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Summary 17 

Low-temperature solid oxide fuel cells (LT-SOFCs) are a promising next-generation 18 

fuel cell due to their low cost and rapid start-up, posing a significant challenge to electrode 19 

materials with high electrocatalytic activity. Herein, we reported the bimetallic 20 

nanoparticles encapsulated in carbon nanotubes (NiFe@CNTs) prepared by carefully 21 

controlling catalytic pyrolysis of waste plastics. Results showed that plenty of multi-walled 22 

CNTs with outer diameters (14.38±3.84 nm) were observed due to the smallest crystalline 23 

size of Ni-Fe alloy nanoparticles. SOFCs with such NiFe@CNTs blended in anode 24 

exhibited remarkable performances, reaching a maximum power density of 885 mW cm-2 25 

at 500 °C. This could be attributed to the hierarchical architecture well-dispersed alloy 26 

nanoparticles and high graphitization degree of NiFe@CNTs to improve HOR activity. Our 27 

strategy could upcycle waste plastics to produce nanocomposites and demonstrate a high-28 

performance LT-SOFCs system, addressing the challenges of sustainable waste 29 

management and guaranteeing global energy safety simultaneously. 30 

Keywords: Waste plastics; Bimetallic catalysts; Carbon nanotubes; Low-temperature solid 31 

oxide fuel cells (LT-SOFCs); Waste-to-energy 32 
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Introduction 35 

Solid oxide fuel cells (SOFCs) are as electrochemical energy conversion devices that 36 

can continuously produce electricity as long as the fuel inputs are supplied (Zhang et al., 37 

2021b). They have been recognized as one of the most promising technologies for fulfilling 38 

increasing energy demands and the worldwide problem of climate change owing to its high 39 

efficiency, low emissions, and fuel flexibility. Currently, a significant challenge of 40 

traditional SOFC lies in the high operating temperatures (> 750 °C), resulting in 41 

performance degradation, technical complexity, economic barriers and limited applications 42 

(Mushtaq et al., 2021a). Significant efforts have been made around the world to address 43 

the aforementioned issues in order to reduce the operating temperature of SOFCs to the 44 

intermediate or low-temperature (LT) region (c.a. 400-600 °C), which ultimately decreases 45 

marketing costs and overcome the commercialization barrier (Hu et al., 2021).  46 

The limited performances of LT-SOFCs are attributed to several factors, such as low 47 

ionic conductivity (< 0.1 S cm-1) of conventional electrolyte materials like yttria-stabilized 48 

zirconia (YSZ), as well as sluggish electrode reactions resulting from the low catalytic 49 

activity (Alipour et al., 2022; Fan et al., 2022; Zhu et al., 2021a). The incorporation or in 50 

situ manufacture of active nanocomponents to form the nanocomposite might be a solution 51 

to these problems (Mushtaq et al., 2021b; Tabassum et al., 2019). Carbon nanotubes (CNTs) 52 

have exhibited superior thermal and electrical conductivity, which accelerates the heat 53 

Jo
urn

al 
Pre-

pro
of



 

4 

 

transfer and increases the reaction rate during electrochemical reactions (Choudhary et al., 54 

2020; Zhang et al., 2020). It was reported that adding multi-wall carbon nanotubes 55 

(MWCNTs) to the Pr0.6Sr0.4Fe0.8Co0.2O3 (PSFC) perovskite cathode material could adjust 56 

the size of nanoparticles, lowering the material's area specific resistance (Pinedo et al., 57 

2011). Moreover, alloying with transition metals could be an efficient method for 58 

enhancing catalytic activity to prevent metal particle agglomeration (Cai et al., 2020; Yan 59 

et al., 2019). Ju et al. (Lee et al., 2021) developed a bimetallic anode using electrospinning. 60 

In comparison to Ni-Fe spherical powder, this fiber anode possessed higher anodic activity 61 

and was more resistant to coarsening of metallic particles. However, the fabrication process 62 

is complicated and time-consuming.  63 

Catalytic pyrolysis and gasification technologies have been proved to be a feasible 64 

and economical route to produce CNTs from waste plastics compared with the traditional 65 

methods such as landfill or incineration (Cai et al., 2021; Jie et al., 2020). It is reported 95% 66 

of plastic packaging material value (USD 80-120 billion per year) wasted only after the 67 

first-use cycle (Dogu et al., 2021) and potential health risks caused by waste plastics have 68 

been highlighted (Ostle et al., 2019). Furthermore, the spent catalyst produced during the 69 

pyrolysis-catalysis of waste plastics includes not only CNTs but also contaminants. 70 

