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A B S T R A C T

Ammonia is a promising fuel for protonic ceramic fuel cells (PCFCs) as it has a higher energy density and storage 
capacity than hydrogen. However, due to low catalytic activity and poor stability, the conventional Ni and 
proton conductor cermet anode struggles to operate efficiently in ammonia atmospheres at intermediate tem-
peratures such as 550 ◦C. In this study, we present a self-assembled BaCo0.43Fe0.43Ni0.17O3-δ/BaCe0.8Y0.2O3-δ 
(BMO7/BCY3) as an anode catalytic layer (ACL), in situ phase separation and reduction of BaO/CoFeNi from 
BMO phase and nano alloy grown on the proton conductor phase (BCY) host oxide under reduced atmosphere. 
The co-reduction of the Co, Fe, and Ni promotes Fe reduction, and the resulting alloy aids in ammonia adsorption 
and nitrogen desorption, leading to high ammonia decomposition rates at reduced temperatures (550 ◦C). 
Consequently, PCFC with the BMO7/BCY3 ACL demonstrates enhanced power output with a 74 % improvement 
and more importantly a significantly improved cell lifetime with 60 h operation without obvious power 
degradation compared to the gradual deterioration of the cell without an ACL that completely failed at 43h when 
using ammonia fuel at 550 ◦C.

1. Introduction

Protonic ceramic fuel cells (PCFC) are effective power generation 
devices that can convert chemical energy from several fuel sources, such 
as hydrogen (H2) and ammonia (NH3), to electricity at intermediate 
temperature ranges between 400 and 600 ◦C [1–5]. Compared to 
last-generation solid oxide fuel cells (SOFCs), PCFCs offer lower acti-
vation energy for proton conduction, improved thermal cycling stability, 
and enhanced fuel flexibility, making them promising candidates for 
next-generation energy conversion systems. While hydrogen remains 
the primary focus in PCFC research, its low volumetric energy density 
(~8 MJ/L at 700 bar) and challenging storage requirements, such as 
cryogenic liquefaction (− 253 ◦C) or high-pressure compression, limit its 
commercial viability [6–8]. As an alternative, NH3 has a higher volu-
metric energy density (~12.7 MJ/L), can be liquefied at − 33 ◦C under 

atmospheric pressure, and benefits from an established transportation 
infrastructure [9,10]. These advantages make ammonia a viable fuel 
candidate for PCFCs. However, its direct utilization in PCFCs faces 
challenges, including high-temperature decomposition requirements, 
and electrode degradation due to metal nitride formation, necessitating 
further material and catalytic optimizations.

However, the application of ammonia in PCFCs is limited by several 
challenges. A key limitation is the low ammonia conversion rate at in-
termediate temperatures, which restricts hydrogen availability for 
electrochemical oxidation, thereby reducing power output. Ammonia 
decomposition is an endothermic reaction that requires high operating 
temperatures (>600 ◦C) for efficient conversion. At lower temperatures, 
the reaction becomes sluggish due to kinetic constraints in N–H bond 
dissociation and N2 recombination, leading to partial decomposition and 
unreacted NH3 crossover, which further degrades cell performance. In 
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conventional PCFCs, the anode is typically a Ni-BZCYYb (BaZr0.1-

Ce0.7Y0.1Yb0.1O3-δ) cermet, which provides both protonic and electronic 
conduction while enabling catalytic activity for hydrogen oxidation 
[11–14]. When ammonia is used as fuel in PCFCs, the NH3 is first 
decomposed into nitrogen and hydrogen, the hydrogen then being 
further oxidised at the anode [15,16]. However, the ammonia decom-
position reaction is sluggish at reduced temperatures. Feng reported that 
the ammonia conversion rate for Ni + BZCYYb could reach 95 % at 
600 ◦C but decrease to 46 % at 500 ◦C [17]. This reduction limits the 
application of ammonia in PCFCs at lower temperature ranges. In 
addition to power output, microstructural changes in the anode material 
also shorten the lifespan of the PCFCs. During the ammonia dehydro-
genation process, Ni3N forms on the Ni surface [18,19]. However, the 
Ni3N is not thermally stable in either ammonia or hydrogen atmospheres 
at intermediate temperatures, and it decomposes back into metallic Ni 
[20]. This decomposition process causes Ni particle agglomeration, 
disrupts electronic percolation and weakens the mechanical integrity of 
the anode, ultimately leading to performance degradation and failure of 
the PCFC [21,22]. Therefore, mitigating ammonia-induced degradation 
while ensuring efficient NH3 conversion remains a critical challenge in 
the development of ammonia-fueled PCFCs.

To improve the lifetime of the PCFCs when operating with ammonia, 
applying efficient catalysts for ammonia pre-cracking is an effective 
solution [23]. However, the complexity of the PCFC system makes 
catalyst integration challenging. One option is to use a separate 
ammonia cracking reactor before the PCFCs. This external reactor en-
sures that the PCFC does not come into direct contact with ammonia, 
helping to protect the Ni from poisoning [24]. However, this approach 
increases system complexity, cost, and heat management challenges, 
making it less viable for commercial applications. An alternative strat-
egy is the integration of a reforming layer directly on the PCFC anode, 
enabling in situ ammonia decomposition while simplifying the system 
architecture and reducing additional infrastructure costs.

