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Abstract: Ammonia is known as an alternative hydrogen supplier because of its high hydrogen 
content and convenient storage and transport. Hydrogen production from ammonia decomposition 
also provides a source of hydrogen for fuel cells. While catalysts composed of ruthenium metal atop 
various support materials have proven to be effective for ammonia decomposition, non-precious-
metal-based catalysts are attracting more attention due to desires to reduce costs. We prepared a 
series of Fe, Co, Ni, Mn, and Cu monometallic catalysts and their alloys as catalysts over proton-
conducting ceramics via the impregnation method as precious-metal-free ammonia decomposition 
catalysts. While Co and Ni showed superior performance compared to Fe, Mn, and Cu on a 
BaZr0.1Ce0.7Y0.1Yb0.1O3−б (BZCYYb) support as an ammonia decomposition catalyst, the cost of Fe is 
much lower than that of other metals. Alloying Fe with Co can significantly increase the conversion 
and stability and lower the overall cost of materials. The measured ammonia decomposition rate of 
FeCo/BZCYYb reached 100% at 600 °C, and the ammonia decomposition rate was almost unchanged 
during the long-term test of 200 h, which reveals its good catalytic activity for ammonia 
decomposition and thermal stability. When the metallic catalyst remained unchanged, BZCYYb also 
exhibited better performance compared to other commonly used oxide supports. Finally, when 
ammonia cracked using our alloy catalyst was fed to solid oxide fuel cells (SOFCs), the peak power 
densities were very close to that achieved with a simulated fully cracked gas stream, i.e., 75% H2 + 
25% N2, thus proving the effectiveness of this new type of ammonia decomposition catalyst. 
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1. Introduction 
Hydrogen is recognized as a clean energy source because of its high combustion 

value. Its conversion in fuel cells generates only water as a byproduct, thus promoting the 
“hydrogen economy” as a predominant sustainable energy system facilitating industrial 
development [1]. However, it is difficult to liquefy hydrogen at room temperature, and 
the large-scale application of hydrogen is hindered by the limitations of its storage and 
transportation due to its inherently low volume energy density. Other alternative sources 
of hydrogen energy are being investigated, including ammonia, methanol, methane, 
hydrous gas, and natural gas, etc. Ammonia possesses a substantial hydrogen content of 
17 wt.%, which is higher than that of methanol (12.5 wt.% of hydrogen), and liquid 
ammonia also has a higher volumetric density of 12.9 MJ/L compared to compressed 
hydrogen with a bulk density of 4.5 MJ/L [2,3]. Moreover, it exhibits superior energy 
efficiency, as well as being carbon-free and non-polluting, making it easy to liquefy at 8.5 
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atmospheres at room temperature and rendering it suitable for energy storage 
applications. Additionally, the technology for ammonia synthesis has evolved over the 
last hundred years, and is now well established and widely implemented in industrial 
environments. Ammonia is extensively utilized as a fertilizer in agriculture, supported by 
well-established infrastructure that significantly reduces the costs associated with storage 
and transportation [4]. The combustion range of ammonia is relatively narrow, which 
enhances its safety profile [1]; it also produces a strongly irritating odor, which is 
detectable at concentrations above 1 ppm when it leaks. In addition, when properly 
decomposed either in situ or ex situ, cracked ammonia provides an attractive hydrogen 
source for fuel cells, and has already been a very active research area [5–7]. Therefore, on-
site hydrogen production from ammonia is a promising source of future sustainable 
energy [8]. 

According to thermodynamic calculations, 99% ammonia conversion can be achieved 
at 200 °C. However, the decomposition process is primarily limited by its kinetic barriers 
[9]. As a result, recent research has focused on developing catalysts that can lower the 
activation energy of ammonia decomposition. Ru is regarded as the most efficient single-
metal catalyst for ammonia decomposition [10]. Yin et al. loaded 4.8 wt.% Ru onto Al2O3 
with water as the solvent; the ammonia conversion was 5.9% and the hydrogen 
production rate was 1.9 mmol min−1g−1 at 450 °C and a gas hourly space velocity (GHSV) 
of 30,000 mL h−1g−1 [11]. However, due to its scarcity and status as a precious metal, Ru 
greatly increases the overall cost of the catalyst, making it impractical for 
commercialization. Moreover, residual Cl⁻ in the RuCl₃ solution typically used as a 
precursor for Ru catalysts negatively impacts the ammonia decomposition rate. Once KCl 
is formed, it becomes challenging to eliminate. Therefore, it is necessary to explore 
inexpensive transition metals that exhibit comparable or even superior catalytic 
performance and high stability that can support high loadings to achieve the desired 
ammonia decomposition rate, such as Fe [12], Co [13], Ni [14], Mo [15], Fe-Co [16], Fe-Ni 
[17], Co-Mo [18], Mg-Co-Fe, etc. [19]. T.V. Choudhary et al. loaded 10 wt.% Ni onto Al2O3 
with an ammonia conversion of 36.4% and a hydrogen production of 11.4 mmol min−1g−1 
at 600 °C and a GHSV of 30,000 mL h−1g−1 [20]. Simonsen et al. loaded 10 wt.% Fe onto 
Al2O3 with an ammonia conversion of 25% at 500 °C and a GHSV of 80000 mL h−1g−1 [21]. 
Yin et al. used a 0.1g Fe/CNT catalyst with a loading of 4.95 × 10−4 mol g−1 with a hydrogen 
production rate of 0.65 mmol min−1g−1 at 500 °C and a GHSV of 30,000 mL h−1g−1 [22]. 
Lorenzut et al. loaded 10 wt.% Fe onto YSZ and the ammonia conversion was about 20% 
at 600 °C and a GHSV of 46,000 mL h−1g−1 [23]. In general, Fe-based catalysts have been 
extensively investigated, operating at high temperatures of about 800 °C, but present 
challenges remain in regard to their stability. Therefore, the pursuit of bimetallic catalysts 
is gaining momentum due to their potential to improve both catalytic activity and 
stability. 

