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Abstract 

Operating Ni-cermet-based fuel cells on hydrocarbons is charming by largely hindered by 

poor coking tolerance and severe deterioration. Here, we report an effective metal/oxide nano-

heterostructured catalyst with a nominal composition of Pr0.95Ru0.05O2-δ (PRO), which is in situ 

self-assembled to a Pr0.95Ru0.05-xO2-δ oxide frame coated with Ru metallic nanoparticles (denoted 

as Ru/PRO) under the operation condition. When applied to the Ni-cermet (Ni-YSZ) anodes, the 

cells achieve decent peak power densities of 1.784 and 1.870 W cm-2 on CH4 and C3H8 with only 

3% H2O at 750 oC, respectively. Moreover, the cells with Ru/PRO-coated anode demonstrate 

excellent durability when operated on CH4 for ~ 220 h and C3H8 for ~115 h. It is demonstrated 

that the Ru/PRO generates hydroxyl species that react with carbon species, followed by the 

formation of COH intermediates on Ni anode surfaces for removing the coking, as confirmed by 

experiments and computations. 

Keywords: Solid oxide fuel cells; Ni-cermet anodes; Coking tolerance; Nano-heterostructure; 

catalysts. 

1. Introduction 
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Considering the high efficiency of converting hydrocarbons to electricity, solid oxide fuel 

cells (SOFCs) have been regarded as one prospective energy conversion device [1-4]. However, 

one of the most commercial-used anodes, Ni-yttria-stabilized zirconia (Ni-YSZ) cermet, has been 

proven to be unsuitable for direct hydrocarbons SOFC anodes on account of the severe coking 

problem [5, 6]. Ni shows excellent catalytic activity for the hydrogen oxidation reaction and the 

break of C-H bonds [7, 8]. However, Ni is an extremely active catalyst for carbon deposition 

reactions [9]. The catalytic deactivation caused by carbon deposition inhibits the direct utilization 

of hydrocarbons in SOFCs. Moreover, Ni agglomeration readily occurs in the hydrocarbon 

atmosphere at high temperatures, likely leading to insufficient durability for long-term operations 

and making Ni-based cermet anodes unsuitable for direct applications in hydrocarbon-fueled 

SOFCs commercially [10].  

For direct utilization of hydrocarbons in SOFC anodes, one strategy is to develop perovskite 

anodes [11-14]. For instance, Tan et al. reported a Pr0.8Sr1.2Ni0.2Fe1.3Mo0.5O6-δ (PSNFM) anode for 

directly utilizing propane [15]. During the operation, NiFe alloy nanoparticles exsolved from the 

dual-phase perovskites and were accompanied by the generation of abundant oxygen vacancies, 

which may enhance the coking tolerance. Meanwhile, the exsolved NiFe NPs play a key role in 

the selective conversion of C3H8 to light olefins. However, regulating the chemical and thermal 

compatibility of the new anodes with the YSZ electrolyte is still a grand challenge [16]  Applying 

nano-catalysts on the anode has been confirmed to be a feasible way to increase the decomposition 

activity of hydrocarbons, therefore protecting the anode and enhancing the coking tolerance [17]. 

For instance, Yang et al. developed a novel BaO/Ni nano-interface in a commercial Ni-YSZ anode 

[18]. The BaO/Ni-YSZ anode cell achieved a peak power density of ~0.88 W cm-2 at 750 oC when 

dry C3H8 was applied as the fuel. More importantly, the cell was operated on C3H8 for 100 h at 

750 oC at a constant current density of 0.5 A cm-2, indicating excellent carbon removal capability 

of the newly contrivable anode. The nano-sized BaO islands on the surface of Ni grains created 

abundant BaO/Ni nano-interfaces for effective water absorption. The presence of water can 

facilitate the carbon removal reactions in the anode.  It is shown that nano-sized metal/oxide 

catalysts could be workable for enhancing the coking tolerance of anodes [15, 18, 19]. 

