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Abstract 

Ammonia protonic ceramic fuel cells (NH3-PCFCs) are promising and attractive 

energy conversion devices owing to their high energy density, zero-carbon emission, 

and safety. Development of NH3-PCFCs, however, hinges largely on the insufficient 

activity and poor durability of typical Ni-based anodes towards ammonia 

decomposition, especially at low temperatures such as 550 oC. Herein, we report a self-

assembled hetero-structured Ru0.95Cu0.05Nix (RCN) catalyst through the in-situ reaction 

between the surface decoration of Ru0.95Cu0.05 nanoparticles and the Ni grain in the 

anode under typical processing conditions. At 550 oC, Ni-BaZr0.1Ce0.7Y0.1Yb0.1O3 

anode-supported PCFCs with the RCN catalysts obtain a high peak power density of 

0.732 W cm-2 and a significantly enhanced durability of 100 h in NH3. Moreover, the 

cells demonstrate improved thermal stability than the bare cell during a 31-cycle 

thermal cycling test in NH3 between 550 and 700 °C. The enhanced performance is 

likely attributed to the synergistic effects of Ru and Cu in RCN for NH3 decomposition, 

resulting in a more vital interaction of NH3 than that of the bare anode surfaces, as 

confirmed by the NH3 thermal conversion, electrochemical performance, and 

theoretical simulations.  

Keywords: Ammonia protonic ceramic fuel cells; Hetero-structured catalysts; In-situ 
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formation; Durability 

 

Introduction   

Protonic ceramic fuel cells (PCFCs) have demonstrated great promise in energy 

conversion applications owing to their high efficiency, compact design, broad fuel 

flexibility, and low emissions 1.  Ammonia is an attractive fuel for PCFCs because of 

its carbon neutrality, high hydrogen content, high volumetric energy density, and low 

explosive limit 2, 3. Direct utilization of ammonia in PCFCs (NH3-PCFCs) would 

eliminate the requirement for an external ammonia-cracking reactor, thus boosting 

energy efficiency and lowering the system costs 4-7. Low-temperature direct NH3-

PCFCs have been recognized as one of the most promising options for scale-up and 

commercialization 1, 8-10, however, this is primarily limited by the insufficient activity 

of anodes for ammonia conversion.    

In general, the utilization of ammonia in the PCFCs anode likely experiences the 

following steps: ammonia is first decomposed to N2 and H2; hydrogen is then split into 

H+, which transports through the electrolyte, diffuses to the triple phase boundaries 

(TPBs) in the cathode, and interacts with oxygen ions to form water in the cathode 11. 

The Ni-BaZr0.1Ce0.7Y0.1Yb0.1O3 (Ni-BZCYYb) anode has been recognized as the most 

developed anode in PCFCs due to its outstanding electrical conductivity, high catalytic 

activity, and cost-effectiveness 12. However, several urgent issues for the Ni-BZCYYb 

anode of NH3-PCFCs should be resolved, such as the nitridation, morphological 

corrosion/change, and agglomeration of the Ni phase after exposure to high-

concentration ammonia 5, 13. As a result, the cell performance often suffers from severe 

degradations due to the insufficient activity of ammonia decomposition and the poor 

durability of the electrodes 14. For example, the voltage of the Ni-BZCYYb anode-

supported cell reported by Pan et al. decreased to zero after 4 h at 650 oC in NH3 15. 

Similarly, the voltage of the NH3-PCFCs (composed of Ni-

BZCYYb|BaCe0.7Zr0.1Y0.1Yb0.1Ni0.04O3-δ (~4 μm-thick)|BaCo0.4Fe0.4Zr0.1Y0.1O3-δ)  

reported by Zhu et al. dropped to zero after ~15 h at 650 oC 16. Recently, the stability of 

NH3-PCFCs has been significantly improved by applying good catalysts in the anode 
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but only at high temperatures (>650 oC). For example, the introduction of efficient Fe-

Ni alloy electro-catalysts on the anode surface can considerably improve the activity 

and durability of NH3-PCFCs at 650 °C 17. A PCFC with a catalytic layer of 

Sr2Fe1.35Mo0.45Cu0.2O6−δ (SFMC) on the outer surface of anode has demonstrated a 

relatively stable operation at > 650 °C; the exsolved Fe and Cu nanoparticles from 

SFMC reacted with Ni to create highly active phases of NiCuFe and/or NiFe on the 

anode surface, resulting in improved performance and stability 18. The relatively poor 

ammonia decomposition activity and durability at low temperatures (such as 550 oC) 

remains a grand challenge. 