At moderate to low temperatures, Fe-based catalysts generally exhibit low ammonia 
decomposition rates and poor stability. Nevertheless, by doping with Co metal, it is 
possible to develop bimetallic catalysts with dual active centers, achieving both high 
catalytic performance and improved stability [24]. Furthermore, FeCo catalysts exhibit 
exceptional electrocatalytic performance in the nitrogen reduction reaction (NRR) for 
ammonia synthesis performance [25], making them promising candidates for facilitating 
ammonia synthesis and its reversible reactions. Zhang et al. loaded 5 wt.% FeCo in CNTs 
with an ammonia conversion of 50% at 600 °C and a GHSV of 36,000 mL h−1g−1 [16]. Sun 
et al. loaded 10 wt.% FeCo onto fumed SiO2 with 100% ammonia conversion at 630 °C and 
a GHSV of 14,400 mL h−1g−1 [26]. 

In addition to active metals, the supports also have an important effect on the 
catalytic activity. The support material is required to have a high specific surface area in 
order to ensure that the catalyst is well dispersed, as well as robust thermal stability, 
basicity, and electrical conductivity, which promote electron transfer between the active 
metal and the support. Furthermore, the support can improve catalytic efficiency through 
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either “structural promotion” or “electronic promotion” mechanisms [10]. 
BaZr0.1Ce0.7Y0.1Yb0.1O3−б (BZCYYb) has gained significant attention and become a popular 
proton-conducting electrolyte ever since it was reported in 2009 [27–29]. It is known that 
for such proton-conducting electrolytes, both H2 and H2O can form hydroxide ions by 
reacting with lattice oxygen or simultaneously with the presence of oxygen vacancies. We 
hypothesize that this property may benefit the intermediate steps of the ammonia 
decomposition process. Meanwhile, barium or its oxides have shown high effectiveness 
for ammonia decomposition [2,30]. Lastly, since BZCYYb has now been widely used in 
protonic ceramic fuel cells (PCFCs), a very active research direction, the cost of using an 
existing material could be further decreased. Therefore, we consider BZCYYb as a 
potential support material. 

In this study, different single metals and their alloys, particularly the FeCo binary 
alloy, were employed as the active metals onto a pretreated BZCYYb support. As an 
alkaline earth metal, Ba significantly enhances ammonia decomposition performance via 
electron-donating effects [14]. Additionally, it acts as a structural promoter, influencing 
the local atomic arrangement of Fe and Co atoms on the surface [31]. X-ray diffraction and 
X-ray photoelectron spectroscopy confirmed the formation of an alloy phase. Ammonia 
decomposition rates were investigated within the temperature range of 450–650 °C. The 
material was found to demonstrate great potential for industrial-scale applications, 
achieving a H2 generation rate of 6.8 mmol min−1g−1 at 600 °C with the FeCo/BZCYYb 
catalyst. Additionally, the FeCo/BZCYYb catalyst was tested on solid oxide fuel cells 
(SOFCs) in order to evaluate its electrochemical performance and suitability for fuel cell 
applications. 