Inspired by the high activity of Ru for dissociation of H2O/CO2 with a (Co0.95Ru0.05)3O4 

bimetallic nano-structure [20], we hypothesize that a heterogenous catalyst of Ru-doped Pr6O11 

could be an effective catalyst for reforming hydrocarbons and dehydrogenating propane[21-23]. 
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In addition, it is anticipated that the Ru-doped Pr6O11 anode on Ni could enhance the coke removal 

capability and selectively cleavage C-H bonds [3, 21, 24], respectively, thus leading to high 

performance and admirable coking tolerance. In this study, we report the rational design of the 

efficient nano-heterostructured catalyst for direct utilization of hydrocarbons in SOFCs, with a 

nominal composition of Pr0.95Ru0.05O2-δ (PRO). Under the reducing environment of realistic 

operations, the catalyst is in situ restructured to a Pr0.95Ru0.05-xO2-δ oxide frame coated with Ru 

metallic nanoparticles (denoted as Ru/PRO). When applied in the Ni-YSZ-based SOFC, cells with 

the Ru/PRO-coated anode demonstrated good performance, achieving peak power densities of 

1.784 and 1.870 W cm-2 at 750 oC when operated on 3% H2O humidified CH4 and C3H8, 

respectively, while maintaining excellent coking tolerance (no obvious coking after ~220 h 

operation on methane or ~115 h operation on propane).  

 

2. Experimental 

2.1. Preparation of Pr0.95Ru0.05O2 (PRO), Pr6O11, and RuO2 powders for characterization 

Pr0.95Ru0.05O2 (PRO) powder was fabricated by a citric nitrate solution combustion 

method. A stoichiometric amount of high-purity Pr(NO3)3·6H2O and Ru(NO)(NO3)x(OH)y were 

dissolved into deionized water with continuous heating and stirring. When the solid materials were 

dissolved, EDTA, citric acid, and ammonia were added to the mixture. The mixed solution was 

further heated at 90 oC with a stirring speed of 300 rpm until the solution was gelatinous. After the 

liquid was dried, the gel was moved to the oven and fired initially at 300 oC for 5 h, Then, the ash 

was calcined at 800 oC for 1 h to form PRO powder. For a better comparison, Pr6O11, and RuO2 

powders were fabricated in the same way as the PRO sample. The reduced Ru/Pr0.95Ru0.05-xO2 

(Ru/PRO), Pr6O11, and RuO2 powders were obtained by reducing Pr0.95Ru0.05O2 (PRO), Pr6O11, 

and RuO2 powders at 800 oC with 3% H2O humidified hydrogen for 1 h. 

 

2.2. Preparation of Pr0.95Ru0.05O2 catalyst for infiltration 

A stoichiometric amount of high-purity Pr(NO3)3·6H2O and Ru(NO)(NO3)x(OH)y were 

dissolved into deionized water to form 0.1 M Pr0.95Ru0.05O2 (PRO) catalyst solution. Then, the 

solution was left for 24 h to ensure all solid materials were dissolved entirely. 150 μL of PRO 

solution was deposited on the porous anode of an anode-supported single cell (with a load amount 
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of ~2.51 mg cm-2) via a micro-liter syringe. It is worth mentioning that 10 μL of PRO solution was 

infiltrated into the anode and followed by a drying process (70 oC, 0.5 h) to ensure all catalysts 

were deposited into the porous anode. The infiltration and drying process was repeated several 

times to achieve the desired catalyst loading. After being infiltrated into the anode, the catalyst 

was calcinated at 800 oC for 1 h to form PRO. The fabrication and infiltration method of Pr6O11, 

and RuO2 catalysts are the same as PRO. 

 

3. Results and discussion  

3.1. Structure of the catalyst before and after reduction 

Shown in Figure 1a are the X-ray diffraction (XRD) patterns of as-prepared PRO and 

Ru/PRO, respectively. The PRO sample exhibits distinguished Pr6O11 peaks (PDF#42-1121), and 

no apparent RuO2 phase is detected, indicating that Ru is likely doped into the Pr6O11 lattice. 

However, after being reduced at 800 oC with 3% H2O humidified hydrogen for 1 h, distinct Pr2O3 

peaks (PDF#47-1111) appear in the XRD pattern, implying that the chemical state of Pr is changed 

during the reduction process (Figure S1a, Supplementary Note 1). Moreover, the distinctive 

metallic Ru peaks are detected in Ru/PRO, suggesting that Ru is partially reduced from the bulk 

phase and metallic Ru is formed (Figure S1b, Supplementary Note 1). Furthermore, X-ray 

photoelectron spectroscopy (XPS) was conducted to evaluate the surface electronic states of PRO 

and Ru/PRO. As shown in Figure 1b, Pr in Ru/PRO exhibits two chemical states of Pr3+ and Pr4+ 

with 26.38% and 73.62%, respectively. However, the proportions of Pr3+ and Pr4+ in PRO are 