 Improving the stability of NH3-PCFCs at low temperatures is of great significance 

since the PCFC systems are often operated under a changing situations with 

considerable temperature variations. Furthermore, the NH3-PCFCs system would 

undergo rapid thermal cycling processes as a result of the start-up/off procedure 19. The 

poisoning of the anode at low temperatures could significantly deteriorate the 

performance of cells. Yang et al. reported high maximum power density (Pmax) values 

of 0.342 W cm-2 and 1.330 W cm-2 in NH3 at 550 oC and 650 oC, respectively, from 

thin-film solid oxide fuel cells (SOFCs) with an optimized electrolyte and anode 20. 

However, the long-term durability of the NH3-SOFCs at these temperatures has not 

been reported. Recently, Duan et al. reported a Pmax of 1.0 W cm-2 at 550 oC from 

optimized NH3-PCFCs with advanced electrolytes and cathodes, which is the best 

performance to date 21. This showed the great prospect of low-temperatures fuel cell 

operations; however, the durability of NH3-PCFCs at lower temperatures (≤ 550 °C) 

has not been reported 21. In addition to enhancing the ammonia decomposition catalytic 

activity of the anode at low temperatures, the systematic examination of the durability 

and thermal cycling stability of the electrode materials/structure at low temperatures 

must be addressed 22-26, expediting the commercialization of NH3-PCFCs.  

In this work, we report in-situ formed Ru0.95Cu0.05Nix (RCN) catalysts through the 

thermal diffusion between the surface decoration of Ru0.95Cu0.05 nanoparticles and the 

Ni grain or the precipitated Ni nanoparticles in the anode under typical processing 

conditions. We decorated the anode with an extremely low amount of Ru (2.85 mg/cm2) 
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and Cu (0.15 mg/cm2) through a one-step infiltration process. It has been demonstrated 

that Ru is the best catalyst for NH3 decomposition among 13 metallic catalysts 27, 

whereas its cost-effectiveness could be a bottleneck compared to Ni 28. It was also 

shown that Cu(111) has much lower adsorption energies of nitrogen than Ni(111) (–

3.32 eV versus –5.01 eV ) 29, 30, suggesting a lower N2 desorption barrier on Cu than on 

Ni as demonstrated 31.  Accordingly, the first-principles-based rational design of highly 

active and cost-effective alloyed nanoparticles composed of Ru and Cu on the Ni anode 

might regulate the associative desorption process of nitrogen and avoid the poisoning 

the anode. The RCN catalysts are selected as the novel high-performance ammonia 

decomposition catalysts because of the potential synergistic effect of Ru and Cu in RCN 

catalysts: it showed comparable or better catalytic activity than the monometallic active 

phases 32-37. The RCN-decorated Ni-BZCYYb anode (the RCN anode) achieved a high 

NH3 conversion rate of 98 % at 550 °C (vs. 46 % for the bare anode). The symmetrical 

anode cells with the RCN anode demonstrated low area-specific resistance (ASR), high 

stability, and thermal cycle reliability under NH3. When operated directly on ammonia, 

the single cells with the RCN anode deliver a typical high peak power density of 0.732 

W cm-2 and a remarkable durability of 100 h at 550 oC in NH3. Furthermore, the cells 

demonstrate improved performance stability than the bare cell during a 31-cycle 

thermal cycling test in NH3 between 550 and 700 °C. Characterization and analyses 

reveal that the surfaces of the RCN anode have shown superior catalytic activity, 

stability, and thermal cycle reliability for NH3-PCFCs at low temperatures. Furthermore, 

the mechanism of boosted activity and stability of hetero-structured RCN anode has 

been revealed by density functional theory (DFT) calculations.    

 

Results and Discussion  

In-situ formation and microstructures of the catalysts  

Figure 1a is the schematics of the in-situ formation process of the RCN catalyst 

on the Ni-BZCYYb anode surface. To architecture the anode with a self-assembled 

RCN catalyst, we utilized the thermal diffusion and reaction between the in-situ Ni 
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exsolution and one-step Ru0.95Cu0.05 infiltration processes on the Ni-BZCYYb anode 

under typical processing conditions. As shown in Figure 1a and Figure S2, Ni diffused 

into the lattice of BZCYYb during the high temperature-sintering process 38, 39. In situ 

exsolutions of Ni nanoparticles are observed in the anode supports phase during the 

initial stages of operation under reducing conditions 40, 41. We used the Ni-diffused 

BZCYYb (in the anode) as a platform for the subsequent self-assembly between 

exsolved Ni particles and infiltrated Ru0.95Cu0.05 particles to form Ru-Cu-Ni alloy 

catalysts. Briefly, 30µL (~3.0 mg cm-2) 0.1M Ru0.95Cu0.05 nitrate solution was infiltrated 

into the NiO-BZCYYb substrate, followed by the reduction in H2 at 700 °C for 2 h. 