2. Results and Discussion 
The TG-DSC curves of BZCYYb as a support are shown in Figure 1a. BZCYYb 

powder was pretreated via calcination at 1000 °C for 2 h before thermogravimetric and 
differential thermal analyses were conducted to explore its thermal stability [32,33]. As 
shown in Figure 1a, there is a mass loss of approximately 3% between room temperature 
and 800 °C, mostly attributed to the loss of absorbed matter and the dehydration of proton 
ceramics. Another obvious weight loss is observed between 800 and 1100 °C, which may 
possibly be associated with the non-stochiometric change of oxygen or lattice oxygen 
removal [34]. The specific surface area and pore size distribution analyses of the FeCo 
catalyst loaded onto the BZCYYb support are presented in Figure 1b; the FeCo/BZCYYb 
has a specific surface area of 23.92 m2/g and a pore size of 5.43 nm. The use of BZCYYb as 
a support significantly increases the specific surface area of the catalyst, promoting the 
uniform dispersion of the FeCo catalyst particles and thereby enhancing the ammonia 
decomposition activity. The phase analyses of reduced monometallic Fe and Co and 
bimetallic FemCon (which refers to Fe-Co at different molar ratios) catalysts were 
conducted via XRD, as shown in Figure 1c,d. After H2 reduction, single-metal phases Fe 
and Co could be observed in the Fe/BZCYYb and Co/BZCYYb single-metal catalysts, 
respectively. The binary metals with varying doping ratios exhibited the presence of an 
FeCo alloy phase at 2θ = 44.9°, corresponding to the (110) crystal face[16,35], with the 
diffraction peak of BZCYYb remaining basically unchanged. Alloying can promote the 
activity of metal nanoparticles. The characteristic peak of CoFe2O4 was observed at 2θ = 
35° in the FeCo alloy phase (PDF: 00-003-0864), indicating that Co3O4 and Fe2O3 may form 
a composite metal oxide, CoFe2O4, when the catalyst remains un-reduced [36]. The XRD 
characteristic results are only qualitative due to the low active metal loading. 
Additionally, a trace BaCO3 phase appeared at 2θ = 34.7° in the XRD analysis, which may 
have been caused by the low calcined temperature during the pretreatment of the Ba 
precursor; however, a BaCO3 phase did not appear when calcining to 1100 °C during the 
BZCYYb precursor treatment. Importantly, NH3 decomposition tests show that the BaCO3 
phase does not affect the catalytic activity of the catalyst. 
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Figure 1. (a) TG-DSC curves of BZCYYb support pre-calcined at 1000 °C for 2 h within the 
temperature range of 30–1100 °C. (b) Specific surface area and pore size distribution of FeCo 
bimetallic catalysts supported on BZCYYb. XRD patterns of BZCYYb-supported samples: (c) 
monometallic catalysts of Fe and Co; (d) different rations of FemCon bimetallic catalysts. 

Figure 2 illustrates the microstructure and EDS mapping of reduced bimetallic 
catalysts and the BZCYYb support. As shown in Figure 2a–c, the dissolution of catalyst 
particles on the surface of the BZCYYb indicates that catalyst particles have been 
effectively loaded onto the support without visible particle agglomeration, and that the 
active metals Fe and Co are uniformly distributed on the support. The presence of surface 
pore structures ensures sufficient contact with the fuel gas, thereby promoting efficient 
interactions between the fuel and active sites, promoting catalytic activity over a larger 
surface area. Figure 2m–r show the TEM analysis of the FeCo/BZCYYb catalyst after it has 
been thoroughly dispersed in ethanol and ultrasonicated before the TEM operation. 
Nanosized clusters likely to be the catalysts can be observed. Since the support was 
relatively thick when compared to the nano clusters, we were unable to directly obtain a 
diffraction pattern for the cluster’s crystal structure. However, it can be seen through the 
EDS mapping spectra that the Fe catalyst particles are uniformly distributed on the 
support, and Co appears to be locally agglomerated, but macroscopically uniformly 
distributed. 
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Figure 2. SEM images and EDS mapping of reduced bimetallic catalysts: (a) Fe3Co/BZCYYb; (b) 
FeCo/BZCYYb; (c) FeCo3/BZCYYb; (d) BZCYYb; (e) electron image of FeCo/BZCYYb; (f) Fe; (g) Co; 
(h) Ba; (i) Ce; (j) Zr; (k) Y; (l) Yb. HRTEM images of FeCo/BZCYYb: (m–o). CPS mapping of 
FeCo/BZCYYb: (p). EDS mapping images: (q) Fe; (r) Co. 

As shown in Figure 3, XPS analysis was performed to investigate the electronic states 
and conduct a quantitative assessment of the active metals without support after H₂ 
reduction. This analysis revealed distinct peaks corresponding to metallic Fe 2p and Co 
2p. In the Fe₃Co and FeCo bimetals, Fe metallic peaks were observed at 706.7–708 eV, 
indicating the presence of metallic Fe in the reduced bimetallic catalyst. The XPS spectral 
fraction of Fe 2p was fitted by four deconvolution peaks: the Fe2+ 2p3/2 peak at 710.3–710.6 
eV, the Fe�⁺ 2p1/2 peak at 712.9–713.2 eV [25,37], and Fe3+ satellite peaks at about 719.2 eV, 
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with the Fe2⁺ satellite feature appearing at 716.47 eV in FeCo3. For cobalt, metallic peaks 
were observed at 778–778.3 eV. The Co 2p spectra exhibited a Co3+ 2p3/2 peak at 779.8–780.3 
eV and a Co2+ 2p3/2 peak at 781.8–782 eV, indicating the coexistence of Co2+ and Co3+ 
oxidation states [38]; Fe 2p₃/₂ shifted from a higher oxidation state to a lower oxidation 
state, while Co shifted from a lower to a higher oxidation state. The Co 2p3/2 orbital shifted 
from a lower to a higher oxidation state as the Co/Fe ratio increased, leading to an increase 
in Co3⁺/Co2⁺ content and a decrease in Fe3⁺ content [16]. XPS and XRD characterization 
indicated electron transfer between Co and Fe, suggesting the possible formation of an 
FeCo alloy phase on the surface during the reaction. 

 
Figure 3. High-resolution XPS spectra of Fe 2p and Co 2p of bimetallic catalysts: (a,b) Fe3Co; (c,d) 
FeCo; (e,f) FeCo3. 