25.23% and 74.77%, respectively (Figure S2a, Supplementary Note 2). The decrease of Pr4+ in 

Ru/PRO is consistent with the appearance of the Pr2O3 phase in XRD. XPS result of Ru 3p3/2 of 

the Ru/PRO powder is displayed in Figure 1c, as shown, two mainly chemical states of Ru in the 

sample are Ru4+ and Ru0 with an approximate percentage of 43.91%, and 56.09%, respectively. In 

contrast, Ru in PRO only demonstrates one chemical state Ru4+ (Figure S2b, Supplementary 

Note 2). The simultaneous occurrence of Ru4+ and Ru0 in Ru/PRO further illustrates the partial 

reduction of Ru in PRO to metallic Ru. The XPS of O 1s spectra of PRO and Ru/PRO are displayed 

in Figure S3 (Supplementary Note 3). In the Ru/PRO sample, the concentration of chemisorbed 

H2O (OW) demonstrates a slight increase (from 28.06% to 31.58%), implying the improved water 

uptake capability of Ru/PRO [25]. When applied to SOFCs operated on hydrocarbons, the water 
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captured in the anode could participate in the carbon removal reactions, thus improving the coking 

tolerance of the anode. An H2-temperature programmed reduction (H2-TPR) is performed to study 

the exsolution of the catalysts during the reduction process. The profiles exhibited in Figure 1d 

imply the nature of Pr and/or Ru in the catalysts. The H2-TPR profile of RuO2 shows an extremely 

sharp peak at ~115 oC, which could be attributed to the property of being reduced at a relatively 

low temperature. The H2-TPR profile of Pr6O11 mainly exhibits two peaks at ~400 oC and ~450 
oC, corresponding to the reduction of surface partial bulk Pr4+ to Pr3+ [26, 27]. For the PRO sample, 

a small peak appears at ~117 oC, attributed to the in situ exsolution of Ru [25], which is consistent 

with the XRD and XPS analyses. The peak at ~305 oC is likely attributed to the removal of 

adsorbed oxygen species and the reduction of Pr4+ to Pr3+ on the entire surface and in partial bulk. 

Whereas the peak at ~605 oC may correspond to the reduction of partial residual bulk Pr4+ to 

Pr3+.[26] The reduction temperature and H2 consumption of Pr6O11 and PRO show substantial 

differences, indicating that the dopant of Ru may change the reduction characteristic of Pr6O11, and 

the reducibility of PRO is significantly enhanced. 

Figure 1e displays a high-resolution transmission electron microscopy (HRTEM) image of 

Ru/PRO grains; distinct nanoparticles can be observed on the substrate. The marked diffraction 

rings from the selected area electron diffraction (SAED) were close to (100) of metallic Ru and 

(100) of Pr2O3, respectively. The detailed HRTEM image of the substrate (blue box in Figure 1d) 

is shown in Figure 1f; the lattice spacing of 0.301 nm corresponds to the (002) plane of Pr2O3. 

Figure 1g exhibits the enlarged image of a nanoparticle in Figure 1e (red box). The lattice spacing 

of 0.205 nm is precisely consistent with the (101) plane of metallic Ru, indicating that the 

nanoparticles in Ru/PRO are likely to be metallic Ru, which is consistent with the XRD and XPS 

results. Shown in Figure S4 is the image of Ru/PRO grains. A large number of Ru nanoparticles 

appear on the substrate after being reduced (Supplementary Note 4). Figure 1h is the images of 

high-angle annular dark-field (HAADF) and corresponding EDS mapping of Ru/PRO, mainly 

implying a local segregation of Ru element and a uniform distribution of Pr and O elements, further 

confirming the generation of nano-sized metallic Ru. The corresponding element concentration of 

the EDS mapping (with the proportion of 29.62%, 1.57%, and 68.81% for Pr, Ru, and O, 

respectively) is displayed in Figure S5 (Supplementary Note 4), which is consistent with the 

stoichiometric ratio of Ru/PRO. Therefore, it is safe to conclude that a partial exsolution of the Ru 
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element occurred on the surface of Pr0.95Ru0.05O2-δ, forming metallic nanoparticles after the 

reduction, as confirmed by the XRD, XPS, and TEM analyses. 