Ru0.95Cu0.05 nanoparticles (NPs) effectively grew on the Ni anode surfaces and 

interacted with the exsolved Ni NPs on the BZCYYb support, resulting in active RCN 

catalyst 16, 40, 41. In the cell with the bare anode, the surface of the BZCYYb support is 

clean and smooth before the reduction in wet H2 (3% humidity), as shown in Figure 

S3a, ESI†. However, after 2 h of reduction in wet H2 (3% humidity) at 700 °C, Ni NPs 

(5-50 nm) are exsolved to the surface of BZCYYb, as shown in Figures 1b and Figure 

S3b, ESI†. In the cell with the RCN anode, RCN NPs with average diameters of ~30 

nm were dispersed on the surface of the anode (both the Ni and the Ni-diffused 

BZCYYb grains) (Figure 1c). The RCN catalyst shows higher surface coverage than 

those of exsolved Ni particles in the cell with reduced bare anode, which may suggest 

that Ru0.95Cu0.05 may trigger the exsolution of Ni in the Ni-BZCYYb composite. RCN 

NPs well dispersed on the BZCYYb support (from the anode) can provide higher 

catalytic surface areas and stronger interaction with the surface species by decreasing 

the distance for spillover (migration of adsorbates from Ni-BZCYYb) 41 than the bare 

anode surfaces. The XRD patterns of the reduced bare anode (black line), RCN anode 

(red line), and the reduced Ni/BZCYYb+Ru0.95Cu0.05 composite (prepared by mixing 

Ni/BZCYYb and Ru0.95Cu0.05 catalyst in a mass ratio of 1:1) (blue line) were shown in 

Figure 1d and 1e. The reduced RCN anode (red line) maintained a similar crystal 

structure to the reduced bare anode (black line). No peaks corresponding to Cu or Ru 

were observed due probably to their low loading (30µL,~3.0 mg cm-2). Ru and Cu have 

demonstrated the metallic state in the reduced Ru0.95Cu0.05 catalyst (Figure S4). The 
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peaks at 43.3, 50.4, and 74.1° are assigned to a metallic Cu phase. The peaks at 38.38, 

42.19, and 44.02° are attributed to a metallic Ru phase, while those at 44.51, 51.85, and 

76.37° are associated with a metallic Ni phase. To determine the possible reaction 

between the Ru0.95Cu0.05 catalyst and the Ni/BZCYYb anode under experimental 

conditions, the XRD of the reduced Ni/BZCYYb+Ru0.95Cu0.05 composite (mass ratio of 

1:1) was evaluated, as shown in Figure 1d and 1e (blue line). The shoulders located at 

42.34, 44.23, and 51.55° between the metallic phases of Ru, Cu, and Ni could be 

assigned to Ru-Cu-Ni alloys, indicating that an alloy with a possible composition of 

RuCuNi can be formed after the infiltration of Ru0.95Cu0.05 
42. In order to characterize 

the detailed electronic structure of the catalysts, we have employed X-ray photoelectron 

spectroscopy (XPS). As shown in Supplementary Note 1 and Figure S5a and b, Cu 

and Ru were undetectable in the XPS curves for the reduced RCN anode, due probably 

to their low loading (30µL,~3.0 mg cm-2). For the reduced Ni/BZCYYb+Ru0.95Cu0.05 

composite (mass ratio of 1:1) (Supplementary Note 1 and Figure S5c-f), XPS analysis 

confirmed that the electronic structures of Ni have been changed with the incorporation 

of Ru0.95Cu0.05. The metallic Ni, metallic Ru and Cu reacted to form a Ru-Cu-Ni alloy. 