The ammonia conversion of single-metal catalysts loaded onto BZCYYb as a function 
of the temperature are shown in Figure 4a. In the absence of catalysts, the ammonia 
decomposition efficiency in an empty quartz tube is relatively low, below 700 °C, and can 
be neglected. However, spontaneous decomposition occurs between 750 °C and 800 °C, 
with a conversion of 53.9% at 800 °C. The ammonia conversion of the catalyst increases 
with increasing temperature, as can be expected. At low and medium temperatures, the 
ammonia conversion rates of Co-based and Ni-based catalysts are higher; the ammonia 
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conversion of Fe-based catalysts varies greatly with temperature, while the ammonia 
conversion of Mn-based and Cu-based catalysts is lower at 650 °C, at 18.2% and 19.4%, 
respectively, which is consistent with the “volcano curve” [39]. This “volcano curve”, 
combined with the fact that the cost of Fe is much lower than the costs of Co and Ni, 
indicates that the selection of Fe-based binary alloy catalysts is preferred. In particular, we 
would recommend an Fe-Co alloy over an Fe-Ni alloy due to the slightly better 
performance of Co at lower temperatures. As shown in Figure 4b, the ammonia 
conversion of catalysts with different Fe-Co molar ratios increases continuously with the 
increasing testing temperature. Co doping significantly changes the catalytic performance 
compared with a pure Fe catalyst: the ammonia decomposition performance of the 
bimetallic catalysts becomes substantially improved, with the ammonia conversion rates 
of the catalysts all reaching 100% within the ammonia detector’s accuracy at 600 °C after 
doping with Co. The ammonia conversion fraction increases with the increase in Co 
content in the catalyst. Ammonia conversion is increased by 21.8% at an Fe-Co molar ratio 
of 5/5 compared to pure Fe. It can be seen that the Fe-Co molar ratio has a significant effect 
on the activity of catalysts for ammonia decomposition. In order to compare the effect of 
the support on the bimetallic catalyst according to the ammonia conversion fraction, we 
also studied FeCo catalysts on other types of support, namely ATP, Al2O3, and 3YSZ, as 
shown in Figure 4c. At 600 °C, the ammonia conversion fractions for ATP, Al2O3, and 3YSZ 
are 71%, 82.1%, and 88.8%, respectively; with BZCYYb as the support, the FeCo catalyst 
exhibits superior activity, possibly attributed to enhanced synergistic effects facilitated by 
the BZCYYb support [40]. 
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Figure 4. Ammonia decomposition activity of (a) monometallic catalysts of Fe, Co, Ni, Mn, and Cu; 
(b) bimetallic catalysts of different rations of FemCon supported on BZCYYb; (c) FeCo active metals 
loaded onto different supports; (d) different rations of FemCon with 0.1 wt.% Ru trimetallic catalysts 
supported on BZCYYb; and (e) the relationship between the ammonia decomposition rate of 
monometallic and bimetallic catalysts and the reaction temperature. The stability of catalysts for 
ammonia conversation at 600 °C with a GHSV of 6000 L Kg−1h−1: (f) Fe/BZCYYb; (g) Co/BZCYYb; 
and (h) FeCo/BZCYYb. 

Since Ru at greater than 1 wt.% has been commonly used for ammonia 
decomposition [41,42], we also studied the effects of trace doping of Ru on top of non-
precious metals to see if the introduction of a small amount of Ru, i.e., 0.1 wt.%, could 
further boost the catalytical performance. Figure 4d shows the ammonia decomposition 
fraction of FemCon catalysts doped with 0.1 wt.% Ru at various ratios. After the doping 
with trace amounts of Ru, the ammonia conversion of the FeRu0.1/BZCYYb catalyst 
increases significantly, and a slight increase in ammonia conversion is observed in 
Fe3CoRu0.1/BZCYYb catalyst. However, as the Co content increases, the ammonia 
conversion fractions of FeCoRu0.1/BZCYYb, FeCo3Ru0.1/BZCYYb, and CoRu0.1/BZCYYb 
remain constant or even decrease within the temperature range of 450–550 °C. This may 
be attributed to the interaction between Ru and Co, which modifies the electronic structure 
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and reduces the activity of the metal active sites, thereby impairing their ability to adsorb 
ammonia molecules, negatively affecting the efficiency of ammonia decomposition. 
Therefore, on one hand, the introduction of a trace amount of Ru seems unnecessary for 
FemCon bimetallic catalysts. One the other hand, this may imply that the Fe-Co bimetallic 
catalysts on a BZCYYb support may already be sufficiently good. 