Figure 1. Microstructure analyses of PRO catalyst. (a) XRD patterns of PRO and Ru/PRO; 

XPS spectra analyses of (b) Pr 3d5/2 and (c) Ru 3p3/2 of Ru/PRO; (d) H2-TPR of RuO2, Pr6O11, and 

PRO; (e) A HRTEM image of a Ru/PRO grains; the inset is a SAED image of Ru/PRO grain; (f) 

A HRTEM image of Pr2O3 substrate, the inset is the corresponding fast Fourier transform (FFT) 

pattern of the area in the blue box; (g) A HRTEM image of metallic Ru nanoparticle, the inset is 

the corresponding fast Fourier transform (FFT) pattern image of the area in the red box; (h) 

HAADF and corresponding EDS mapping images of Ru/PRO. 
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3.2. Electrochemical performance of anodes in H2 

The electrochemical impedance spectra (EIS) of symmetrical cells with bare anode, RuO2-, 

Pr6O11-, and Ru/PRO-coated anodes were measured in 3% H2O humidified hydrogen at 650-800 
oC. As displayed in Figure 2a, the bare anode demonstrated the area-specific resistances (ASRs) 

of 2.25, 4.82, 10.11, and 24.09 Ω cm2 at 800, 750, 700, and 650 oC, respectively. The Ru/PRO-

coated anode demonstrated much smaller ASRs with the values of 0.79, 1.30, 2.18, and 3.90 Ω 

cm2 at 800-650 oC (Figure 2b), respectively. Figure 2c displays the comparison of ASRs of 

symmetrical cells with bare, RuO2-, Pr6O11-, and Ru/PRO-coated anodes. The detailed EIS is 

displayed in Figure S6 (Supplementary Note 5). The ASRs of catalysts-coated cells demonstrate 

a noticeable decrease compared to the bare cell. Especially, the symmetrical cell with the Ru/PRO-

coated anode exhibits the smallest ASRs at all temperatures. For example, at 700 oC, the ASRs of 

the Ru/PRO-coated cell show a 73% decrease compared to the bare cell. A distribution of 

relaxation time (DRT) analysis was performed to understand the hydrogen oxidation process 

occurring in the anode. As shown in Figure S7 (Supplementary Note 6), the most significant 

difference appears in the intermediate frequency (IF) peak. All three catalysts-coated anodes show 

far smaller IF peaks than the bare anode, likely indicating that the addition of catalysts (Ru/PRO, 

Pr6O11, and RuO2) in the anode can significantly accelerate the oxygen vacancy transport and/or 

the hydrogen oxidation reaction [28-30].  
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Figure 2. Performance of anodes in H2. (a) Typical EIS of a bare symmetrical cell; (b) Typical 

EIS of a Ru/PRO-modified symmetrical cell; (c) Comparison of ASRs of symmetrical cells with 

catalysts-coated and bare anodes at 650-800 oC in 3% H2O humidified hydrogen; (d) A cross-

sectional SEM image of a Ru/PRO-modified single cell; (e) Typical I-V-P curves of a s Ru/PRO-

modified single cell; (f) Typical EIS of a Ru/PRO-modified single cell; and (g) The short-term 

durability evaluation of bare and Ru/PRO-modified cells. 

 

Displayed in Figure 2d is a cross-sectional SEM image of a Ru/PRO-modified single cell 

after being tested on hydrogen (Figure S8, Supplementary Note 7). As shown, a multi-layered 

structure includes a Ni-YSZ anode support layer (ASL, ~600 μm), a porous Ni-YSZ anode 

function layer (~10 μm), a dense YSZ electrolyte layer (~8 μm), a porous GDC buffer layer (~3 
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μm) and a porous PBCC cathode layer (~15 μm). The electrochemical performance of the cells 

with the Ru/PRO-coated anode is evaluated at 650-800 oC with 3% H2O humidified hydrogen as 

the fuel and ambient air as the oxidant. As exhibited in Figure 2e, a single cell with the Ru/PRO-

coated anode demonstrates high peak power densities (PPDs) of 2.673, 2.104, 1.449, and 0.874 W 

cm-2 at 800, 750, 700, and 650 oC, respectively, with the corresponding polarization resistances 