The detailed information on the RCN anode was further investigated via transmission 

electron microscopic (TEM) analyses. The energy-dispersive spectroscopy (EDS) 

elemental mapping (Figure 1f) and the high-resolution TEM results (Figure 1g) 

indicated that Ru, Cu, and Ni are all present homogeneously in the RCN NPs on the 

BZCYYb surface after being reduced in H2 at 700 oC. 
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Figure 1. Characterizations of the in-situ formed RCN anode. (a) A schematic of 

fuel electrode modified with Ru0.95Cu0.05Nix nanoparticles when operated with NH3; 

(b) A detailed SEM image of the bare anode and (c) RCN anode; (d-e) XRD patterns 

of bare anode (black line), RCN anode (red line), and Ni/BZCYYb+Ru0.95Cu0.05 

composite (prepared by mixing Ni/BZCYYb and Ru0.95Cu0.05 catalyst in a mass ratio 

of 1:1) (blue line) after being reduced in H2 at 700 °C for 2 h; (f) A STEM-EDX 

mapping of an RCN anode; (g) HRTEM images of a RCN anode and corresponding 

FFT pattern. 

 

Catalytic properties and symmetrical cell performance 

Shown in Figure 2a is the thermal catalytic activity of the RuxCu1-x-decorated Ni-

BZCYYb for the ammonia decomposition, evaluated from a catalyst-loaded fixed bed 
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reactor. At 550 °C, the RCN anode demonstrated a conversion rate of 98 %, whereas 

the bare anode had a significantly lower conversion rate of 46 % under the same 

conditions. We assumed that the enhanced ammonia decomposition activity may be 

attributed to the formation of metallic RCN NPs. The excellent activity of the RCN 

anode toward ammonia decomposition was also confirmed by the symmetrical cell 

performance measurement in an NH3 atmosphere (Figure 2b). The electrochemical 

impedance spectroscopy (EIS) curves of the bare and RCN anodes in a symmetrical cell 

were evaluated at 550-700 °C in NH3 (Figure 2c, 2e and Figure S6, ESI†). It is noted 

that the ohmic resistance (Rohm) from the electrolyte and leading wires was removed to 

take into consideration the contributions of two symmetrical anodes. The RCN anode 

demonstrates extraordinarily low polarization resistance (Rp) values of 8.97, 3.08, 1.04, 

and 0.45 Ω cm2 at 550, 600, 650, and 700 °C in NH3, respectively, as shown in Figure 

2c. By contrast, the Rp values of the bare anode are 62.02, 21.44, 6.21, and 2.61 Ω cm2 

at 550, 600, 650, and 700 °C, respectively, under the same conditions. The RCN anode 

showed the lowest activation energy (Ea) of 1.391 eV among all the catalysts (Figure 

2d, Supplementary Note 2, and Figure S7), indicating the lowest reaction barriers for 

NH3 decomposition. This may be due to the use of RCN anode not only accelerates 

the two processes of the charge transfer and surface exchange, but it also has a positive 

effect on the other mass transfer process, demonstrating that the RCN anode has greater 

catalytic activity than the monometallic active phases due to surface electrical structure 

modification coupled with the optimized surface morphology 34. Although obtaining 

high catalyst activity is crucial, robust stability may play an even more critical role in 

practical applications; thus, we investigated the Rp stability of our RCN, RuNix, and 

bare anodes in NH3 at 550 oC. As shown in Figure 2e and  Figure S8, ESI†, the Rp of 

the bare anode increased from 55.71 Ω cm2 to 155.6 Ω cm2 in 96 h, while the Rp of the 

RuNix anode increased from 21.18 Ω cm2 to 34.02 Ω cm2 in 96 h. This suggests that Ru 

modification can improve anode stability when fueled by ammonia at 550 oC. However, 

after 96 hours of continuous operation, the Rp of the RCN anode remained constant, 

indicating that the operational stability of the RCN anode in NH3 at 550 °C was 

significantly superior to that of the bare anode, as well as that of the RuNix anode. We 
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also evaluated the thermal cycling stability of the symmetrical cells in a temperature 

range of 550-700 oC at a temperature heating or cooling rate of 2.5 oC min-1. The EIS 

curves were collected to evaluate the thermal stability. During the 31 thermal cycling 

tests in NH3, the Rp values increased slightly from 0.654 Ω cm2 to 1.062 Ω cm2 (see 

Figure 2f) (vs. 2.795 Ω cm2 to 4.720 Ω cm2 for bare anode). As previously stated, the 

poor ammonia cracking activity and the instability of typical Ni-BZCYYb in NH3 are 

the two key factors limiting the performance of NH3-PCFCs at low temperatures 11, 16, 

20, 43. The newly designed RCN nanoarchitecture guarantees the anode with high 

catalyst activity, stability, and thermal cycling reliability in NH3-PCFCs at low 

temperatures. 