Therefore, it is conventional to remove impurities such as catalyst support and amorphous 71 

carbon to preserve the properties of CNTs. However, the CNTs purification rely on various 72 
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chemical oxidants, such as KMnO4 (Azodpour and Baniadam, 2019), leading to high 73 

energy consumption and burdensome post-processing. From another standpoint, the 74 

intentional utilization of remaining metallic phases in CNTs is a cost-effective and 75 

reasonable approach to produce advanced functional carbon/metal composite, especially in 76 

the various energy storage systems, including fuel cells and some electrochemical reactions 77 

(Biemolt et al., 2021; Campos-Roldán et al., 2020; Mao et al., 2020; Pagliaro et al., 2021). 78 

Notably, sufficient contact between metal-based oxides and CNTs must be formed for 79 

efficient charge transfer to increase the overall electrocatalytic activities of metal 80 

nanoparticles and CNTs. Therefore, in addition to the physical mixture, establishing an 81 

intrinsic chemical relationship between CNTs and transition metal is a critical challenge to 82 

enhance the charge transfer efficiency between the interfaces of these two components.   83 

Due to the ongoing COVID-19 global pandemic, the use of personal protective 84 

equipment (PPE) has witnessed a massive increase (Yuan et al., 2021). The mandatory 85 

requirement of single-use face masks in many countries caused the accumulation of waste 86 

polypropylene (PP) (Harussani et al., 2021). Herein, we first reported the improvement of 87 

LT-SOFC performances via blending well-dispersed non-precious metal nanoparticles 88 

encapsulated in CNTs (M@CNTs) in the anode, which was in-line synthesised via one-step 89 

directionally catalytic pyrolysis of waste PP (Fig. 1). The influences of the catalyst’s active 90 

metal components (monometallic Ni, Fe, bimetallic NiFe) on the quality of M@CNTs, 91 
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working mechanism, and the SOFC performances were investigated. This work presents a 92 

novel strategy to achieve sustainable management of waste plastics and accelerate the 93 

practical applications of LT-SOFCs, achieving the United Nation's Sustainable 94 

Development Goals (SDGs), such as mitigating plastic pollution (SDG 14: life below water 95 

and SDG 15: life on land) and generating clean energy (SDG 7: renewable energy). 96 

 97 

Results  98 

The physicochemical characterization of M@CNTs 99 

After the pyrolysis and catalytic decomposition of PP, a large amount of filamentous 100 

carbon generated from all three kinds catalysts (Fig. 2, S1 and S2). The carbon deposits 101 

formed on the NiFe@CNTs appeared to be mainly the filamentous carbon with the length 102 

of tens of microns (Fig. 2a), while more irregular shapes of the cluster were observed on 103 

the Ni@CNTs (Fig. S1a). TEM observations further demonstrated the filamentous carbons 104 

were identified as CNTs for all samples. The average size of CNTs outer diameters 105 

followed the decreasing order, that is, Ni@CNTs (36.13±6.52 nm) > Fe@CNTs 106 

(19.90±4.64 nm) > NiFe@CNTs (14.38±3.84 nm), as displayed in Fig. S1d, S2d, and 2b. 107 

Furthermore, the most minor standard deviation was obtained with the NiFe@CNTs, thus 108 

it had the better uniform distribution of CNTs that possessed a longer length and less 109 

tortuosity among the three samples. 110 
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The high-resolution TEM (HRTEM) images displayed that the metallic nanoparticles 111 

were trapped inside the bamboo-like multi-walled CNTs (Fig. 2c, d). The metallic 112 

nanoparticles were further identified as Fe-Ni alloy by the lattice spacing of 2.07 Å (Fig. 113 

2d), corresponding to the (111) plane and agreed well with the XRD pattern (Fig. 3b). The 114 

Fe-Ni alloy had been proved to be the active metallic compound for the formation of CNTs, 115 

which was consistent with previous reports (He et al., 2020; Jia et al., 2021). Closer 116 

observation showed that the carbon layer spacing of the CNTs outer wall was 0.34 nm (Fig. 117 

2e), which was related to the graphite with the (002) plane. Furthermore, the line profiles 118 

in a single particle's high-angle annular dark-field scanning TEM (HAADF-STEM) picture 119 

(Fig. 2f) revealed a significantly greater signal for Fe than Ni. NiFe@CNTs was 120 

predominantly constituted of C, encapsulating nanoparticles of Fe and Ni, according to the 121 

TEM-energy-dispersive X-ray (TEM-EDX) data (Fig. 2g). It's worth noting that the Fe and 122 