(Rps) of 0.128, 0.175, 0.254, and 0.415 Ω cm2 (Figure 2f). Higher PPDs and lower polarization 

resistances are found in Ru/PRO-coated cells, most likely due to the accelerated hydrogen 

oxidation process of the Ru/PRO-coated anode (Figure S9, Supplementary Note 8). Compared 

with the advanced oxygen ionic electrolyte-based SOFCs, our Ru/PRO-modified single cells 

demonstrate decent PPDs at all testing temperatures (Figure S10, Supplementary Note 9) [31-

48]. Figure 2g displays the short-term durability of bare and Ru/PRO-modified single cells in 

hydrogen at a constant current density of 0.5 A cm-2 at 750 oC. The cell with the bare anode 

demonstrates a decay rate of 0.068 V (100 h)-1, which is far faster than that in the cell with the 

Ru/PRO-coated anode (0.0275 V (100 h)-1), supporting that coating the anode with Ru/PRO is 

conducive to the durability of cells. 

 

3.3. Electrochemical performance and coking tolerance analyses on methane 

Shown in Figure 3a are the typical I-V-P curves of single cells with bare and Ru/PRO-coated 

anodes at 750 oC with 3% H2O humidified CH4 as the fuel. A high PPD of 1.784 W cm-2 was 

obtained in a Ru/PRO-modified cell, much higher than that in a bare cell (1.442 W cm-2). The 

corresponding EIS is displayed in Figure S11 (Supplementary Note 10). Shown in Figure 3b is 

the comparison of the PPDs of our cells with the state-of-the-art oxygen ion conductor SOFCs 

reported in recent years operating on CH4 at 750 oC [10, 17, 49-54]. Our cells with Ru/PRO-coated 

anode demonstrate high performance. Figure 3c exhibits the short-term durability of bare and 

Ru/PRO-modified cells when fueled by 3% H2O humidified CH4 at a constant current density of 

0.75 A cm-2 at 750 oC. After only ~10 h of operation, the voltage of the cell with the bare anode 

dropped to zero. In contrast, the cell with Ru/PRO-coated anode is stably operated for over 220 h 

(Figure S12, Supplementary Note 11). Shown in Figure 3d is a micro-scale image of the 

Ru/PRO-coated anode after the operation of ~220 h on methane. No obvious coke is observed, 

implying the excellent coking tolerance and carbon removal capability of the Ru/PRO-coated. 
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Figure S13 (Supplementary Note 12) displays the gas products of a CH4-fueled SOFC reactor at 

750 oC and a current density of 0.75 A cm-2. A large amount of methane is detected in the gas 

products. Nevertheless, after employing the Ru/PRO catalyst in the anode, the H2 percentage 

significantly increases, enabling the stable operation of cells on methane. 

 

Figure 3. Electrochemical performance and coke removal mechanism analyses on methane. 

(a) Typical I-V-P curves of single cells with bare and Ru/PRO-coated anodes at 750 oC with 3% 

H2O humidified CH4 as the fuel and ambient air as the oxidant; (b) Comparison of the peak power 

densities of the advanced oxygen ion conductor SOFCs with CH4 as the fuel reported in recent 

years; (c) Short-term durability of bare and Ru/PRO-modified cells when fueled by 3% H2O 
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humidified CH4 at a constant current density of 0.75 A cm-2 at 750 oC; (d) A detailed SEM image 

of the Ru/PRO-coated anode after the durability evaluation on CH4; (e) DOS plots for 

PRO/Ni(111). The Fermi energy is at Ef = 0 eV; and (f) A proposed reaction mechanism for the 

coking tolerance of PRO/Ni(111) involved by a COH intermediate species. TS denotes a transition 

state. 

 

Density functional theory (DFT) calculations were conducted to attain a mechanistic 

understanding of the substantially enhanced tolerance against coking of Ru/PRO using CH4 as a 

fuel. As shown in Figure S14, we constructed a Ru-doped PrO2 on the Ni(111) model 

(PRO/Ni(111)) containing a small PRO chain (1 Ru, 7 Pr, and 16 O atoms) over a three-layer p(3 

× 6) Ni substrate to propose a plausible reaction mechanism by connecting reactants and products 

through a minimum energy pathway, similar to the previous study [18, 24]. As recently reported 

[18, 24, 55], we assumed that the carbon species formed from CH4 oxidation may occur 

preferentially on Ni anode surfaces [18, 56] under SOFC conditions, and the surface reaction of C 

and OH generates COH species. It is noted that OH species can be formed effectively through the 

surface reaction of O and H originating from oxygen ions (O2-) and hydrogen species (Table S1). 