Noble metals such as Ru and Pd, as well as non-noble metals like Ni 
and Fe, are commonly used as catalysts for ammonia decomposition, as 
the reaction occurs on the metal surface [25–29]. Noble metals generally 
offer better ammonia decomposition efficiency compared to transition 
metals [23,28,30]. However, incorporating noble metals such as Pd and 
Ru into the anode significantly increases the cost, which is a limitation 
for the development of the Direct Ammonia Solid Oxide Fuel Cell 
(DASOFC) system. As a more cost-effective alternative, transition metal 
catalysts like Fe and Co have been used in PCFCs, achieving satisfactory 
ammonia conversion rates at temperatures above 650 ◦C [31–33]. 
However, the ammonia decomposition efficiency of single transition 
metal catalysts at lower temperatures limits their use [19].

To address these challenges, alloying metal catalysts offers a solu-
tion. The formation of alloy catalysts can improve the performance of 
both noble and non-noble metal catalysts and reduce the amount of 
precious metals required [34,35]. For example, Liu et al. introduced Ru 
and Fe into the anode supporting layer, forming an in-situ RuFe alloy 
that enhances ammonia decomposition. This approach mitigates the 
poisoning of Ni at the anode and improves the stability of the PCFC at 
600 ◦C under ammonia exposure [36]. However, the cost and exsolution 
efficiency of noble metal catalysts limits their widespread use. Transi-
tion metal alloys also perform better than single-metal catalysts in 
ammonia decomposition reactions. For example, a NiCo alloy catalyst 
supported by La0.52Sr0.28TiO3 outperforms single Ni or Co catalysts on 
the same support at 800 ◦C [37]. However, these alloys still face chal-
lenges in achieving satisfactory ammonia decomposition efficiency at 
reduced temperatures below 550 ◦C.

To maximize catalytic activity, controlling the size and dispersion of 
metal particles is crucial. Smaller particles provide a larger active sur-
face area for the ammonia decomposition reaction, while high disper-
sion reduces metal loading and enhances metal-oxide interactions. 
Techniques such as in situ exsolution and infiltration are used to load 
metal particles onto support materials in a way that achieves small, well- 

dispersed nanoparticles [35,38,39]. Compared to conventional infiltra-
tion, exsolution of metal nanoparticles from perovskite oxides offers 
smaller particle sizes, better distribution, greater stability, and better 
metal-support interaction [40,41]. Therefore, perovskite oxide catalysts 
could exsolve metal nanoparticles in reducing atmospheres are prom-
ising for ammonia decomposition reactions.

In addition to metal selection, the choice of support material plays a 
critical role in ammonia decomposition. The right support can optimize 
the performance of the metal catalyst. For example, proton-conducting 
materials as supports for the same metal can yield higher ammonia 
conversion rates compared to conventional supports [42]. In the case of 
DASOFC anode supports, using proton-conducting BaZr0.8Y0.2O3-δ 
instead of oxygen-conducting materials like YSZ or SDC boosts the 
ammonia decomposition activity of Ni, even at the same catalyst loading 
[43,44]. Herein, to solve the issues mentioned above, a catalyst made of 
transition metal alloy deposited by a proton conductive substrate with a 
high ammonia decomposition efficiency is desired.

In this study, we applied an anode catalytic layer (ACL) strategy for 
PCFCs, using a highly dispersed non-noble metal alloy catalyst on a 
proton-conducting support. This is achieved by the in-situ formation of a 
transition metal alloy catalyst from a self-assembled perovskite oxide, 
BaCo0.43Fe0.43Ni0.17O3-δ/BaCe0.8Y0.2O3-δ (BMO7/BCY3) with a molar 
ratio of 7:3. The highly dispersed nano-size CoFeNi (CFN) alloy particles 
form from one of the self-assembled phases under reducing conditions at 
high temperatures, while another proton-conducting phase improves 
ammonia decomposition performance. This combination helps maintain 
the stability of the PCFCs in ammonia environments. Compared to single 
metal phase separation samples from BaCoO3-δ/BaCe0.8Y0.2O3-δ (BCO7/ 
BCY3), BaFeO3-δ/BaCe0.8Y0.2O3-δ (BFO7/BCY3), and BaNiO3- 

δ/BaCe0.8Y0.2O3-δ (BNO7/BCY3), the alloy particles formed from 
reduced BMO7/BCY3 (r-BMO7/BCY3) exhibit superior ammonia 
decomposition performance due to enhanced exsolution efficiency, 
improved ammonia adsorption, and better nitrogen desorption kinetics. 
As a result, the r-BMO7/BCY3 ACL efficiently decomposes ammonia and 
protects the Ni microstructure at the PCFC anode from ammonia 
poisoning. This leads to improved stability of the PCFC single cell at 
reduced temperatures, such as 550 ◦C, compared to cells without an 
ACL, which experience significant performance degradation.