Ni mappings were almost identical, highlighting the Fe-Ni alloy's synergistic effects in 123 

fostering CNT development. 124 

The bimetallic NiFe@CNTs witnessed the second highest surface area of 170.75 m2 125 

g-1 and an average pore size of 11.62 nm (Fig. 3a and Table S1). Among the three 126 

synthesized nanomaterials, the Ni@CNTs possessed the highest surface area (190.81 m2 g-127 

1), associated with the smallest average pore size (10.20 nm). Furthermore, the pore volume 128 

of the three samples showed no considerable differences, and their sizes were around 0.50 129 
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mL g-1. In addition, the H3 hysteresis loop at relatively high pressure can be determined as 130 

type IV for all M@CNTs according to the IUPAC classification, suggesting a mesoporous 131 

structure. The corresponding pore size distribution was investigated using the N2-DFT 132 

calculation method, and the results revealed that micropores and mesopores co-existed, 133 

indicating a hierarchical architecture. It has been reported that hierarchical architecture can 134 

work as an efficient mass in the electrocatalytic process (Huang et al., 2019; Suzuki et al., 135 

2009). In particular, the NiFe@CNTs sample exhibited much transfer channel higher pore 136 

volume between 1 and 2 nm, revealing the widespread micropore structure, which could 137 

offer abundant electrocatalytic active sites (Meng et al., 2019).  138 

The X-ray diffraction (XRD) patterns in Fig. 3b revealed a distinct intensity signal at 139 

about 26° corresponding to graphite carbon (JCPDS #41-1487) for all three samples. For 140 

the Ni@CNTs, metallic Ni is detected by the diffraction peak peaks located at 2θ = 44.51°, 141 

51.85° and 76.37°, which are related to (111), (200) and (220) planes of nickel (JCPDS 142 

#04-0850) respectively (Qin et al., 2021). Nevertheless, Fe3C was found to be the main 143 

component for the Fe@CNTs, which was identified by JCPDS #35-0772 to generate the 144 

reflections at 35.23° (200), 43.74° (102) and 44.99° (031) (Wang et al., 2021b). The lack 145 

of metallic iron in Fe@CNTs might be ascribed to the combination of iron species and the 146 

carbon matrix, leading to the generation of metal carbide. However, nickel carbide (Ni3C) 147 

had not been detected in Ni@CNTs. As a consequence, the carbon solution degree in Fe 148 
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can be substantially greater than in Ni, promoting the generation of metal carbide 149 

(Pudukudy et al., 2017). This was also confirmed by others work which found the 150 

generation of metal carbide promoted the formation of CNTs (Zhou et al., 2017). For the 151 

NiFe@CNTs, the Fe-Ni alloy was detected as Fe0.64Ni0.36 by JCPDS #47-1405 to generate 152 

the reflections at 43.60° (111), 50.79° (200) and 74.68° (220) apart from the Fe3C phase. 153 

The XRD results had further verified that Fe-Ni alloy was the direct active site for the 154 

growth of CNTs, which agreed with the prevalent understanding of bimetallic Fe-Ni 155 

species catalysts proposed by previous work (He et al., 2020; Yao and Wang, 2020). It can 156 

be concluded the Fe-Ni alloy's synergistic effect boosted the ability of carbon solutions in 157 

metals to increase CNT formation and uniform distribution. Some researchers have 158 

reported that the particle size of active sites has some impacts on the size of the CNTs (He 159 

et al., 2021; Kotov et al., 2021), therefore the average crystalline size of catalyst was 160 

calculated according to Scherrer equation (D=kλ/β cos θ). After the WPF refinement, the 161 

average crystalline size of Ni, Fe3C, Fe0.64Ni0.36, was calculated to be 20.0 nm, 14.5 nm and 162 

12.3 nm, respectively, which displayed the decreasing trend following the order: 163 

Ni@CNTs > Fe@CNTs > NiFe@CNTs. From the TEM results above, it was found that the 164 

same trend was also shown according to the mean size of the outer diameters of CNTs. 165 

Therefore, it was the particle size of metal nanoparticles that played a distinct role in the 166 

morphology of as-formed CNTs. 167 
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TPO analysis of the M@CNTs was conducted to identify the stability of carbon 168 

deposits and chemical existence form in Fig. 3c. Compared with the monometallic 169 

Ni@CNTs and Fe@CNTs, the starting temperature of weight reduction was higher for 170 

NiFe@CNTs, which meant that NiFe@CNTs had better thermal stability than others. 171 