On the basis of the experimental data, the kinetics of ammonia decomposition over 
the catalysts, expressed in terms of the H2 generation rate, was also investigated. 
According to the material balance of the plug flow reactor and the calculation procedure 
discussed elsewhere [43], the apparent activation energy, Ea, of the ammonia 
decomposition reaction under different catalyst conditions was determined and 
compared with other reported studies, as shown in Table 1. The apparent activation 
energy of Fe/BZCYYb, Co/BZCYYb, and FeCo/BZCYYb are, respectively, 111.81, 51.92, 
and 96.23 kJ mol−1. The decreasing trend of the apparent activation energy is almost in line 
with the amount of Co doping, which is consistent with the ammonia decomposition rate 
of each catalyst in Figure 4a,b. The Fe-based catalysts having the highest activation barrier 
may be related to the high coverage of N on the reconstructed surface due to the strong 
binding effect of Fe on N. It is well known that the recombination desorption of surface N 
atoms is the rate-limiting step in the ammonia decomposition reaction [32]. Co has one 
more d-band electron than Fe, so the formation of FeCo on the surface results in the 
transfer of electrons to Fe; this change in the electronic properties of Fe facilitates the 
desorption of adsorbed N atoms from the surface, thus reducing the activation barrier for 
the ammonia decomposition reaction. The Fe/BZCYYb catalyst showed the highest 
activation energy, while the FeCo3/BZCYYb catalyst exhibited high activity and the lowest 
activation energy, suggesting that bimetallic FeCo catalysts can increase the apparent 
activation energy when compared to monometallic Fe catalysts. 

Table 1. Catalytic activity of monometallic and bimetallic ammonia decomposition catalysts.  

Catalyst Metal Loading 
(wt.%) 

Temperature 
(°C) 

GHSV 
(mL h−1g−1) 

Conversion 
(%) 

Apparent 
Activation 

Energy (kJ mol−1) 
Ref. 

Fe/CNTs 5 500 6000 15 142 [44] 
Fe/Al2O3 90 600 36,000 86 127 [45] 

Fe/La-MgO 20 400 22,000 3 197 [46] 
Fe/BZCYYb 10 550 6000 47.7 111.81 This work 

Co/CNTs 7 450 5200 8 93 [47] 
Co/La-MgO 20 400 22,000 37 167 [46] 

Co/Y2O3 10 450 6000 28 - [48] 
Co/BZCYYb 10 450 6000 55.8 51.92 This work 

Ni/SiO2-Al2O3 65 450 30,000 9 92 [20] 
Ni/Al2O3 20 500 7500 28 84 [49] 

Ni/CeO2-Al2O3 20 500 7500 53 70 [50] 
Ni/La-MgO 20 400 22,000 28 182 [46] 

Ni/SiO2 10 550 36,000 50 108 [51] 
Ru/ATP 1 500 6000 51 - [52] 

Ru/Ba-ZrO2 3 500 30,000 24 92 [53] 
Ru/Al2O3 4 450 125,000 33 95 [54] 
Ru/B2CA 1 500 6000 100 - [2] 
Ru/CNTs 2.5 450 30,000 18 87 [55] 

FeCo/CeO2-S 5 550 36,000 75 125–148 [56] 
FeCo/CNT 5 600 36,000 50 105 [16] 
FeNi/SiO2 10 550 14,400 24 71.1 [26] 

Fe8.3Ni1.7/Al2O3 10 650 28,500 99.8 - [57] 
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FeCo/Al2O3 10 350 36,000 82 - [58] 
CoMo/SiO2 5 500 6000 20 82 [59] 

Co5Mo8/Al2O3 13 527 30,000 60 106 [60] 
FeMo/Y2O3-ZrO2 10 550 46,000 16 - [23] 

FeMo/La2O3-Al2O3 10 550 46,000 50 - [23] 
NiMo/SiO2 10 460 14,400 35.6 - [61] 

Ni1Co9-CZY 10 550 48,000 63.7 41.1 [48] 
NiCo/fumed SiO2 10 550 30,000 76.8 54 [62] 

Ni2Fe8/SiO2 10 500 240,000 35 - [21] 
FeRu/CNTs 1.7 450 6000 85 - [63] 
Ni5Ru1/CeO2 6 450 15,000 86.1 124 [64] 

Ru3Fe/Al2O3/K 4 400 5400 44 248 [7] 
Cu2Zn/CeO2 18 550 15,000 53 79 [65] 
Cu2Zn/TiO2 18 550 15,000 49 85 [65] 

Fe3Co/BZCYYb 10 550 6000 91.3 106.95 This work 
FeCo/BZCYYb 10 500 6000 64.9 96.23 This work 
FeCo3/BZCYYb 10 550 6000 100 82.88 This work 

Notes: Ru/B2CA: Ru/(BaO)2(CaO)(Al2O3); Ru3Fe/Al2O3/K:Al2O3 as support and K as promoter. 

The long-term stability of monometallic and FeCo/BZCYYb catalysts for ammonia 
decomposition was evaluated at 600 °C and a GHSV of 6000 L Kg−1h−1, as shown in Figures 
4f–h. During the 200 h test, the Fe-based catalyst showed an initial fluctuation in ammonia 
conversion and generally maintained a conversion of 100%; the Co-based catalyst 
displayed excellent stability, with almost no observable decline in performance. The 
FeCo/BZCYYb catalyst displayed no apparent performance deterioration over the 200 h 
duration, and, in comparison with Fe, this catalyst exhibited improved thermal stability 
significantly. This can be attributed to the formation of FeCo alloy nanoparticles, which 
inhibit atomic or grain migration to some extent, thus preventing substantial 
agglomeration and the emergence of metal nitrides, thereby confirming the long-term 
stability of the FeCo bimetallic catalyst. 