It was reported that the catalytic activity of an RCN catalyst is comparable to or 

greater than the monometallic active phases due to surface electrical structure 

modification coupled with the optimized surface morphology 14, 42, 44, 45. The RCN NP-

decorated BZCYYb support, in particular, is expected to stabilize the metallic 

nanoparticles and govern surface chemistry, allowing intermediates to diffuse 

throughout the process 46 14. After a quick surface diffusion, the hydrogen species 

formed by ammonia breakdown could penetrate the bulk of proton conductors, driving 

hydrogen spillover from nickel reaction sites to the BZCYYb support 17, 19. As a result, 

RCN NPs are expected to show a synergistic effect on ammonia breakdown and 

coupling of their dissociating species. The RCN NP-decorated BZCYYb support has 

more active sites, more basic sites 47-50, and a stronger resistance to hydrogen poisoning 
19, 48, 51, 52 than the bare anode, improving ammonia decomposition activity and stability. 
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Figure 2. Enhanced catalytic activity and stability of the RCN anode when 

operated with NH3 fuel. (a) Catalytic activity of bare and RuxCu1-x-Ni/BZCYYb  

(x=0, 0.05, 0.25, 0.5, 0.75, 0.95, and 1) anodes for ammonia decomposition at 400 -

700 °C. Reactant gases: 66.7% NH3-33.3% N2, gas space velocity: 6000 L kg-1 h-1; (b) 

A schematic of the NH3-operated symmetrical anode cell (Ni-BZCYYb |BZCYYb| 

Ni-BZCYYb, tested in pure NH3 with a flow rate of 10 mL min-1); (c) 

Electrochemical impedance spectra of the bare anode and RCN anode in a 

symmetrical anode cell tested at 550-700 °C in NH3; (d) Temperature dependence of 

the Rp of the symmetrical cell with bare and RuxCu1-x-Ni-BZCYYb anodes in NH3; 

(e) The Rp stability of a symmetrical anode cell with bare, RuNix and RCN anodes at 

550 °C in NH3; (f) The Rp stability of the symmetrical anode cell with the bare anode 
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or the RCN anode after a different number of cycles (thermal cycles ranging from 550 

to 700 °C with a heating/cooling rate of 2.5 oC min-1).      

 

Electrochemical performance of single cells 

To investigate the practical application of our RCN anode catalyst, we constructed 

a PCFC using RCN as the anode catalyst for ammonia decomposition. A double 

perovskite PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) is applied as the cathode for the oxygen 

reduction reaction (ORR), and BZCYYb is applied as the electrolyte. At 550 oC, we 

evaluated the electrochemical performance of the PCFCs with RCN anode fed by 

ammonia (red line). As a reference, PCFCs with bare anodes fed by ammonia (black 

line) or wet H2 (green line) were also evaluated. The representative IVP curves and EIS 

of these PCFCs fed by NH3 or wet H2 at 450-550 oC are shown in Figure 3a and Figure 

S9, ESI†. At 450, 500 and 550 oC, the cell with bare anode in dry NH3 obtained 

maximum power density (Pmax) values of 0.103, 0.318, and 0.601 W cm-2, respectively, 

which was lower than those in wet H2 (0.442, 0.674, and 0.977 W cm-2 at 450, 500, and 

550 oC, respectively). The performance difference may be attributed to the increases in 

ohmic resistance (Rohm) and polarization resistance (Rp) (Figure S9 and S10, ESI†). 

The cell with RCN anode obtained a Pmax of 1.769, 1.307, 0.942, 0.732, 0.410, and 

0.130 W cm-2 in NH3 at 700, 650, 600, 550, 500, and 450 oC, respectively, which was 

higher than the cell with the bare anode (1.290, 1.160, 0.892, 0.601, 0.318, and 0.103 

W cm-2 in NH3 at 700, 650, 600, 550, 500, and 450 oC, respectively) (Figure 3b). The 

improved performance is likely attributed to the synergistic effects of Ru and Cu in 

RCN for NH3 decomposition, resulting in the decreases in ohmic resistance (Rohm) and 

polarization resistance (Rp) (Figure S9, ESI†). 