Accordingly, we explored the coking-tolerant mechanism near the PRO-like chains on Ni(111) to 

examine the carbon removal process. As displayed in Figure 3e, we performed the electronic 

structure analysis with the density of states (DOS) of the PRO/Ni(1 1 1) model, demonstrating 

PRO is effectively hybridized with the Ni 3d orbital. Then, as schematically shown in Figure 3f, 

the most plausible reaction pathway is proposed. Firstly, carbon and hydroxyl species are 

preferentially formed on Ni(111) and near the interface of PRO/Ni(111), as compiled in Tables 

S1 and S2. Then, the C-O bond can be formed to generate a COH intermediate species by 

overcoming a transition state at TS with a reaction barrier of 1.01 eV, releasing energy of −0.82 

eV. The vertically adsorbed COH species linked via the H-O bond with the nanostructured PRO 

leads to a barrierless O-H bond cleavage. It results in CO adsorbed Ni(111) and hydroxylated PRO. 

On the other hand, as compared in Tabls S2 and Figure 3f, the reaction barriers of COH formation 

and dissociation to CO + H on Ni(111) are higher than those on PRO/Ni(111). Finally, as detected 

experimentally (Figure S13, Supplementary Note 12), electrochemical oxidation of CO and H 

may occur after surface diffusion to triple-phase boundaries (TPBs) (CO + O2-  CO2 + 2e– and 

H2 + O2-  H2O + 2e–) and direct CO desorption. We demonstrated that the Ru/PRO configuration 
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could efficiently generate hydroxyl species reacting with carbon species, followed by the 

formation of COH intermediates on Ni anode surfaces, boosting coking tolerance.  

 

3.4. Co-generation of electricity and olefins on propane 

In typical fuel cell testing, 3% humidified hydrocarbons were directly fed into the porous 

anode. The gaseous hydrocarbons were subsequently decomposed to hydrogen, carbon monoxide, 

and other light hydrocarbons within the anode. As schematically shown in Figure 4a, the cell 

displays a multilayer structure, including a layer of porous PrBa0.8Ca0.2Co2O5+δ (PBCC) cathode, 

a GDC buffer layer, a dense YSZ electrode, a porous Ni-YSZ anode functional layer (AFL), a 

Ru/PRO-coated porous Ni-YSZ anode supporting layer (ASL) with finger-like pores. The C3H8 

conversion and coke elimination mechanism are also schematically displayed. The steam in 

humidified hydrocarbons and steam generated in the hydrogen oxidation reaction favor the carbon 

removal process. The O2- transferred from the cathode and H2O in the anode may react with the 

coke to form H2, CO, and CO2. The Ru/PRO catalyst could likely accelerate the coke elimination 

reactions and hence improve the coking tolerance of the anode, as confirmed by the durability test 

and Raman mapping. 

Displayed in Figure 4b are the I-V-P curves of bare and Ru/PRO-modified cells at 750 oC 

with 3% H2O humidified C3H8 as the fuel. A high peak power density of 1.870 W cm-2 was 

obtained in a Ru/PRO-modified cell, which is much higher than that in cells with the bare anode 

(1.530 W cm-2), the Pr6O11-coated anode (1.682 W cm-2), and the RuO2-coated anode (1.626 W 

cm-2) (Figure S15, Supplementary Note 13). The corresponding EIS are displayed in Figure S16 

(Supplementary Note 10). Shown in Figure 4c is the comparison of the peak power densities of 

cells run on C3H8 at 750 oC [18, 57-63]. Our cells with the Ru/PRO-coated anode demonstrated 

outstanding performance, only slightly lower than the ultra-high performance of ~2.4 W cm-2 

reported by Fang et al. recently[58]. Figure 4d exhibits the short-term durability of bare and 

Ru/PRO-modified cells when fueled by 3% H2O humidified C3H8 at a constant current density of 

1.0 A cm-2 and 750 oC. The cell with the Ru/PRO-coated anode can be stably operated for ~115 h, 

indicating an excellent coking tolerance of the Ru/PRO-coated anode on propane (Figure S17, 