Moreover, the derivative thermal gravimetry (DTG) results (Fig. 3c insert) further 172 

demonstrated the better stability of NiFe@CNTs because the corresponding weightlessness 173 

peak shifted towards the high-temperature zone. That phenomenon revealed that the carbon 174 

formed on different samples might have differences between each other. According to the 175 

previous research, two kinds of carbon could be detected during the deposition process, 176 

and the carbon form could be distinguished by oxidation temperature owing to their 177 

different oxidation properties (Liu et al., 2017; Zhang et al., 2015). The weight loss at 178 

temperature higher than 550 °C was related to graphite (CNTs here), compared with the 179 

oxidation of amorphous carbon at lower temperature. The carbon deposits produced over 180 

the NiFe@CNTs exhibited a higher proportion of CNTs than others (Fig. S3). It was 181 

calculated that around 363 mg g plastic
 -1 CNTs concentrated on the NiFe@CNTs, taking over 182 

90% of the carbon deposits.  183 

The surface nature and chemical state of each element of Ni@CNT, Fe@CNTs, and 184 

NiFe@CNTs were determined using high-resolution X-ray photoelectron spectroscopy 185 

(HRXPS). The Ni 2p spectrum displays two Ni2p3/2 and Ni2p1/2 areas, which can be 186 
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deconvoluted into six peaks in Fig. 3d (Wang et al., 2019b). Thereinto, two peaks at 853 187 

eV and 870 eV are related to metallic Ni species, while the oxidized Ni species are 188 

represented by the peaks at 856 eV and 875 eV. Moreover, Fe2p XPS spectra also revealed 189 

two chemically different species with broad Fe2p peaks. The two peaks at ~707 eV and 190 

~720 eV in the Fe 2p spectrum could be assigned to Fe3C (Xiujun Fan, 2015) , while the 191 

two peaks at ~711 eV and ~725 eV belonged to oxidation states of Fe species. The metallic 192 

Ni and Fe peaks appearing in XPS spectra agreed well with XRD analysis and HAADF-193 

STEM results. It was notable that the Ni and Fe peaks shifted to the higher binding energy 194 

in NiFe@CNTs (Table S3, S4), respectively. This shift indicated the less charge density on 195 

either Ni or Fe atoms, which is a clue of the interaction of Fe-Ni alloy (Loos et al., 2019). 196 

The peaks in the C 1s spectra deconvoluted at ~284.8, ~285.3, ~286.41 and ~290.65 eV 197 

are attributed to C-C, defects bonds, C-O-C and -π* respectively (Fig. S4 and Table S5). 198 

Compared with the monometallic M@CNTs, NiFe@CNTs possessed the highest relative 199 

content of C-C (56.80%), indicating the strong C-H bond cleavage catalytic activity of Fe-200 

Ni alloy during the thermochemical reactions. However, the proportion of defects for 201 

NiFe@CNTS (15.52%) is evidently reduced by half in contrast with Ni@CNTs or 202 

Fe@CNTs, indicating the high graphitization structure. 203 

Furthermore, Raman spectra in Fig. 3f revealed three typical peaks appearing at 204 

around 1350 cm-1 (D band), 1580 cm-1(G band) and 2690 cm-1 (G’ band) in M@CNTs They 205 
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are linked to amorphous carbon or the defects on the carbon nanotube, the stretching 206 

vibration of crystalline graphite and the two-phonon lattice vibration process (Chen et al., 207 

2014; Jiao et al., 2009), respectively. NiFe@CNTs witnessed the least number of defects, 208 

since the D band and G band intensity ratios (ID/IG) is pretty lower than others, again 209 

confirming the high purity of CNTs and in accordance with the results in Fig. S3. 210 

Furthermore, the maximum IG’/IG was observed for NiFe@CNTs of 0.72, also reflecting 211 

the higher graphitization degree of the carbon collected. Compared with the other two Fe-212 

containing samples, Ni@CNTs possessed a relatively wide D band, which could be linked 213 

to higher complexity, such as the carbon nano onions in layer stacking. The nickel carbide 214 

did not form in Ni@CNTs, therefore the carbon saturation occurred in a short time, the 215 

carbon atoms began to crystallize, and the first single layered graphene formed over the Ni 216 

catalyst particle. The saturation and crystallization would repeat with a constant supply of 217 

carbon atoms, and multiple graphene layers grow surrounding the catalyst, resulting in the 218 

formation of a carbon nano onion (Dhand et al., 2021). 219 

 220 

SOFC performances of M@CNTs 221 

The remarkable properties of carbon nanotubes-transition metal composites garner an 222 

increasing interest from the catalysis community. It has been demonstrated that this kind 223 

of nanocomposite possessed excellent HOR and ORR electrocatalytic activity for proton 224 
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exchange membrane fuel cells (PEMFCs) and rechargeable metal-air batteries (MABs), 225 

which are clean power generation devices (Ma et al., 2019). Compared to the conventional 226 

