The horizontal axis 
represents the furnace temperature (°C), and the vertical 
axis represents the Uoverall value (W·m-2·K-1). The overall 
heat transfer coefficient generally increases with rising 
furnace temperature, and the copper-based foams (Cu 
40 PPI, Cu 20 PPI, Cu 10 PPI) show particularly 
outstanding behavior, with Uoverall values significantly 
higher than those of the conventional packed bed 
reactor. The maximum overall heat transfer coefficient 
of Cu 40 PPI reaches 96.49 W·m-2·K-1, whereas that of the 
packed bed is only 57.86 W·m-2·K-1, meaning the Cu 40 
PPI system achieves 1.67 times the performance of the 
packed bed. The introduction of copper foam into the 
packed bed reactor significantly enhances heat exchange 
performance, which improves notably with increasing 
temperature. Therefore, copper foam exhibits 
remarkable advantages in heat transfer performance at 
high temperatures, providing an important reference for 
the optimization of reactor heat exchange systems. 
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Fig. 8 (a) Maximum radial temperature difference 

between wall temperature 

and central temperature. (b) Comparison chart of 

ammonia decomposition conversion rates measured at 

different furnace temperatures. (c) The Qbed values of 

each reactor. (d) The Uoverall values of each reactor. 

3.3 Performance analysis of metal foam packed 

membrane reactor 

To systematically evaluate the ammonia 
decomposition performance of different reactors, 
comparative tests were conducted under uniform 
experimental conditions: gas hourly space velocity 
(GHSV) = 6000 mL·gcat

-1·h-1, Co3Mo3N catalyst with a 
constant mass of 4g, copper foam porosity of 95%, and 
pore density of 40 PPI. As shown in Fig. 9a, pronounced 
differences in ammonia conversion were observed 
among the metal foam-filled membrane reactor, 
membrane reactor, metal foam-filled packed bed 
reactor, and conventional packed bed reactor within the 
temperature range of 450-600 °C. 

The membrane reactor exhibited distinct advantages 
over the packed bed reactor. At the key temperature of 
500 °C, the membrane reactor achieved a conversion of 
44.75%, 16.5 percentage points higher than the 28.25% 
obtained with the packed bed reactor. This difference 
confirms that the hydrogen-selective permeable 
membrane significantly promotes ammonia 
decomposition. The performance enhancement arises 
from the unique design of the membrane reactor, which 
integrates a conventional tubular fixed bed with a 
hydrogen-selective membrane to overcome 
thermodynamic equilibrium limitations by in situ 

removal of product hydrogen. According to Le Chatelier’s 
principle, continuous extraction of hydrogen shifts the 
reaction equilibrium toward the forward direction, 
enabling a substantial increase in conversion beyond 
traditional thermodynamic constraints. This mechanism 
not only improves reaction efficiency but also reduces 
the required operating temperature, offering a new 
strategy for optimizing ammonia decomposition 
processes. 

Experimental data (Fig. 9a) reveal that the metal 
foam-filled membrane reactor achieved far higher 
ammonia conversion than the other three reactor 
configurations, especially compared with the 
conventional packed bed reactor. Conversion was also 
notably improved relative to the membrane reactor 
alone, with a 23.67% increase at 450 °C. Moreover, the 
conversion enhancement of the metal foam-filled 
membrane reactor over the membrane reactor gradually 
diminished with increasing temperature. This suggests 
that the introduction of copper foam effectively 
homogenizes the temperature distribution inside the 
membrane reactor, improves thermal efficiency, and 
allows the catalyst to operate at higher temperatures, 
thereby accelerating reaction kinetics. At high 
temperatures, however, ammonia decomposition 
approaches its thermodynamic equilibrium limit, 
weakening the relative contribution of heat transfer 
enhancement by copper foam. The improvement is more 
pronounced at moderate temperatures. 

The copper foam-filled membrane reactor reached 
an exceptionally high conversion of 99.31% at 600 °C, 
near-complete conversion. At 450 °C, its conversion was 
53.44%, representing an increase of 39.94% compared 
with the 13.5% of the packed bed reactor; improvements 
of 36.93% at 500 °C and 33.12% at 550 °C were also 
observed. These results demonstrate that the metal 
foam-filled membrane reactor is not only technically 
feasible but also drastically enhances ammonia 
conversion compared with conventional packed bed 
reactors. 

The superior performance of the metal foam-filled 
membrane reactor can be attributed to its structural 
synergy: the coupling of metal foam and hydrogen-
selective permeable membrane overcomes both 
thermodynamic equilibrium limitations (via hydrogen 
separation) and heat transfer bottlenecks (via structural 
optimization), enabling efficient reactor performance 
over a wide temperature range. In summary, the metal 
foam-filled membrane reactor exhibits outstanding 
performance in ammonia decomposition and holds great 
application potential. Near-full conversion greatly 
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reduces the load of subsequent separation processes. 
Combined with the excellent mechanical stability of 
copper foam (thermal shock resistance and corrosion 
resistance), this design provides an innovative solution 
for distributed hydrogen production, ammonia energy 
storage systems, and large-scale green hydrogen 
generation. 