Supplementary Note 7). It is worth noting that the cells tend to exhibit rapid decay within the 

initial ~10 h, which may be attributed to the hydration process [24]. The anodes need sufficient 
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water to assist the carbon removal process in this configuration. Concretely, water produced by 

the hydrogen oxidation reactions (H2 + 1/2O2  H2O) can be absorbed by the anode and used to 

remove the deposited carbon. As shown in Figure S18 (Supplementary Note 14), sharp carbon 

peaks (including D-band at ~1357 cm-1 and G-band at ~1585 cm-1) were observed in the Raman 

spectrum for a bare anode after being evaluated in C3H8 for ~30 h, while only week carbon peaks 

were observed in the spectrum for the Ru/PRO-coated anode after being evaluated in C3H8 for 

~115 h. A Raman mapping of the D-band and G-band peaks of the area of 10 × 10 μm2 manifests 

that the coking occurred on the Ru/PRO-coated anode surface is much less than that on the bare 

anode (Figure 4e, 4f, and Figure S19) [24]. 

 

Figure 4. Analyses of electrochemical performance, coking tolerance, and gas products on 

propane. (a) Schematic illustration of the SOFCs with the Ru/PRO-coated anode and the detailed 

schematics of coke removal process; (b) Typical I-V-P curves of bare and Ru/PRO-modified cells 
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at 750 oC with 3% H2O humidified C3H8 as the fuel and ambient air as the oxidant; (c) Comparison 

of the PPDs of the state-of-the-art oxygen ion conductor SOFCs with C3H8 as the fuel; (d) The 

short-term durability of bare and Ru/PRO-modified cells when fueled by 3% H2O humidified 

C3H8; Typical Raman mapping of (e) D-band (~1357 cm-1) and (f) G-band (~1585 cm-1) for 

Ru/PRO-coated anode after the durability evaluation on C3H8 at 750 oC; (g) C2H4 and C3H6 

selectivities over bare and Ru/PRO-coated anodes with a constant current density of 1.0 A cm-2 at 

750 oC. 

 

The off-gas composition becomes complex when C3H8 is fueled into the anode, mainly 

including H2, CO, CO2, CH4, C2H6, C2H4, C3H8, and C3H6 (Figure S20, Supplementary Note 

12). As shown in Figure 4g, the C2H4 selectivity of the Ru/PRO-coated anode reaches 28.23%, 

while the C3H6 selectivity reaches 8.26%, both higher than that in the bare anode (17.83 and 

4.46%). The off-gas in bare and Ru/PRO-coated anodes can only contain a small number of C3H8 

in the gas products, indicating a high decomposition rate of C3H8 in the operation condition 

(Figure S21, Supplementary Note 12). The off-gas composition distribution of Pr6O11 and RuO2-

coated anodes is displayed in Figure S22 (Supplementary Note 12). Both Pr6O11 and RuO2-

coated anodes demonstrated increased C2H4 and C3H6 selectivities compared to the bare anode 

(Table. S3), indicating the synergistic catalytic effects of PrOx and Ru. The results show the 

excellent potential of direct hydrocarbons SOFCs as the reactors for the co-generation of power 

and light olefins. Accordingly, this facile and highly scalable fabrication method could be widely 

applied to green and sustainable energy applications and petrochemical industries. 

 

4. Conclusion 

In summary, modifying the Ni-cermet anodes with Ru/PRO metal/oxide nano-

heterostructured catalyst greatly enhanced the performance of direct hydrocarbons fuel cells, 

achieving the peak power densities of 1.784 and 1.870 W cm-2 on 3% H2O humidified CH4 and 

C3H8 at 750 oC, respectively. Moreover, cells with the Ru/PRO-coated anode can be stably 

operated on CH4 for ~220 h and C3H8 for ~115h. The remarkable performance and coking 

tolerance of the anode are attributed to the efficient catalytic activity of the electrochemical 

oxidative hydrocarbon decomposition process and carbon removal process, as confirmed by the 
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experiments and computations. Accordingly, the nano-heterostructured Ru/PRO catalyst 

effectively boosts the coking tolerance and the kinetics of hydrocarbon decomposition. In addition 

to being attractive for direct hydrocarbon SOFCs, this design philosophy of restricted anode is also 

highly attractive for other types of energy conversion and storage systems, including membrane 

reactors for the synthesis of high-value-added chemicals. 
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