SOFCs that can only be operated in a high temperature range (800-1000 °C), the LT-SOFCs 227 

with decreased operation temperature (<550 °C) may improve the commercialization 228 

prospects of SOFCs. The graphite structure of CNT could be well maintained below 500 ℃, 229 

as illustrated in the TPO analysis. Hence, the carbon encapsulated metallic particles was 230 

utilized as anode electrode expecting improved HOR catalytic activity. The primary 231 

components of a fuel cell are an electrolyte, a cathode, and an anode, as shown 232 

schematically in Fig. 4a. In this fuel cell configuration, the CeO2 was used as an electrolyte 233 

since it showed an impressive ionic conductivity at low temperature (Wang et al., 2019a; 234 

Xing et al., 2019). The I_V curves for fuel cells with the cell structure of NCAL-235 

M@CNTs/CeO2/NCAL-M@CNTs were shown in Fig. 4b. The maximal power densities 236 

for fuel cells with NiFe@CNTs as an anode at 500 °C was 885 mW cm-2, which was higher 237 

than those counterparts with Ni@CNTs and Fe@CNTs-blended anode. Such observation 238 

indicated that the cell performance at a low-temperature range was enhanced with the 239 

additive of NiFe@CNTs, which could mainly be attributed to the improved electrocatalytic 240 

activity of anode. Even when compared with several different anode materials and 241 

operating conditions for the performances of SOFCs (Table 1), our sample presents the 242 

highest power density (Fig. 4d), no matter whether the operating temperature is higher or 243 
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lower than 600 °C. 244 

Table 1 Comparisons with several different anode materials and operating conditions for 245 

the performances of SOFCs. 246 

Anode Materials 

Power 

density 

(mWcm−2) 

Temperature 

(°C) 
Electrolyte Reference 

NiFe@CNTs 885 500 CeO2 This work 

Sr0.95(Ti0.3Fe0.63Ni0.07)O3−δ 

(STFN) 
400 700 

La0.8Sr0.2Ga0.83

Mg0.17O3−δ 

(LSGM) 

(Zhu et al., 

2018) 

BaZr0.1Ce0.7Y0.1Yb0.1O3–δ 370 500 
Samaria doped 

ceria (SDC) 

(Chen et al., 

2018) 

Al0.05Ni0.1Ti0.05Zn0.80-SDC 

(ATZN-SDC) 
370 650 

Samaria doped 

ceria (SDC) 

(Ajmal Khan 

et al., 2018) 

LiNiCuZn–O (LNCZ-O) 455 600 
Samaria doped 

ceria (SDC) 

(Khan et al., 

2020) 

Al0.1Mn0.1Zn0.8O (AMZ) 407 550 

Gadolinium 

doped ceria 

(GDC) 

(Mumtaz et 

al., 2019) 

Al0.1Mn0.1Ni0.1Zn0.7O 

(AMNZ) 
535 550 

Gadolinium 

doped ceria 

(GDC) 

(Mumtaz et 

al., 2019) 

Ni-SDC 508 650 SDC 
(Ahsan et al., 

2020) 

Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 

(NBCZ) 
350 650 

Na carbonated 

samarium 

doped ceria 

(NSDC) 

(Batool et al., 

2019) 

Ag0.25Ti0.05Zn0.70 oxide 354 650 SDC 
(Hussain et 

al., 2019) 

Mo doped Pr0.5Ba0.5MnO3-δ 

(Mo-PBMO) 
560 800 YSZ 

(Sun et al., 

2016) 

La0.3Sr0.7Fe0.7Ti0.3O3 

(LSFT) 
374 700 

Yttria-

stabilized 

zirconia (YSZ) 

(Cao et al., 

2015) 
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To further verify the improved electrode kinetics process, the electrochemical 247 

impedance spectra (EIS) studies were carried out for fuel cells with different anode 248 

additives under cell operation conditions at 500 °C. The results were fitted with an 249 

equivalent circuit as presented in Fig. 4c, and the simulated data were summarized in Table 250 

S6. R0 indicates the ohmic resistance in the equivalent circuit, which could be calculated 251 

by computing the intercept on the real axis at high frequencies, while R1 and R2 represent 252 

the electrolyte's border resistances and the electrode's polarization resistance respectively. 253 