Figure 3c compares the Pmax of state-of-the-art NH3-SOFC at 550 oC 11, 16, 17, 19-21, 

53-55. The performance of our cell with the RCN anode ranked among the top (Table S1 

and Figure S11, ESI†).  For instance, at 550 oC in ammonia, a Pmax of 0.732 Wcm-2 

was obtained in our work, which was higher than that reported based on a PCFC with 

a BaCe0.7Zr0.1Y0.1Yb0.1Ni0.04O3-δ (BZCYYbN) electrolyte (~4 μm thick) and Ni-

BZCYYb cermet anode (0.430 Wcm-2 at 550 oC while employing NH3 as fuel), 



12 
 

demonstrating the remarkable catalytic activity for NH3 decomposition of the RCN 

anode 16. The NH3-PCFCs reported by Zhu et al. showed a fast degradation in NH3 at 

650 oC within only 15 hours 16. Furthermore, our performance is also better than the 

SOFCs with PLD-derived thin-film anodes and electrolytes (a Pmax of 0.342 W cm-2 at 

550 oC in NH3, the highest documented power density for NH3-SOFCs with oxygen-

ion conducting electrolytes) 20. One recent work by Duan et al. showed better 

performance (1.0 Wcm-2 at 550 oC in NH3) 21. They employed optimized electrolytes 

and cathodes to achieve high-performance lower temperatures NH3-PCEC. However, 

the durability of the NH3-PCFCs at lower temperatures (≤ 550 °C) was not mentioned 
21. 

  At 550 oC, we evaluated the stability of the PCFCs with the RCN anode fed by 

ammonia (red line). As a reference, PCFCs with bare anodes fed by ammonia (black 

line) or wet H2 (green line) were also evaluated. As shown in Figure 3d, at 550 oC, the 

stability of the cells with the bare anode on NH3 performs significantly worse than that 

on wet H2, which may be attributed to the poor ammonia decomposition activity of the 

bare anode. At 550 oC, the stability of the cell with RCN anode on NH3 achieved a 

stable power output for 100 h with a slower rate of degradation (0.016 V per 100 h) 

than that with the bare anode (0.095 V per 100 h), indicating that the RCN anode is 

active for NH3 decomposition, which is consistent with our symmetrical anode cell 

studies.  

Furthermore, to have a better understanding of the performance deterioration of 

H2- or NH3-PCFCs with bare and RCN anodes operated at 550 oC, we investigated the 

IVP curves and the change in cell resistance of the PCFCs before and after a 100 h-

stability test, as shown in Figure 3e-g. The Pmax of the cell with the bare anode shows 

no evidence of degradation after 100 hours of stability testing in H2 at 550 oC (Figure 

3e), however it decreased by 44 % after 100 hours of stability testing in NH3 (Figure 

3f). The rapid degradation of cell performance in NH3 at 550 oC was caused by a 

significant increase in both the Rohm and Rp values (Figure 3e), which might be due to 

coarsening, agglomeration, or corrosion of the Ni phase. Specifically, numerous 

micropores were observed on the Ni phase after 100 hours of stability testing in NH3 
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(Figure S12b, ESI†). This finding is consistent with Zhu's recent study, which 

discovered that NH3-treated NiO had more micropores than the H2-treated NiO 16. The 

Pmax of the cell with the RCN anode decreased slightly (by 8 %) after 100 h stability 

testing in NH3 at 550 oC, which may be related to the little increase in Rohm values 

(Figure 3g). The Rohm values increased slightly from 0.139 Ω cm2 to 0.143 Ω cm2 (vs. 

0.206 Ω cm2 to 0.305 Ω cm2 for the cell with bare anode after 100 hours of stability 

testing in NH3). The relatively tiny changes in cell resistance (Rohm and Rp values) can 

be attributed to the strong interaction between NH3 and RCN surfaces: the RCN anode 

surfaces are far more resistant to NH3 corrosion and hydrogen poisoning than the bare 

anode surfaces as well as possess more excellent thermomechanical stability and anti-

sintering properties, as demonstrated by SEM and XDR studies. After 100-h stability 

testing in NH3 at 550 oC, there was no significant change in Ni particle sizes, and only 

a few micropores were discovered on the Ni phase of the RCN anode (Figure S12d, 

ESI†). In addition, no nitride (Ni3N) was formed on the surfaces of the bare and RCN 

anodes (Figure S13, ESI†). Furthermore, the comparison of the performance at 

different temperatures and the stability of NH3-PCFCs in Figure S11 and Table S2 

demonstrates that our power output and stability are outstanding at relatively lower 

temperatures 11, 15-17, 19-21, 53-59.  
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Figure 3. Enhanced electrochemical performance and durability of the PCFC 

with RCN anode in NH3.  (a) IVP curves and EIS of the PCFCs with a bare anode or 

a RCN anode fed by NH3 or wet H2 at 550 oC; (b) Comparison of the Pmax values for 

the PCFCs with a bare anode or an RCN anode in NH3 at 450-700 oC; (c) Comparison 

of Pmax of state-of-the-art NH3-SOFC at 550 oC. The details in Fig. 3c can be found in 