We noticed in the above-mentioned results and within the capability of detector 
accuracy, ammonia conversion could reach 100%. Since a trace amount of ammonia is 
inevitable due to the thermodynamic equilibrium fact and the wide detecting range of the 
analyzer used, that is, 0–100%, we also performed gas chromatography measurements to 
more accurately verify the residual NH3 concentration near the full conversion side. 
During the steady-state ammonia decomposition tests at 600 °C using FeCo/BZCYYb as 
the catalyst, the exhaust analysis indicated a residual ammonia volume fraction of 3.8%. 
Given that an acceptable error margin of approximately ±3% is permissible, the ammonia 
decomposition analyzer effectively reflects the variations in ammonia decomposition 
rates with temperature changes, thus confirming the excellent catalytic performance of the 
FeCo/BZCYYb catalyst in the medium to low temperature range. 

As shown in Figure 5a–c, the bimetallic catalyst was characterized via SEM after 
ammonia decomposition tests at 450–650 °C. The morphology of the catalysts remained 
predominantly unchanged after the tests; however, some degree of agglomeration 
occurred, which became more pronounced with increasing Fe content. The XRD 
characterization presented in Figure 5d reveals that no metal nitride phase was formed. 
This result indicates that the incorporation of Co inhibits the formation of iron nitrides 
during the reaction with NH3, thereby improving the catalyst’s stability [66]. This 
observation is consistent with the findings from the previous long-term durability tests. 
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Figure 5. SEM images of bimetallic catalysts after ammonia decomposition tests: (a) Fe3Co/BZCYYb, 
(b) FeCo/BZCYYb, and (c) FeCo3/BZCYYb; (d) XRD pattern of bimetallic catalysts after ammonia 
decomposition tests. 

One of the applications of ammonia decomposition catalysts is in external reforming 
on the anode side of fuel cells. It is necessary to point out that, at 600 °C, both the 
FeCo/BZCYYb and FeCo3/BZCYYb catalysts achieved 100% ammonia decomposition 
rates. Given that Fe is a more affordable transition metal and exhibits good thermal 
stability over 200 h, we selected FeCo/BZCYYb as the catalyst for ammonia decomposition 
in SOFCs. To eliminate the effect of hydrogen partial pressure reduction in the ammonia 
decomposition gas, we introduced 100 mL/min 75% H₂ + 25% N2 as fuel into the anode. 
As shown in Figure 6a, the peak power densities were 667.9 mW cm−2, 555.9 mW cm−2, and 
420.8 mW cm−2 at 800 °C, 750 °C, and 700 °C, respectively. When using 50 mL/min cracked 
NH3 as fuel, the corresponding peak power densities were 620.5 mW cm−2, 508.2 mW cm−2, 
and 374.6 mW cm−2 at 800 °C, 750 °C, and 700 °C, respectively. The performance of the cell 
running on cracked ammonia approached that observed with 75% H2 + 25% N2 as the fuel, 
though the performance remained slightly lower than that observed when using 
simulated fully converted gas of 75% H2 + 25% N2 by 7.09%, 8.58%, and 10.98% at 800 °C, 
750 °C, and 700 °C, respectively. This may be attributed to the poisoning of trace NH3 gas 
on the electro-catalytical surface. 

Figure 6b,c show the impedance spectra of the tested cell with simulated fully 
converted gas and cracked NH3 as fuel under open-circuit voltage. An analysis of the 
impedance spectra reveals that when using cracked NH3 as fuel, the ohmic resistance 
(Rohmic) slightly increases. Additionally, the difference between the two resistance values 
enlarges with decreasing temperature, possibly due to the adsorption of uncracked 
ammonia onto the electrolyte, which may damage its structural integrity [67]. Research 
by Zhu et al. indicates that no formation of Ni3N could be detected following NH3 fuel 
exposure based on element and phase characterization through TEM and XRD, as well as 
thermodynamic calculations. Furthermore, Ni3N is unlikely to be the primary phase 
responsible for performance degradation [2]. However, the same study indeed observed 
profound morphological differences in nickel oxide particles between pure H2 and NH3 

reduction. It is interesting to see that when cracked NH3 serves as the fuel, the polarization 
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（a） （b） 

（c） 
 

500 nm 500 nm 

（d） 



Catalysts 2024, 14, 850 12 of 18 
 

 

resistance (Rp) of the cells is lower than that observed with H2; this phenomenon may be 
attributed to the catalytic action of Ni-based catalysts in the anode-promoting ammonia 
decomposition, which enhances the catalytic activity and improves the reactivity of the 
anode with H2, thereby reducing polarization resistance. 

 
Figure 6. (a) Cell voltage and electrochemical performance of SOFCs operating with 75% H2 + 25% 
N2 and cracked NH3 at various temperatures; (b,c) impedance spectra of SOFCs with 75% H2 + 25% 
N2 and cracked NH3 at various temperatures, respectively; (d) short-term stability of SOFCs fed with 
cracked NH3 operated at 700 °C and 200 mA cm−2. SEM images of cells after a 50 h stability test with 
cracked NH3: (e) cross-section of the cells, (f) anode surface of the cells. 