2. Methodology

2.1. Material synthesis

The BMOx/BCY10-x series catalyst materials, the PCFC electrolyte 
material BaZr0.1Ce0.7Y0.1Yb0.1O3-δ (BZCYYb), and PCFC cathode mate-
rial BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY) were synthesised by using the sol- 
gel method. Taking BaCo0.43Fe0.43Ni0.17O3-δ/BaCe0.8Y0.2O3-δ (BMO7/ 
BCY3) as an example, stoichiometric amounts of Ba(NO3)2, Co(NO3)2 ⋅ 
6H2O, Fe(NO3)3 ⋅ 9H2O, Ni(NO3)2, Ce(NO3)3 ⋅ 6H2O and Y(NO3)3 ⋅ 6H2O 
were dissolved in DI water. Citric acid (CA) was added to the solution, 
followed by the addition of ethylenediaminetetraacetic acid (EDTA) in 
the ammonia solution. The metal: CA: EDTA molar ratio was maintained 
at 1: 2: 1. The pH of the solution was adjusted to ~10 using ammonia 
solution. The gel was formed after the water evaporated under 80 ◦C, the 
gel was then put into an oven at 260 ◦C for 5h to get the precursor 
powder. The precursor powder was then sintered at 1000 ◦C for 5h to 
obtain the final perovskite oxide phase.

2.2. Fabrication of single cells

The PCFC anode was prepared by mixing nickel oxide, BZCYYb, and 
starch with a mass ratio of 6:4:1. The electrolyte powder was made by 
mixing 1 wt% NiO to the BZCYYb powder. A 0.4g amount of anode 
powder was first pressed under a lower pressure, followed by the coating 
of 0.02 g of electrolyte powder onto the anode disk surface. The two 
layers were then co-pressed under higher pressure and sintered at 
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1450 ◦C for 5 h to obtain the PCFC half-cells. The cathode slurry was 
made by ball milling 1 g BCFZY cathode powder with 10 mL iso-
propanol, 1 mL glycerol, and 2 mL ethylene glycol for 30 min. The anode 
reforming layer slurry (ammonia decomposition catalyst) was prepared 
using the same method. The BCFZY was applied onto the electrolyte side 
of the half-cell via spray coating with an active area of 0.45 cm2, and the 
cell was finally sintered at 1000 ◦C for 2h to obtain the full single cell.

2.3. Ammonia decomposition activity test

For the ammonia decomposition activity test, 0.2 g of catalyst 
powder, sieved through a 100 μm sieve, was placed in a continuous 
fixed-bed quartz reactor inside a vertical furnace. The catalyst was 
heated to 600 ◦C in a hydrogen flow at a rate of 30 mL min− 1, with a 
heating rate of 10 ◦C min− 1. It was then held at 600 ◦C for 1 h to reduce 
the catalyst. Afterward, the gas flow was switched to ammonia at a rate 
of 20 mL min− 1, and the catalyst was heated within a temperature range 
of 400–600 ◦C, with intervals of 50 ◦C. After 1 h of stabilization, the gas 
product was collected from the reactor outlet and analysed using a 
Shimadzu GC-2014 gas chromatograph equipped with a thermal con-
ductivity detector (TCD).

2.4. Electrochemical performance measurement

The silver paste was brushed onto the cathode side of the single cell 
with a configuration of the NiO + BZCYYb/BZCYYb/BCFZY. Silver wires 
were used to connect the electrode surface to the electrochemical test 
station. The single cell was then mounted onto the ceramic tube and 
sealed using a ceramic bond (Aremco 671).

The single cell was first heated to 600 ◦C with a heating rate of 5 ◦C 
min− 1. Once it reached 600 ◦C, H2 (50 mL min− 1) was supplied to the 
anode and air was supplied to the cathode side. The single-cell output 
was characterized using linear scanning voltammetry (LSV) and elec-
trochemical impedance spectroscopy (EIS) tests, conducted with an 
Autolab PGSTAT302 N potentiostat. The testing temperature ranges 
between ◦C 600 and 400 ◦C. Subsequently, ammonia was supplied to the 
anode side at a flow rate of 20 mL min− 1, replacing hydrogen. The cell 
was discharged at 0.2 A cm− 2 at 550 ◦C for long-term stability testing of 
the ammonia-fueled PCFC.

2.5. Characterization

The crystal structure and composition analysis of the as-synthesised 
and reduced catalysts was conducted by X-ray diffraction (XRD). Lab 
XRD was performed by a Bruker D8 Advance diffractometer at the 
Centre for Microscopy and Microanalysis (CMM), which equipped with a 
Bragg-Brentano geometry and a Cu X-ray source. Synchrotron X-ray 
diffraction (SXRD) was conducted in the Australian Synchrotron powder 
diffraction beamline at the Australian Nuclear Science and Technology 
Organisation (ANSTO). For reduced catalyst samples, the samples were 
treated in H2 at 600 ◦C for 5h. For SXRD measurements of the reduced 
catalyst samples, the powder was quenched after hydrogen treatment, 
then loaded into quartz capillaries with a diameter of 0.4 mm, and 
sealed with wax prior to the measurement. Lab XRD and SXRD data were 
analysed using the GSAS-II software [45]. The instrument parameters 
were determined using standard reference materials 640c and 660b 
from the National Institute of Standards and Technology for Lab XRD 
and SXRD, respectively [46,47]. For the refinement of BMO7/BCY3, the 
crystallographic model was initially based on BaCoO3 and 
BaCe0.9Y0.1O3. For the refinement of r-BMO7/BCY3 using the SXRD 
results, BaCe0.9Y0.1O3, BaCO3, and Fe0.33Co0.48Ni0.19 were used as the 
starting crystallographic models [48]. The morphology of the catalysts 
and cells was examined by using field emission scanning electron mi-
croscopy (FE-SEM, JEOL JSM-7800F) at CMM. High-resolution trans-
mission electron microscopy (HR-TEM, Hitachi HF 5000, Japan) was 
employed to inspect the interface between phases and CFN alloy 