Table S1 and Figure S11, ESI†; (d) Stability of the PCFCs with a bare anode or an 

RCN anode at 0.2 A cm-2 for 100 h at 550 oC in NH3 or wet H2; (e), (f) and (g) IVP 
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curves and EIS of the PCFCs with a bare anode or an RCN anode fed by NH3 or wet 

H2 at 550 oC before and after a 100-h durability test.  

 
Thermal stability of cells with RCN anodes 

The thermal cycling stability of NH3-PCFCs is also vital for commercial 

applications, as PCFC systems would suffer from significant temperature variations due 

to the start-up/shutdown, load changes, heavy snowfall, storms, and so on 60. We 

investigated the thermal cycling stability (thermal cycles between 700 to 550 °C) of the 

PCFCs with the RCN anode fed by ammonia or wet H2. As a reference, PCFCs with 

bare anodes fed by ammonia or wet H2 were also evaluated (Figure 4 and Figure S14-

18, ESI†). We applied a low porosity anode support layer (ASL) in the PCFCs to 

provide sufficient structural/mechanical strength. As shown in Supplementary Figure 

S8, ESI†, the OCV of a cell with low porosity ASL is more stable during the thermal 

cycle than that of a cell with high porosity ASL. As shown in Figure S15 and S16, 

ESI†, the thermal cycling stability of the cells with the RCN anode (red line) performed 

better than the cell with the bare anode (black line) during a thermal cycling test 

between 550 and 700 °C in H2. The Pmax of the cell with the RCN anode decreased 

slightly from 2.056 W cm-2 to 1.911 W cm-2 after the 14 cycles of thermal cycling test 

in H2 (red line). However, it decreased fast from 1.842 W cm-2 to 1.247 W cm-2 after the 

14 cycles for the bare anode in H2 (black line), seen in Figure S16, ESI†, (middle), 

which indicated that the RCN anode showed better thermomechanical stability than the 

bare anode surface. Also, the cell with the RCN anode (red line) performed better than 

the cell with the bare anode (black line) during the thermal cycling test between 550 

and 700 °C in NH3, as shown in Figure 4a and Figure S17, ESI†. The Pmax of the cell 

with the RCN anode decreased slightly from 1.542 W cm-2 to 1.411 W cm-2 after the 

total 31 cycles of thermal cycling test in NH3 (red line). However,  it decreased fast to 

0 W cm-2 after the 9 cycles for the bare anode in NH3 (black line), seen in Figure 4a 

(middle). Moreover, the Rohm values of the cell with the RCN anode increased slightly 

from 0.068 Ω cm2 to 0.077 Ω cm2 after 31 cycles of thermal cycling test in NH3 (see 

Figure 4a, bottom) (vs. the Rohm values increased from 0.102 Ω cm2 to 0.139 Ω cm2 for 
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bare anode after the 9-cycles in NH3). The Rp values of the cell with the RCN anode 

decreased slightly from 0.033 Ω cm2 to 0.026 Ω cm2 after 31 cycles of thermal cycling 

test in NH3 (see Figure 4a, bottom) (vs. the Rp values increased from 0.066 Ω cm2 to 

0.075 Ω cm2 for bare anode after the 9-cycles in NH3). Both the Rohm and Rp values of 

the cell with the bare anode significantly increased as the result of the Ni coarsening 

and agglomeration, as evidenced by SEM images (Figure 4b and Figure S18, ESI†). 

In addition, cracks in the bare anode support layer were discovered after the 9 cycles in 

NH3, leading to gas leakage and lasting performance degradation. Similarly, Yang et al. 

observed that the OCV of the cell in NH3 decreased as the number of thermal cycles 

increased, owing to the low ammonia conversion of the Ni/YSZ anode at low 

temperatures 19. The enhanced thermal cycling reliability of the cell with the RCN 

anode is likely due to the high NH3 decomposition activity of the heterostructured RCN 

catalysts on anode surfaces, which display stronger interaction of NH3 than that of the 

bare anode surfaces, significantly reducing the direct interactions of NH3 and anodes 

(both the Ni and BZCYYb phase), as revealed by SEM images (Figure 4c). 