The durability of the cells was tested using cracked NH3 fuel operating at a 
temperature of 700 °C and a constant current of 200 mA cm−2, as shown in Figure 6d, The 
results of the short-term stability tests show that the cells run stably with negligible 
degradation other than some small fluctuations, which may imply that some internal 
microstructural or interfacial changes have occurred. To verify this hypothesis, we 
conducted a postmortem analysis of the cells after the stability tests, as shown in Figure 
6e,f. It can be observed that the cell structure is intact and the anode structure is porous. 
The electrolyte surface appears to be smooth, with no significant cracks and intergranular 
fractures can be seen at the interface between the anode and the electrolyte, indicating that 
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the catalyst provides an effective ammonia conversion, thus enabling the cell to maintain 
satisfactory electrochemical performance. 

Based on the above analysis, the mechanism of FeCo catalysts facilitating ammonia 
decomposition reaction is summarized in Figure 7. NH3 is initially adsorbed onto the 
active site of the metal catalyst, and the N-H bond is then broken and dehydrogenated to 
form metal–N compounds and adsorbed H species. As the H atoms continue to fall off, 
the adsorbed N atoms and H atoms finally recombine to form N2 and H2, whereas the 
electron transfer from the d-band of Co to Fe facilitates the desorption of the adsorbed N 
atoms on the surface and reduces the reaction barrier to increase the catalytic activity for 
the decomposition of ammonia [5,6,8]. The H2 generated from the ammonia 
decomposition is passed into the anode of SOFCs, through the anode gas channel. Upon 
contact with the active surface of the three-phase interface, the O2 at the cathode flows 
through the cathode channel, is adsorbed onto the surface of the cathode with catalytic 
reduction, and is then reduced to O2-, which migrates to the anode through the electrolyte 
membrane to react with H2 to generate H2O and electrons. 

 
Figure 7. Schematic illustration of ammonia decomposition over FeCo/BZCYYb catalysts and the 
process of using externally reformed NH3 as fuel for SOFCs. 

3. Materials and Methods 
3.1. Catalyst Preparation 

The BZCYYb support, prepared using the sol–gel method (Ruier Powder Materials 
Corporation, Huizhou, China), was sintered at 1000 °C for 2 h to eliminate volatiles and 
enhance its thermal stability. Fe(NO3)3·9H2O (Macklin Company, Shanghai, China), 
Co(NO3)2·6H2O (Aladdin Company, Shanghai, China), Ni(NO3)2·6H2O (Hushi Company, 
Shanghai, China), Cu(NO3)2·3H2O (Aladdin Company), Mn(NO3)2·4H2O (Aladdin 
Company), and RuCl3 xH2O (Aladdin Company) were used as metal precursors, which 
were impregnated into BZCYYb via the wet impregnation method; the catalyst 
preparation process is shown in Figure 8. The amounts of different metal precursors, 
including both non-precious metals and Ru used as control tests, and their designed 
loading contents are summarized in Table 2. In this study, we used Fe-decorated BZCYYb 
as an example to illustrate the process. Initially, Fe(NO3)3·9H2O of an amount 
corresponding to 0.1 g of Fe and 0.9 g of BZCYYb were dissolved in anhydrous ethanol 
separately and stirred to form a homogeneous solution and suspension, respectively, and 
then the two were mixed together to form a mixture. The mixture was subjected to 30 min 
of ultrasonic treatment to achieve uniform metal dispersion on the support, followed by 
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stirring in a fume hood until the ethanol completely evaporated. The resulting powder 
was then dried in an oven at 85 °C for 24 h and calcined at 600 °C for 2 h. Subsequently, it 
was reduced in situ at 600 °C for 3 h. 

 
Figure 8. Depiction of FemCon/BZCYYb catalysts synthesized via the wet impregnation method. 

Table 2. Components of monometallic and bimetallic catalyst preparations. 

Catalysts mactive metal (mg) nactive metal (mmol) msupport (mg) 
Fe/BZCYYb 100 1.786 900 
Co/BZCYYb 100 1.697 900 
Ni/BZCYYb 100 1.704 900 
Cu/BZCYYb 100 1.574 900 
Mn/BZCYYb 100 1.820 900 

Fe3Co/BZCYYb 74:26:0 1.32:0.44 900 
FeCo/BZCYYb 48.7:51.3 0.87:0.87 900 

FeCo/ATP 48.7:51.3 0.87:0.87 900 
FeCo/Al2O3 48.7:51.3 0.87:0.87 900 
FeCo/YSZ 48.7:51.3 0.87:0.87 900 

FeCo3/BZCYYb 24:76:0 0.430:1.289 900 
FeRu0.1/BZCYYb 100:1 1.786:0.01 897.95 

Fe3CoRu0.1/BZCYYb 74:26:1 1.32:0.44:0.01 897.95 
FeCoRu0.1/BZCYYb 48.7:51.3:1 0.87:0.87:0.01 897.95 
FeCo3Ru0.1/BZCYYb 24:76:1 0.430:1.289:0.01 897.95 