Fig. 9b compares ammonia conversion among a 
packed bed reactor loaded with 0.3g Co3Mo3N, a packed 
bed reactor loaded with 4g Co3Mo3N, and the metal 
foam-filled membrane reactor. Kinetic tests for all three 
configurations were performed at a GHSV of 6000 
mL·gcat

-1·h-1. Notably, the 4g Co3Mo3N packed bed 
showed significantly lower ammonia decomposition 
performance than the 0.3g Co3Mo3N packed bed. This is 
because increasing the catalyst loading from 0.3g to 4g 
increases the thermal resistance of the catalyst bed, and 
the higher molar rate of ammonia decomposition lowers 
the internal bed temperature. Thus, ammonia 
decomposition performance becomes limited by heat 
transfer as catalyst mass scale increases. 

In contrast, the 4g Co3Mo3N metal foam-filled 
membrane reactor exhibited performance comparable 
to the 0.3g Co3Mo3N packed bed and even higher 
conversion at 450 °C and 500 °C. This indicates that the 
synergistic effect of metal foam and hydrogen-selective 
permeable membrane effectively mitigates the reduced 
heat transfer capability caused by increased catalyst 
loading, thereby enhancing the overall ammonia 
decomposition performance of the reactor. 

 
Fig. 9 (a) Comparison chart of ammonia decomposition 

conversion rates for different reactors. (b) Ammonia 

decomposition performance testing with different 

masses of catalysts. 

4. CONCLUSIONS 
Based on systematic experimental investigations, 

this paper presents an indepth analysis of the influence 
of metal foam on the performance of medium-
temperature ammonia decomposition membrane 
reactors, with emphasis on heat transfer enhancement 

and ammonia conversion improvement. The main 
conclusions are as follows: 

(1) Comparison between the conventional packed 
bed reactor and metal foam-packed reactors with 
different pore densities (10 PPI, 20 PPI, 40 PPI) reveals 
that metal foam significantly improves reactor heat 
transfer performance. The maximum radial temperature 
difference decreases from 90.41 °C for the conventional 
packed bed to 61.55 °C for the 40 PPI copper foam 
packed bed. Ammonia decomposition conversion 
increases with temperature, especially in copper foam-
enhanced beds. At 600 °C, the conversion of the 40 PPI 
copper foam packed bed reaches 91.63%, representing 
an improvement of 19.88% compared with the 
conventional packed bed. Calculation of the overall heat 
transfer coefficient (Uoverall) shows that the Cu 40 PPI 
packed bed achieves a maximum value of 96.49 W·m-2·K-

1, whereas the conventional packed bed yields only 57.86 
W·m-2·K-1, confirming the superior heat transfer 
performance of metal foam-packed reactors. 

(2) The metal foam-filled membrane reactor exhibits 
outstanding performance in ammonia decomposition, 
with markedly higher conversion than both the 
conventional packed bed and standalone membrane 
reactor over the temperature range of 450-600 °C. At 
600 °C, the copper foam-filled membrane reactor 
achieves an exceptionally high conversion of 99.31%, 
approaching complete conversion. At 500 °C (medium 
temperature), its conversion reaches 65.18%, 
representing increases of 36.93% and 20.43% relative to 
the conventional packed bed (28.25%) and single 
hydrogen-permeable membrane reactor (44.75%), 
respectively. These results demonstrate that the 
synergistic effect of metal foam and hydrogen-selective 
permeable membrane effectively enhances thermal 
efficiency and ammonia conversion, while mitigating the 
degraded heat transfer caused by increased catalyst 
loading. 

(3) Experimental investigations in this chapter verify 
the remarkable advantages of the metal foam-filled 
membrane reactor under medium-temperature 
conditions. Metal foam not only homogenizes the 
temperature distribution inside the reactor but also, 
through synergy with the hydrogen selective membrane, 
counteracts the reduced heat transfer in catalyst beds 
resulting from scale-up, thereby significantly boosting 
ammonia decomposition conversion. The experimental 
findings confirm the excellent performance of the metal 
foam-filled membrane reactor at medium temperatures, 
providing important experimental support for the 
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optimized design of ammonia decomposition for 
hydrogen production. 

ACKNOWLEDGEMENT 
This work was supported by the National Natural 

Science Foundation of China (Grant No. 52576236) and 
the Fundamental Research Funds for the Provincial 
Universities of Zhejiang (Grant RF-B2023005). 