DFT calculations were carried out to understand the boosted activities of 

heterostructured RuCu-based nanoparticles formed on the Ni-BZCYYb anode for NH3 

decomposition and N2 desorption. Developing highly efficient catalysts for NH3 

decomposition is crucial to utilize NH3 as a hydrogen energy carrier since its 

decomposition reaction is endothermic (i.e., 2NH3(g) ↔ N2(g) + 3H2(g), ∆Ho = 46.22 

kJ/mol) 28. Computationally, the NH3 decomposition reaction was proposed to take 

place via the stepwise dehydrogenation of (NH3(g) →  N* + 3H*) and the formation of 

hydrogen (H* → 1/2H2(g)) and nitrogen (N* → 1/2N2(g)) 15, 31, 61. The associative N 

desorption process is considered critical to avoid deactivation of catalysts due to strong 

nitrogen adsorption. Moreover, the adsorption energy of nitrogen is highly correlated 

with the associative N2 desorption barriers 31. Shown in Figure S19, ESI† are bulk and 

surface models used in this study (Ni, Cu, and Ru). To demonstrate the synergistic effect 

of the nanostructured Ru and Cu in the Ni-BZCYYb anode, we replaced two Ni atoms 

on the Ni(111) surface with Ru and Cu atoms  (RuCuNi(111)). As summarized in 

Supplementary Table S3, ESI†, we first validated the stronger adsorption energy of a 
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nitrogen atom on Ru(0001) than Cu(111) (–5.62 eV versus –3.52 eV), indicating their 

alloying would lower its adsorption energy on Ni(111) of –5.27 eV. Then, we found the 

average adsorption on three-fold hollow sites decreased to –5.15 eV. This trend also 

agrees with the dissociation barriers of adsorbed NH3 on Ni(111), Ru(0001), and 

Cu(111) (i.e., 1.40, 1.51, and 1.94 eV, respectively). As displayed in Figure 4d, the 

associative desorption barrier on RuCuNi(111) (2N* → N2(g) + 2*) was compared with 

that on Ni(111), resulting in a slight change in the barrier height (1.68 eV versus 1.84 

eV). As expected, this is correlated with nitrogen adsorption on the surfaces. This 

computational finding supports that after the dehydrogenation reaction of ammonia on 

RCN NPs on Ni-BZCYYb, the sequential desorption process of nitrogen may occur 

more easily than on the bare Ni anode, avoiding the poisoning effect and improving the 

fuel cell performance. 

 

Figure 4. Enhanced thermal cycling reliability of the PCFCs with RCN anode in 
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NH3. (a) the Pmax, and the Rp, Rohm and R stability of the single cells with the bare 

anode or the RCN anode after a different number of cycles in NH3; SEM images of 

the (b) bare anode, and (c) RCN anode after a thermal cycles test between 550-700 °C 

under NH3 fuel; (d) DFT investigation for the nitrogen desorption pathway. 

Illustration of the initial state of the most stable nitrogen adsorption on RuCuNi(111) 

along the associative desorption pathway of nitrogen (2N* → N2(g) + 2*). The 

energies are relative to that of the reactants (2N*), while those in parentheses denote 

the N desorption on Ni(111). TS represents the associative desorption barrier 

(RuCuNi: 1.67 eV versus Ni: 1.84 eV). 

 

Conclusions 

By modifying the anode with a self-assembled RCN catalyst, which is readily 

fabricated by a one-step infiltration process with Ru0.95Cu0.05, we successfully 

fabricated NH3-PCFCs with high performance, stability, and good thermal cycling 

reliability. The RCN anode cell exhibits an enhanced power output of 0.732 W cm-2 at 

550 oC in NH3. Moreover, our cell with the RCN anode demonstrated a stable power 

output for 100 h with a slower degradation rate (0.016 V per 100 h) than the cell with 

the bare anode (0.095 V per 100 h). Furthermore, because of the high NH3 

decomposition activity, the cell with the RCN anode showed a relatively stable 

performance during a 31-cycle thermal cycling test in NH3 between 550 and 700 °C. 

First-principles-based calculations suggest that the sequential desorption process of 

nitrogen may occur more easily on the RCN anode than on the bare Ni anode, 

preventing poisoning and improving the fuel cell performance. In this study, building 

high activity of heterostructured RCN catalysts on Ni-BZCYYb anodes provides an 

intriguing strategy for ammonia-PCFCs at lower temperatures. The significantly 

enhanced performance and endurance for NH3 utilization at 550 oC are also 

advantageous to commercializing NH3-PCFCs.     
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