nanoparticles in the r-BMO7/BCY3 sample. To study the valence state of 
the transition metal in different catalyst samples, X-ray photoelectron 
spectroscopy (XPS) was conducted using a Kratos Axis Supra Plus XPS at 
CMM. The collected XPS data were analysed using the CasaXPS software 
[49], and the carbon peak at 284.4 eV was used for calibration. Nitrogen 
adsorption-desorption isotherms were measured at 77K using a Micro-
meritics TriStar II surface area analyser to assess the surface area of the 
catalyst samples. Prior to nitrogen adsorption, the samples were heated 
in a vacuum at 200 ◦C for 12 h using a Micromeritics VacPrep 061 
sample preparation device. The surface areas of the samples were 
determined using a Brunauer-Emmett-Teller (BET) model.

To further investigate metal particle phase separation status and 
properties, ammonia adsorption, and nitrogen adsorption process, 
hydrogen temperature-programmed reduction (TPR), ammonia 
temperature-programmed desorption (TPD) and nitrogen TPD were 
performed. These tests were conducted using a BELCAT (BEL Japan) 
system equipped with a TCD. To measure the TPR profiles, samples were 
heated to 500 ◦C and held for 1 h before being cooled to room tem-
perature in a flowing He atmosphere (20 mL min− 1) to remove absorbed 
water or other species. The samples were then exposed to H2 at a flow 
rate of 20 mL min− 1 and heated to 900 ◦C, while the H2-TPR profile was 
recorded. For NH3 TPD test, samples were exposed to NH3 at 20 mL 
min− 1 at 50 ◦C for 1 h, then heated in He gas while the NH3 TPD profile 
was recorded. For the N2 TPD test, samples were exposed to N2 at 20 mL 
min− 1 at 600 ◦C for 1 h, then cooled to room temperature under N2 
atmosphere. He was then used to heat the samples while the N2 TPD 
profile was recorded.

3. Result and discussion

3.1. Structure and morphology of catalysts

Fig. 1a illustrates a schematic of the in-situ formation process of the 
CFN nanoalloy catalyst on the surface of BaCe0.9Y0.1O2.95 (BCY). Upon 
synthesis, the BMO7/BCY3 self-assembles into two phases: one phase is 
similar to BCY, while the other phase (BMO) resembles BaCoO3 (BCO). 
When exposed to a reduced atmosphere at high temperatures, such as 
600 ◦C, CFN metal alloy nanoparticles come from both BMO and BCY 
phase, and BaO comes out from the BMO phase. As a result, the 
remaining BMO phase reduces in size, and BaO and nanoparticles are 
highly dispersed across both the remaining BMO and BCY phases. Dur-
ing the ammonia decomposition reaction, the CFN on the BaO and BCY 
support will efficiently convert ammonia into hydrogen and nitrogen.

Fig. 1b shows the XRD patterns of as-synthesised BMO7/BCY3, BCY 
(PDF#01-083-5709) and BCO (PDF#04-019-7747) with PDF card 
numbers 04-019-7747 and 01-083-5709 [48] at top; r-BMO7/BCY3, 
BCY, BaCO3 (PDF#00-045-1471), and Fe0.33Co0.48Ni0.19 
(PDF#04-016-6385). As observed in Fig. 1b, the as-synthesis 
BMO7/BCY3 sample has a phase separation into an orthorhombic and 
a cubic phase. Similar self-assembly composite structures have been 
reported by several researchers [50–53]. Based on the Rietveld refine-
ment of BMO7/BCY3, as shown in Fig. S1 and Table S1, phase separation 
is observed in BMO7/BCY3. The as-synthesised BMO7/BCY3 contains 
two crystalline phases: a major cubic phase (72.6 wt%) with a space 
group of Pm-3m, similar to perovskite BCO, which has a lattice param-
eter of a = b = c = 4.1 Å, and a minor orthorhombic phase (27.4 wt%) 
with a space group of Pnma, similar to perovskite oxide BCY, which has a 
lattice parameter of a = 6.2077 Å, b = 8.8020 Å, and c = 6.2138 Å. 
While the BCY phase matched well with the peak positions and in-
tensities from the reference pattern, the BCO phase exhibited lattice 
expansion, resulting in a shift of all peaks to lower angles, which might 
be due to the dopant of the Fe and Ni. Fig. 1c and Table S2 show the 
Rietveld refinement result for r-BMO7/BCY3 from Synchrotron XRD 
(SXRD), where two orthorhombic and one cubic crystalline phases are 
observed. The first phase is a CFN alloy phase (24.5 wt%), with lattice 
parameters a = 3.5357 Å, the second phases (71.5 wt%) is similar to 
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BCY, with lattice parameters a = 6.2146 Å, b = 8.7751 Å, and c =
6.2336 Å, and the third phases (4 wt%) is similar to BaCO3, with a lattice 
parameter of a = 6.4144 Å, b = 5.3203 Å, and c = 8.8722 Å. The for-
mation of BaCO3 is observed in both the lab-based XRD and SXRD re-
sults, as shown in Fig. 1b and c. This may be attributed to contamination 
from ambient CO2 during sample transfer and characterization. The SEM 
and XRD results presented in Fig. S2 demonstrate the effect of air 
exposure over time (2h and 24 h) on the r-BMO7/BCY3 samples. Similar 
heterogeneous phase separation can be also found in different nano-
particle exsolution research [54–56]. Catalyst BCO7/BCY3, BFO7/BCY3 
and BNO7/BCY3 with varying single metal concentrations of Co, Fe, and 
Ni in the B-site were also synthesised using the sol-gel method as 
reference sample for comparison. The XRD patterns for these samples 
are presented in Figure S3 a, b, c. From Fig. S3, a single orthorhombic 
crystal structure is observed in the samples with lower transition metal 
loading, while a second cubic phase forms as the metal content increases 