CoRu0.1/BZCYYb 100:1 1.697:0.01 897.95 

3.2. Catalyst Performance 
To achieve hydrogen production from the ammonia decomposition, the catalytic 

activity of each catalyst was evaluated in a continuous fixed-bed quartz reactor. Briefly, a 
mixture of 0.1 g catalyst and 0.1 g quartz wool fiber was loaded into a quartz reactor, with 
additional quartz fiber at both ends of the quartz tube to ensure that the NH3 was 
adequately heated and to capture any catalyst lost due to gas flow. Prior to the ammonia 
decomposition process, in situ reduction was performed by heating the catalysts in a N₂ 
atmosphere at a rate of 3 °C min−1 to 600 °C, followed by the introduction of 30 mL/min 
H2 for 3 h to fully reduce the catalyst to its metallic state before increasing the temperature 
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to the test conditions. Pure ammonia was then introduced at a flow rate of 10 mL/min, 
achieving a GHSV of 6000 L Kg⁻¹ h−1. The ammonia conversion rate was determined using 
a calibrated ammonia decomposition rate analyzer (RL-B201, Runlai Instrument and 
Meter Co., Ltd., Xi’an, China) in the temperature range of 450–650 °C. While the NH3 
decomposition analyzer spans a full range, i.e., 0–100%, its accuracy near either 0 or 100% 
decomposition is insufficient when compared to that of a specially designed detector or 
analysis method for a given range, such as ppm-level detection for ammonia synthesis 
applications. In order to overcome and minimize the inevitable measurement errors 
involved in wide-range detection, the exhaust gas was collected from selected tests using 
bimetallic catalysts after thermal decomposition at 600 °C and used for gas 
chromatography analysis (Agilent 8890 GC-NCD, Agilent, Santa Clara, CA, USA) with 
nitrogen as a carrier gas and an injection port temperature of 250 °C in order to accurately 
quantify the residual NH₃ in the decomposition exhaust. The required data were recorded 
at the test temperature when a steady state was reached. 

3.3. Fuel Cell Fabrication 
The half-cell of an SOFC (Ningbo SOFCMAN Energy Technology Co., Ltd., Ningbo, 

China) has a structure of NiO-3YSZ|NiO-8YSZ|8YSZ. LSCF-GDC (Zhejiang H2-Bank 
Technology Co., Ltd., Ningbo, China) cathode slurry was applied to these half-cells using 
a screen-printing technique, and then sintering was performed at 950 °C for 2 h. The cells 
were sealed in an alumina tube using ceramic sealant (552-VFG, Aremco, Valley Cottage, 
NY, USA). A selected ammonia decomposition catalyst was mixed with quartz wool at a 
1:1 weight ratio before being placed inside the previously mentioned fixed-bed quartz 
reactor; the off-gas from the reactor was then fed to the alumina tube of button cells as 
fuel. After reducing the cells at 800 °C for 1 h under a 75% H2 + 25% N2 gas mixture, 
electrochemical performance and impedance measurements were conducted at 700–800 
°C. 

3.4. Characterization 
Mesoporous and BET analyses were conducted using an automatic specific surface 

area and porous analyzer (ASAP 2020 HD88, Micromeritics, Norcross, GA, USA) 
degassed at 200 °C in N2 adsorption gas. Phase characterization was conducted via XRD 
(D8 DISCOVER XRD from BRUKER, Bremen, Germany). The X-ray source was Cu target 
K-α ray, the step size was 0.02°, and the scanning range was 10°~80°. The surface and 
particle size of the catalyst were observed using a field emission scanning electron 
microscope (FSEM, S4800, Hitachi, Tokyo, Japan) with a working voltage of 12 kV. 
Transmission electron microscopy (TEM) images and EDS mapping were accessed via 
TF20 (Tecnai F20, Tecnai, Hillsboro, OR, USA). Assessments of the chemical valence states 
and semi-quantitative analyses of the Fe and Co were performed using X-ray 
photoelectron spectroscopy (XPS, AXIS SUPRA, Kratos, Manchester, UK) with a Mg K 
radiation source. 

4. Conclusions 
In summary, this study investigates the ammonia decomposition activity of various 

single-metal and bimetallic non-precious metal catalysts over a proton-conducting 
ceramic support. Overall, our results reveal that the alloying of Fe with Co can 
significantly increase its conversion and stability and lower the overall cost of materials. 
The measured ammonia decomposition rate of FeCo/BZCYYb reached 100% at 600 °C. 
When BZCYYb was used as the support, the ammonia conversion rate achieved with the 
same loading of active metals was higher than that observed with other commonly used 
metal oxides as supports. This improvement may be attributed to the formation of an FeCo 
alloy, which facilitates electron transfer to Fe. The change in the electronic properties of 
Fe promotes the desorption of N atoms from the surface, thereby lowering the activation 
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energy barrier for the ammonia decomposition reaction. The FeCo/BZCYYb catalyst 
achieved 100% ammonia conversion at 600 °C within the measurement accuracy of the 
analyzer, and during a 200 h long-term stability test, the ammonia conversion remained 
at 100%. This indicates that FeCo/BZCYYb achieves excellent ammonia decomposition 
activity and long-term stability. 

The catalyst was used in the production of hydrogen from ammonia decomposition 
for SOFCs. The performance of cells fed with cracked NH3 was close to that achieved when 
using simulated fully converted gas with 75% H2 + 25% N2. A 50 h short-term test revealed 
that the cells could run stably with negligible degradation when using the cracked NH3 as 
fuel. Future investigations may focus on integrating this catalyst into the anode of the cells 
to simplify the conversion process while maintaining high in situ conversion efficiency. 
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