According to the simulated results for the M@CNTs anode fuel cell, the ohmic resistance 254 

decreased from 0.47 to 0.36 Ω cm-2, suggesting an improved electrochemical performance 255 

in the CNTs-electrode based fuel cell. The hydrogen oxidation reaction and oxygen 256 

reduction reaction happened on the sites located at the triple phase boundaries (TPB) in the 257 

fuel cell, where involved ions transfer, electrons transfer and molecular species adsorption-258 

desorption process. Molecular was oxidized/reduced into ions on the electrode, generating 259 

electrons at the anode side. Ions transferred through the electrolyte, while electrons were 260 

conducted to the external circuit. Since we used the same commercial CeO2 with same 261 

ionic conductivity as the electrolyte for all the devices, the ions transfer activation energy 262 

of the electrolyte was not the key factor that contributed to performance gains. Accordingly, 263 

the catalytic activity of triple-phase-boundary played the key role in the enhanced fuel cell 264 

performance. The cell with NiFe@CNTs as electrode expressed the lower polarization 265 
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resistance at 500 °C, compared with Ni@CNTs and Fe@CNTs, ascribing to the high 266 

electrode catalytic activity, which arose from the encapsulated metallic particles with 267 

surface carbon mentioned above. The distinctive structure of the produced nanocomposite, 268 

in which the alloy particles were encased by CNTs, may account for the decreased 269 

polarization resistance of NiFe@CNTs, leading to the charge redistribution between the 270 

interface and fast charge transfer. The electronic property of metal core was modulated by 271 

the CNTs coupling to optimize HOR/ORR activity of M@CNTs catalysts. 272 

 273 

Discussion 274 

DFT calculations were employed to deeply investigate the effects of the different 275 

metal species (mono Ni, Fe and bimetallic NiFe) of M@CNTs on the HOR activity, since 276 

HOR, as the half-reaction, played a vital role in SOFC performance (Zhu et al., 2021b). 277 

According to the XRD and TEM results above, Ni, Fe3C, Fe0.64Ni0.36, have been referred to 278 

as the active species of Ni@CNTs, Fe @CNTs and NiFe@CNTs, respectively. Furthermore, 279 

Ni has been found to expose the (111), (200) and (220) facets, and its space group is Fm3m 280 

(225). Fe3C exists in Fe@CNTs, exposing the (200), (102) and (031) facets, and its space 281 

group is Pnma (62), while Fe0.64Ni0.36 in NiFe@CNTs, exposing the (111), (200) and (220) 282 

facets, and its space group is Fm3m (225). The possible elementary steps comprising the 283 

HOR are 
1

2
H2→H* and H*→H+.                     284 
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Appropriate hydrogen adsorption energy is significant in the catalytic activity 285 

according to the Sabatier volcano relationship (Mao et al., 2020). Therefore, the hydrogen 286 

adsorption energy of different binding modes was calculated. Firstly, we investigated the 287 

effects of the different active sites of the nanoparticles, especially at the edge of the cluster. 288 

As shown in Fig. 5a, the 234 hollow site was the preferential hydrogen adsorption site of 289 

all studied bonds for Ni@CNTs compared with the 123 hollow site or the 45 bridge site. 290 

However, as for Fe@CNTs, the 12 bridge site possessed the lowest hydrogen adsorption 291 

energy of 0.11 eV, which was possibly attributed to the introduction of C atom in the Fe3C 292 

nanoparticles (Fig. 5b). It was noteworthy that an optimal near zero value of hydrogen 293 

adsorption energy was obtained at the hollow site of 456 when NiFe alloy forms in the 294 

NiFe@CNTs (Fig. 5c), further indicating the synergetic effects of bimetallic Fe-Ni species 295 

during the catalytic synthesis of NiFe@CNTs. Similar results have been reported for the 296 

bimetallic phosphide (Fe0.3Co0.7P@CNTs) nanocomposite. It was concluded that the free 297 

energy of H adsorption closer to zero, larger binding strength for H2O and higher electrical 298 

conductivity contributed to the enhanced catalytic activities of Fe0.3Co0.7P (Wang et al., 299 

2021a). 300 

Furthermore, the entire processes of HOR on the three different kinds of M@CNTs 301 

were further investigated (Fig. 5d). The results revealed that the different species of metal 302 

nanoparticles had significant influences on the HOR activity of catalysts. The bimetallic 303 
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NiFe@CNTs had the smallest energy barrier among the whole reaction process, followed 304 

by Fe@CNTs and Ni@CNTs, being consistent with the trend of SOFC performance. To 305 

reveal an electronic correlation between the metallic ions and graphene, the ultraviolet 306 

photoemission spectroscopy measurements were performed, and the data were depicted in 307 