in the perovskite oxide, hexagonal phase also forms as the metal con-
centration increases to 70 % [50,57].

The morphology of the alloy or metal particles was observed by 
scanning electron microscopy (SEM). The SEM images of the as- 
synthesised BMO7/BCY3, BCO7/BCY3, BFO7/BCY3, and BNO7/BCY3 
samples show the presence of nanoparticles on the surface of the bars, 
which result from phase separation (Fig. S4). The SEM images of the 
reduced samples are shown in Fig. S5, r-BMO7/BCY3 and r-BFO7/BCY3 
were covered by nanoparticles. In addition to nanoparticles, surface 
reconstruction is observed in r-BMO7/BCY3, r-BCO7/BCY3, and r- 
BNO7/BCY3 due to vigorous phase separation and reduction reactions.

Transmission electron microscopy (TEM) was also performed to 
confirm the formation and morphology of the CFN alloy. The high- 
resolution TEM (HR-TEM) results of the r-BMO7/BCY3, shown in 
Fig. 1d, reveal the CFN nanoalloys with a lattice spacing of 0.07 nm 
(CFN (422) diffraction plane) were socketed into the BCY phase with a 

Fig. 1. (a) Schematic of the formation of the CFN nanoalloy from BMO7/BCY3, and operation in ammonia condition, (b) XRD patterns of (top) BMO7/BCY3, BCY, 
and BCO, and (bottom) r-BMO7/BCY3, BCY, BaCO3, and Fe0.33Co0.48Ni0.19, (c) Rietveld refinement profile using SXRD data of r-BMO7/BCY3, (d) The HR-TEM image 
and (e) STEM-EDX mapping results for r-BMO7/BCY3.
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lattice spacing of 0.29 nm which corresponding to BCY (210) diffraction 
plane. The STEM image of the r-BMO7/BCY3, shown in Fig. 1e, confirms 
the formation of nanoparticles on the support material surface. The 
morphology, particle size, and composition of the nanoparticles were 
confirmed by energy-dispersive X-ray (EDX) mapping, as shown in 
Fig. 1e. The Co, Fe, and Ni round nanoalloys, with a diameter of 50 nm, 
were confirmed based on the distribution of the Co, Fe, and Ni elements. 
The BCY, BaO, and CFN alloy are highlighted on Fig. 1e, for the BCY 
segregated area, the stronger signal of Ba, Ce, Y, and O can be observed; 
for the BaO-rich area, the Ba and O obtained a higher intensity while Ce, 
Y, Co, Fe, and Ni have relatively lower intensity; for the CFN area, the 
Co, Fe, and Ni signals are high on the area that Ba, Ce and Y also strong. 
The Ba, Ce, and O distribution confirms that the nanoalloy particles are 
deposited and well in contact with the BCY. Moreover, no Ba-rich re-
gions were observed, suggesting that BaO is evenly distributed onto both 
BCY and BMO surfaces.

3.2. Evaluation of ammonia decomposition catalytic activity

To investigate the phase separation and metal reduction behaviours 
of the transition metals in the BCY system, hydrogen temperature pro-
grammed reduction (H2-TPR) analysis was performed on BMO7/BCY3, 
BFO7/BCY3, BNO7/BCY3, and BCO7/BCY3. Fig. 2a shows the H2-TPR 
result between 100 and 900 ◦C. All samples exhibit the first reduction 
step starting around 300 ◦C, likely related to the reduction of metal ions 
in the B-site. As the metal in the B-site was reduced, more oxygen va-
cancies are generated, facilitating the following reduction process at 
higher temperatures [58]. The temperatures at which hydrogen con-
sumption occurred during the second reduction step (above 500 ◦C) 
varied. The reduction of Fe from Fe4+/Fe3+/Fe2+ to Fe0 mainly occurred 
at 697 ◦C, the reduction of Co from Co3+/Co2+ to Co0 took place after 
586 ◦C, and Ni2+ reduction was observed around 631 ◦C. However, for 
BMO7/BCY3, the first reduction step stops around 600 ◦C, suggesting 
that the reduction process for BMO7/BCY3 was more vigorous than for 
the single metal dopants in the BCY system. The second reduction step 

Fig. 2. (a)H2 TPR profile of four catalysts between 100 and 900 ◦C, (b) Ammonia conversion rate of four catalysts between 400 and 600 ◦C, (c) Ammonia con-
versation rate of r-BMO7/BCY3 catalyst in fix bed reactor at 550 ◦C for 200hrs, (d) XRD patterns of r-BMO7/BCY3 catalyst freshly reduced in hydrogen at 600 ◦C for 
1hr, and tested in fix bed reactor at 550 ◦C for 200hrs (24h exposed to air before XRD), (e) NH3 TPD profile of four catalysts between 100 and 800 ◦C. (f) N2 TPD 
profile of four catalysts between 200 and 800 ◦C.
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for BMO7/BCY3 began at 796 ◦C, indicating that the system became 
more stable after the initial reduction compared to other single-metal 
samples. For the catalyst operating below 600 ◦C, a second reduction 
or reconstruction will not occur during the operating temperatures, of-
fering a more stable structure in operating conditions. The co-doping of 
the transition metals into the B-site of the perovskite oxide facilitates the 
reduction of metals from the metal oxide to metal particles and moves 
from the perovskite structure to the surface at a lower reduction 
temperature.