REFERENCE 
[1] Chapman A, Itaoka K, Farabi-Asl H, Fujii Y, Nakahara 
M. Societal penetration of hydrogen into the future 
energy system: Impacts of policy, technology and carbon 
targets. International Journal of Hydrogen Energy. 
2020;45:3883-98. 
[2] Tarhan C, Çil MA. A study on hydrogen, the clean 
energy of the future: Hydrogen storage methods. Journal 
of Energy Storage. 2021;40:102676. 
[3] Salvi BL, Subramanian KA. Sustainable development 
of road transportation sector using hydrogen energy 
system. Renewable and Sustainable Energy Reviews. 
2015;51:1132-55. 
[4] Boisen A, Dahl S, Nørskov JK, Christensen CH. Why the 
optimal ammonia synthesis catalyst is not the optimal 
ammonia decomposition catalyst. Journal of Catalysis. 
2005;230:309-12. 
[5] Chang F, Gao W, Guo J, Chen P. Emerging Materials 
and Methods toward Ammonia-Based Energy Storage 
and Conversion. Advanced Materials. 2021;33:2005721. 
[6] Fu X, Pedersen JB, Zhou Y, Saccoccio M, Li S, Sažinas 
R, et al. Continuous-flow electrosynthesis of ammonia by 
nitrogen reduction and hydrogen oxidation. Science. 
2023;379:707-12. 
[7] Li S, Zhou Y, Li K, Saccoccio M, Sažinas R, Andersen SZ, 
et al. Electrosynthesis of ammonia with high selectivity 
and high rates via engineering of the solid-electrolyte 
interphase. Joule. 2022;6:2083-101. 
[8] Zhai L, Liu S, Xiang Z. Ammonia as a carbon-free 
hydrogen carrier for fuel cells: a perspective. Industrial 
Chemistry & Materials. 2023;1:332-42. 
[9] Chen W-H, Kuo P-C, Lin Y-L. Evolutionary computation 
for maximizing CO2 and H2 separation in multiple-tube 
palladium-membrane systems. Applied Energy. 
2019;235:299-310. 
[10] Chen X, Fan Y, Wu L, Zhang L, Guan D, Ma C, et al. 
Ultra-selective molecular-sieving gas separation 
membranes enabled by multi-covalent-crosslinking of 
microporous polymer blends. Nature Communications. 
2021;12:6140. 
[11] Roa F, Way JD, McCormick RL, Paglieri SN. 
Preparation and characterization of Pd-Cu composite 

membranes for hydrogen separation. Chemical 
Engineering Journal. 2003;93:11-22. 
[12] Yang W-W, Tang X-Y, Ma X, Yang Y-J, Dou P-Y, He Y-
L. Theoretical analysis of a solar membrane reactor with 
enhanced mass transfer by using helical inserts. Energy 
Conversion and Management. 2023;283:116885. 
[13] Diani A, Bodla KK, Rossetto L, Garimella SV. 
Numerical Analysis of Air Flow through Metal Foams. 
Energy Procedia. 2014;45:645-52. 
[14] Slimani L, Hamadouche A, Bousri A, Ben Hamed H. 
Heat transfer enhancement using 40 kHz ultrasound and 
metal foams inside a horizontal mini-channel. Applied 
Thermal Engineering. 2022;216:119039. 
[15] Baharudin L, Watson MJ. Monolithic substrate 
support catalyst design considerations for steam 
methane reforming operation. Reviews in Chemical 
Engineering. 2017;34:481 - 501. 
[16] Tronconi E, Groppi G, Visconti CG. Structured 
catalysts for non-adiabatic applications. Current Opinion 
in Chemical Engineering. 2014;5:55-67. 
[17] Montebelli A, Visconti CG, Groppi G, Tronconi E, 
Cristiani C, Ferreira C, et al. Methods for the catalytic 
activation of metallic structured substrates. Catalysis 
Science & Technology. 2014;4:2846-70. 
[18] Sang L, Sun B, Tan H, Du C, Wu Y, Ma C. Catalytic 
reforming of methane with CO2 over metal foam based 
monolithic catalysts. International Journal of Hydrogen 
Energy. 2012;37:13037-43. 
[19] Shen CC, Jian TY, Wang YT. Steam Reforming of 
Methanol in a Compact Copper Microchannel Foam 
Reactor. Fuel Cells. 2013;13:965-70. 
[20] Yu H, Chen H, Pan M, Tang Y, Zeng K, Peng F, et al. 
Effect of the metal foam materials on the performance 
of methanol steam micro-reformer for fuel cells. Applied 
Catalysis A: General. 2007;327:106-13. 
[21] Koo KY, Im HB, Song D, Jung U. Ammonia 
decomposition over Ru-coated metal-structured 
catalysts for COx-free hydrogen production. 
International Journal of Hydrogen Energy. 2024;52:534-
45. 
[22] Jiang J, Dong Q, McCullough K, Lauterbach J, Li S, Yu 
M. Novel hollow fiber membrane reactor for high purity 
H2 generation from thermal catalytic NH3 
decomposition. Journal of Membrane Science. 
2021;629:119281. 
[23] Hargreaves JSJ, McKay D. A comparison of the 
reactivity of lattice nitrogen in Co3Mo3N and Ni2Mo3N 
catalysts. Journal of Molecular Catalysis A: Chemical. 
2009;305:125-9. 
 