Fig. 5e. The work function of graphene was increased from 5.05 eV to 5.72 eV and 6.60 308 

eV for NiFe@CNTs, Fe@CNTs and Ni@CNTs, respectively. The downward shift of work 309 

function indicates an improved charge transfer from CNTs to metal ions, thus increasing 310 

the HOR catalytic activity of NiFe@CNTs for LT-SOFCs (Kwon et al., 2012).  311 

 312 

Conclusions 313 

 CNTs materials, with non-precious transition metal nanoparticles encapsulated in, 314 

were successfully synthesized to enhance the LT-SOFC performances from one step of 315 

pyrolysis and in-line catalytic decomposition of polypropylene. Compared with 316 

monometallic Ni and Fe, the CNTs generated from bimetallic (NiFe@CNTs) revealed 317 

longer, smoother and narrower CNTs and well-dispersed Fe-Ni alloy nanoparticles could 318 

be seen inside simultaneously. Both carbon peak that was closed to the theoretical one and 319 

lower ID/IG ratio proved the high graphitization structure of the CNTs collected. 320 

NiFe@CNTs exhibited remarkable low-temperature SOFC performance as an electrode 321 

additive with a maximum power density of 885 mW cm-2 at 500 °C, and this is mainly due 322 
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to the efficient agglomeration prevention and electrical conductivity. DFT calculations also 323 

demonstrated that an optimal near zero value of hydrogen adsorption energy was obtained 324 

at the hollow site of 456 when NiFe alloy forms in the NiFe@CNTs. This research not only 325 

sets the path for a new approach to economically and ecologically recycle plastic waste, 326 

but it also shines light on low-cost and high-performance catalysts for LT-SOFCs with 327 

tunable bimetallic-species-loaded carbon-based materials. 328 

 329 

Limitations of the study 330 

The impurities in plastics are not considered in this study. We will use real-world 331 

waste plastics to prepare carbon-based nanocomposites and further verify their SOFC 332 

performances. The life-cycle analysis and techno-economic analysis could also be 333 

introduced to accelerate industrialization in the future. 334 

 335 

Resource availability 336 

Lead Contact  337 

Further information and requests for resources and reagents should be directed to and 338 

will be fulfilled by the Lead Contact, Huiyan Zhang (hyzhang@seu.edu.cn). 339 

Materials Availability 340 

This study did not generate new unique reagents. 341 
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Data and Code Availability 342 

• All data are available in the paper and in supplemental information, and/or from 343 

the corresponding author upon reasonable request. 344 

• This paper does not report original codes. 345 

• Any additional information required to reanalyze the data reported in this paper is 346 

available from the lead contact upon request. 347 

 348 

Experimental model and subject details 349 

This work did not need any unique experimental model. 350 

 351 

Method details 352 

Production of the synthesized nanocomposite 353 

Ni/Al2O3, Fe/Al2O3, NiFe/Al2O3 were firstly prepared by a single-step sol-gel method, 354 

respectively. All catalysts contained approximately 10 wt.% of active metals. In 355 

NiFe/Al2O3, the Ni to Fe molar ratio was controlled at 1:3. For the synthesis of the catalysts, 356 

40 g aluminum tri-sec-butoxide (C12H27AlO3, AR 97%, Aladdin) was dissolved in 300 ml 357 

ethanol and stirred for 2.5 h at 80 °C. Then, the pre-dissolved active metal precursor 358 

mixture with nickel nitrate hexahydrate (Ni (NO3)2·6H2O, AR 98%, Aladdin, if required), 359 

iron (III) nitrate nonahydrate (Fe (NO3)3·9H2O, AR ≥ 98.50%, Sinopharm Chemical 360 
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Reagent Co. Ltd., if required), and 5 ml deionized water was added drop by drop. For 361 

example, taking the bimetallic catalyst NiFe/Al2O3, 4.93g Fe (NO3)3·9H2O and 1.18g Ni 362 

(NO3)2·6H2O were added, allowing the Ni to Fe molar ratio to be 1:3. Subsequently, the 363 

mixture was stirred for 0.5 h and dried at 80 °C overnight. Finally, the gel was sieved to 364 

80-100 mesh and calcined at 850 °C for 3 h in air. Notably, here in this work, typical waste 365 

PP was selected as plastic feedstock. Table S7 showed the ultimate analysis and proximate 366 

analysis of PP. 367 

The preparation of CNTs encapsulated Ni- and Fe- based nanoparticles was conducted 368 

in a two-stage fixed-bed system (Fig. S5). The upper zone (Zone I) was used for PP 369 

pyrolysis, while the bottom zone (Zone II) was used for further catalytic decomposition of 370 

generated volatiles, making carbon nanomaterials deposit on the catalyst. The inner 371 

diameter and length of upper reactor was 26 mm and 300 mm, while bottom reactor was 372 