To examine the metal reduction status and valence states of the 
metals on the perovskite oxide surface, X-ray photoelectron spectros-
copy (XPS) was employed. As illustrated in Figure S6 a, b, c, after 1h of 
reduction at 600 ◦C, Co, Fe, and Ni metal particles were observed on r- 
BMO7/BCY3 compared to the freshly synthesised samples [59]. In 
r-BMO7/BCY3, 5 % of Co, 4 % of Fe, and 8 % of Ni were reduced as alloy 
metal particles from the main cubic phase, whereas only 3 % of Co, 2 % 
of Fe, and 3 % of Ni were observed in r-BCO7/BCY3, r-BFO7/BCY3, and 
r-BNO7/BCY3 respectively (Figure S6 d, e, f). For Ni or Co with lower 
exsolution Gibbs free energy [60,61], only minor differences in metal 
concentration were observed due to the easier metal reduction process 
[62]. The significantly higher Fe phase separation in r-BMO7/BCY3 
compared to r-BFO7/BCY3 suggests that the formation of metal alloy 
nanoparticles is more efficient in the alloy system than in the single 
metal reduction. By combining the H2-TPR and XPS data from the single 
metal and alloy phase reparation samples, it can be concluded that the 
alloy co-reduction process leads to increased loading of the highly 
dispersed CFN alloy.

Fig. 2b compares the ammonia decomposition catalytic activity of r- 
BMO7/BCY3 with that of r-BCO7/BCY3, r-BFO7/BCY3, and r-BNO7/ 
BCY3, between 600 and 400 ◦C. The ammonia conversion rates of r- 
BMO7/BCY3 at 600, 550, 500, 450, and 400 ◦C are 94.80 %, 80.54 %, 
55.64 %, 24.60 % and 8.89 %, respectively, which are higher than those 
observed for all other single-metal-doped samples. The CFN alloy 
nanoparticles are active catalysts for converting the ammonia into 
hydrogen and nitrogen. In addition to CFN alloy, the BCY support offers 
a proton conduction condition that facilitates the ammonia decompo-
sition reaction [44]. Furthermore, the BaO from BMO phases could also 
improve the ammonia decomposition process as the basicity of the 
material is increased [63]. The surface area of the catalyst samples was 
confirmed by using N2 adsorption-desorption, which can be found in 
Table S3 and Fig. S7, ruling out surface area differences as a factor 
contributing to the observed variations in ammonia decomposition 
performance.

Based on the TPR result, the first reduction finishes at around 600 ◦C. 
Fig. S8 shows the change in the ammonia conversion rate of the syn-
thesised BMO7/BCY3 at 600 ◦C over time. After 15 min, an 81 % 
ammonia decomposition rate is achieved. The hydrogen produced from 
ammonia decomposition reduces BMO7/BCY3, leading to the formation 
of nanoalloys on the surface, which further enhances the ammonia 
decomposition reaction. A stable ammonia conversion rate is reached 
after 60 min. The ammonia conversion rate of r-BMO7/BCY3 at 550 ◦C 
with different gas space velocities is shown in Fig. S9. At a space velocity 
of 6000 ml gcata

− 1 h− 1, the conversion rate is 80.54 %, which slightly 
decreases at higher space velocities, such as 12000 ml gcata

− 1 h− 1, where 
the conversion rate drops to 74 %.

In contrast, the ammonia decomposition performance of single- 
metal-doped catalysts with varying metal concentrations is given in 
Fig. S10. These data demonstrate that the optimal ammonia conversion 
performance occurs at 30 % Co, 30 % Fe, and 10 % Ni concentrations. 
Beyond this threshold, increasing the metal concentration does not 
improve ammonia conversion performance. Based on this, BMO7/BCY3 
was selected as the metal alloy material for further testing and analysis.

Fig. 2c presents the stability test results for r-BMO7/BCY3 in 
ammonia for 200h at 550 ◦C. The ammonia conversion rate of the 
sample after 200h in ammonia remains at a similar level to the freshly 
reduced sample, indicating stable ammonia conversion performance 

over the extended operation. Fig. 2d shows the XRD patterns of r-BMO7/ 
BCY3 samples before and after the 200-h ammonia stability test 
(exposed in air for 24h). The primary phases in BMO7/BCY3 remain 
unchanged after the 200-h ammonia decomposition reaction.

During the ammonia decomposition reaction on the metal surface, 
ammonia is first adsorbed, followed by a dehydrogenation reaction 
where hydrogen is removed from the ammonia molecules, and nitrogen 
desorbs from the metal surface [64]. To understand this process on the 
metal of the catalysts, N2 and NH3 TPD were conducted to measure the 
ammonia absorption and nitrogen desorption abilities for metal alloy 
catalysts and single metal catalysts.

Fig. 2e shows the NH3 TPD result. Combined with the ammonia 
decomposition data, under 400 ◦C, the lower desorption temperature 
from desorption peaks means a weaker interaction between ammonia 
and catalysts, while at higher temperatures, the desorption peaks might 
indicate a strong interaction between the gas and the catalysts [65]. The 
metal alloy catalyst, r-BMO7/BCY3, exhibits a peak at 426 ◦C, which is 
higher than that of the catalyst with Fe loading, suggesting a better 
ammonia adsorption ability compared to r-BFO7/BCY3. Single-metal 
catalysts with Ni or Co, show a higher desorption temperature than 
r-BMO7/BCY3, indicating a weaker interaction between the metal alloy 
catalyst and ammonia gas after introducing Fe into the system. How-
ever, the r-BMO7/BCY3 has a larger peak area than the single metal 
catalyst r-BNO7/BCY3 and r-BCO7/BCY3, which indicates a better 
ammonia capacity of the r-BMO7/BCY3.

The N2-TPD result can be found in Fig. 2f, a similar trend for the N2 
desorption on the Ni/Fe catalysts has been reported [66,67]. Compared 
to single-metal samples, the N2 desorption temperature of the 
r-BMO7/BCY3 is much lower at 289 ◦C, which shows an improved N2 
desorption ability. This helps the N2 desorption after the ammonia 
decomposition reaction, which promotes the ammonia conversion re-
action efficiency.

3.3. PCFC single cell performance

To assess the suitability of r-BMO7/BCY3 as an ACL for the PCFCs, 
two single cell configurations were tested with and without r-BMO7/ 
BCY3 for comparison. The classic cathode material BCFZY was chosen 
due to its reliable and stable performance among various cathode ma-
terials [68]. The electrolyte thickness was controlled to approximately 
20 μm, as shown in Fig. S11.

The IV-IP curves for both cells, operating in hydrogen and ammonia 
atmosphere at 550 ◦C, are shown in Fig. 3a. For the cell with the r- 
BMO7/BCY3 layer, the peak power densities (PPD) of the cell in 
hydrogen and ammonia are similar, suggesting that the ACL and anode 
effectively convert most of the ammonia into hydrogen and nitrogen. 
However, for the cell without an ACL, the performance difference in 
different atmospheres indicates that the ammonia decomposition effi-
ciency of the bare anode is not satisfied. In addition to the PPD differ-
ence, the cell with r-BMO7/BCY3 ACL obtained a higher OCV, which 
suggests a higher hydrogen concentration than the cell without the ACL 
[69]. These results demonstrate that the ACL r-BMO7/BCY3 could 
enhance cell performance in both hydrogen and ammonia environ-
ments. The PPD of the cells in different atmospheres and temperatures 
can be seen in Fig. 3b, when using H2 as fuel, the cell with r-BMO7/BCY3 
ACL reached PPD of 716, 514, 335, 200, and 101 mW cm− 2 at 600, 550, 
500, 450, and 400 ◦C, respectively. When ammonia was used as the fuel, 
the same cell reached a PPD of 680, 448, 273, 142, and 45 mW cm− 2 at 
corresponding temperatures. In contrast, the cell without an ACL ach-
ieved only 561 and 402 mW cm− 2 at 600 ◦C when operated with H2 and 
NH3, respectively. The detailed IV-IP result can be found in Fig. S12. 
Fig. S13 compares the PPD of the state-of-the-art DASOFC at 550 ◦C [32,
36,70]. The performance of the single cell with r-BMO7/BCY3 is com-
parable to the DASOFC at 550 ◦C.

To further assess the long-term stability, a stability test was con-
ducted in an ammonia environment. As shown in Fig. 3c, the single cell 
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without the ACL exhibits slow degradation, followed by a rapid per-
formance drop and sudden failure after 43 h of operation at 200 mA 
cm− 2 under 550 ◦C in ammonia. In contrast, the cell with the r-BMO7/ 
BCY3 ACL showed stable power output for nearly 60 h, with only minor 
fluctuations observed at 40 h due to a device restart. This demonstrates 
that the r-BMO7/BCY3 ACL helps prevent anode degradation and failure 
in ammonia environments.

The Nyquist plot of both cells in hydrogen and ammonia based on 
electrochemical impedance spectroscopy (EIS) analysis performed at 
550 ◦C can be found in Fig. 3d. The EIS spectra were analysed based on 
LR0(R1/CPE1)(R2/CPE2) (R3/CPE3) equivalent circuit. In the hydrogen 
atmosphere, both cells exhibited similar ohmic and polarisation 

resistances, with the cell without an ACL even showing a lower polar-
isation resistance. However, in ammonia, the cell with r-BMO7/BCY3 
displayed both lower ohmic and polarisation resistances compared to 
the cell without an ACL. This difference explains the higher power 
density observed for the cell with the ACL in ammonia. In addition to 
equivalent circuit analysis, Distribution of Relaxation Times (DRT) 
analysis was conducted to further investigate the electrode behavior of 
the cells operating in hydrogen and ammonia atmospheres, as shown in 
Fig. S14. In both atmospheres, a peak was observed at high frequencies 
(above 104 Hz) for both cells. This peak is attributed to charge transfer 
and ionic conduction processes occurring at the anode [71]. When the 
atmosphere changes from hydrogen to ammonia, the cell without an 

Fig. 3. (a) I–V and I–P curves of single cell with and without r-BMO7/BCY3 ACL in H2 and NH3 at 550 ◦C, (b) Comparison of the single cell performance with and 
without r-BMO7/BCY3 ACL in H2 and NH3 between 600 and 400 ◦C, (c) The stability of the fuel cells with r-BMO7/BCY3 ACL and without ACL operating in 200 mA 
cm− 2 under NH3 condition at 550 ◦C, (d) Nyquist plots of single cell with and without r-BMO7/BCY3 ACL in H2 and NH3 at 550 ◦C, (e) Radar chart of cell with and 
without r-BMO7/BCY3 ACL for electrochemical performance (f) SEM figure of fuel cell with r-BMO7/BCY3 catalyst layer and (g) without catalyst layer after stability 
test at 550 ◦C.
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ACL shows a significant increase in resistance at mid to low frequencies. 
This increase is associated with gas diffusion limitations in the anode 
layer [72,73], where factors such as hydrogen concentration and 
diffusion pathways have an impact. In contrast, the cell with the 
r-BMO7/BCY3 ACL shows a smaller increase in resistance in this fre-
quency range, indicating that the change in atmosphere has a less pro-
nounced effect on its performance. This finding explains why the cell 
with the r-BMO7/BCY3 ACL achieves better performance at 550 ◦C. The 
EIS of the cells, in both atmospheres between 600 and 400 ◦C, can be 
found in Fig. S15. The similar ohmic resistance in both cells indicates 
that the electrolyte thickness is comparable. Given that both cells used 
BCFZY cathodes of similar thickness, the difference in polarisation 
resistance can be attributed to the anode reactions. For the cell with the 
ACL, lower polarisation resistance was observed in both hydrogen and 
ammonia atmosphere, particularly in ammonia.

Fig. 3e displays a radar chart summarising the electrochemical per-
formance of the cells with and without r-BMO7/BCY3 ACL. The EIS 
results in ammonia show that the cells with r-BMO7/BCY3 ACL exhibit 
better electrochemical performance, as evidenced by their lower ohmic 
and polarisation resistances compared to the cell without an ACL. In 
addition to the EIS results, the degradation rate of the cell without an 
ACL was obvious compared to the cell with the r-BMO7/BCY3 layer, 
After 10h, the cell without an ACL completely failed around 43 h, while 
the cell with the r-BMO7/BCY3 ACL observers negligible reduction in 
performance for more than 60h. As a result, the cell with the r-BMO7/ 
BCY3 ACL demonstrates superior performance compared to the cell 
without an ACL.

The single cells after the stability test in ammonia were examined by 
SEM, as shown in Fig. 3f and g. For the cell with the r-BMO7/BCY3 ACL, 
as shown in Fig. 3f, the Ni particles have an average diameter of 1 μm, 
with some nanosized particles present on the BZCYYb anode support 
surface. The coarsening and agglomeration of Ni on the anode side were 
significantly reduced compared to the cell without an ACL, as shown in 
Fig. 3g. On the other hand, for the single cell without the ACL, the 
average diameter of the Ni particles was more than 2 μm, and the dis-
tribution of the Ni nanoparticles was less uniform, indicating significant 
agglomeration of Ni on the anode side. Compared to the Ni particles in 
the cell with the r-BMO7/BCY3 ACL, coarsening was observed in the cell 
without the ACL. This suggests Ni coarsened and agglomerated during 
the ammonia decomposition reaction, as the anode was exposed to high- 
concentration ammonia gas. This process led to changes and degrada-
tion in the Ni morphology, as well as damage to the Ni-BZCYYb inter-
face, which can ultimately cause the anode structure to break down and 
result in sudden cell failure, as observed by other researchers [17,35]. 
The r-BMO7/BCY3 ACL on the anode surface helps convert most of the 
ammonia into hydrogen and nitrogen, thereby lowering the ammonia 
partial pressure on the Ni surface and mitigating coarsening and 
agglomeration during cell operation.

4. Conclusion

In this study, a noble metal-free ACL strategy was applied to the 
PCFC anode to address the poor stability of Ni-based anodes under NH3 
conditions. The catalyst layer, composed of CFN alloy, enhances 
ammonia decomposition catalytic activity at reduced temperatures and 
mitigates the morphological degradation of Ni in the single cell. The 
formation of the CFN alloy in a reduced atmosphere enhances metal 
oxide phase separation and reduction to metal, ammonia adsorption, 
and nitrogen desorption, all of which contribute to improved ammonia 
decomposition efficiency. The BaO that comes from BMO increases the 
basicity of the catalyst, while the BCY support provides a proton con-
duction medium, both of which facilitate the ammonia decomposition 
process. As a result, the power density and lifetime of the single cell 
operating under ammonia conditions are significantly enhanced. The 
button cell with the r-BMO7/BCY3 ACL demonstrated stable perfor-
mance for over 60 h with negligible performance loss. This noble metal- 

free anode catalyst layer strategy offers a cost-effective approach to 
improving the long-term operation of PCFCs at reduced temperatures.
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