18 mm and 300 mm. 1g of PP was loaded within a basket hanging in the middle of zone I 373 

and 0.25 g of catalyst were placed in the center of zone II in a typical experiment. The 374 

system was purged with 50 mL min-1 N2 for 10 mins. Zone II was pre-heated to 800 °C and 375 

kept stable until the experiment finished. When zone II reached the designed temperature, 376 

zone I started to heat up to 500 °C within 30 min and then was kept stable at 500 °C for an 377 

additional 20 minutes to make sure the complete reaction. After a typical test, the CNTs 378 

encapsulated Ni- and Fe- based nanoparticles would be successfully synthesized in Zone 379 
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II. The obtained samples were respectively denoted as Ni@CNTs, Fe@CNTs, NiFe@CNTs 380 

hereafter. 381 

Characterizations 382 

The specific surface area of fresh catalysts was evaluated using the Brunauer-Emmett-383 

Teller (BET) equation and measured at 77 K on an ASAP 2020 (Micromeritics, USA). The 384 

reducibility of fresh catalysts was measured by temperature programmed reduction (TPR) 385 

in a Micromeritics AutoChem. To be precise, around 10 mg catalyst was heated to 850 °C 386 

in a flowing gas of 10 vol% H2 (2.231 mmol min-1, balanced by Ar) with a heating rate of 387 

10 °C min-1. High-resolution X-ray photoelectron spectroscopy (HRXPS) was used to 388 

examine the surface chemical compositions of fresh catalysts with an Al K line (15 kV, 10 389 

mA, 150 W) as a radiation source (250 Xi, Thermo ESCALAB). The thermogravimetric 390 

analyzer (Discovery TG55) was used to conduct temperature programmed oxidation (TPO) 391 

distinguishing the type of carbon, such as amorphous carbon or graphite, on the spent 392 

catalysts. ~10 mg of sample was held at 105 °C for 30 min to remove moisture and then 393 

heated to 800 °C with the ramping rate of 10 °C min-1 in an air atmosphere (100 ml min-1). 394 

An X-ray diffraction equipment (XRD, smartlab9) was employed to investigate the crystal 395 

phases. It was operated at 40 kV and 150 mA (λ= 0.15406 nm) with an angle reflection 396 

between 5° and 85°. The XRD scanning rate was 8° min-1. The morphology of samples was 397 

observed both with a scanning electron microscope (SEM, Ultra Plus) and a high-resolution 398 
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transmission electron microscope (HRTEM, JEOL JEM-2100F). HAADF-STEM cross-399 

sectional compositional profiles of samples were investigated by a high-resolution 400 

transmission electron microscope (HRTEM, JEOL JEM-2100F). The Raman spectrometer 401 

was employed to investigate the graphitization of carbon gathered. Raman shift was 402 

between 200 and 3500 cm-1 at a wavelength of 532 nm. In addition, valence band level 403 

maximums were measured by ultraviolet photoelectron spectroscopy (UPS) with a 100 404 

MeV total instrumental energy resolution (Thermofisher escalab 250xi).  405 

SOFC fabrication and tests 406 

The schematic diagram of the SOFC fabrication process was shown in Fig. S6. The 407 

commercial LiNi0.8Co0.15Al0.05 (NCAL) material is commonly utilized as the electrode of 408 

ceramic fuel cells (CFCs). NCAL mixed with Ni@CNTs, Fe@CNTs and NiFe@CNTs in 409 

a 1:0.1 weight ratio was developed to further explore its catalyst function in a low-410 

temperature range. They were homogeneously blended in the mortar with ethanol and 411 

terpineol (1:1 volume ratio). Then, the mixed slurry was smeared on Ni foam and the foam 412 

was put into an oven at 120 ℃ for 1h to remove the additional organic solvent, which was 413 

used as an electrode and current collector. For comparison purposes, the devices based on 414 

CeO2 electrolyte and different electrodes were fabricated by one-step pressing under 8 Mpa 415 

pressure for 60 s to obtain the pellet. The resulting fuel cell devices were labeled as NCAL-416 

Ni@CNTs/CeO2/NCAL-Ni@CNTs, NCAL-Fe@CNTs/CeO2/NCAL-Fe@CNTs and 417 
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NCAL-NiFe@CNTs/CeO2/NCAL-NiFe@CNTs. They are roughly 2 mm in thickness and 418 

13 mm in diameter. The cells were pre-heated in the testing setup at 500 oC for 1 h. The 419 

SOFCs performance measurements were conducted on am electronic load instrument 420 

(IT8511, ITECH Electrical Co., Ltd., Nanjing, China) at 500 °C. The pure hydrogen 421 

(99.999%) was used as fuel with a flow rate of 100 mL min-1) while air as the oxidant with 422 

a flow rate of 100 mL min-1. 423 

Computational method 424 

The Vienna Ab initio Simulation Package (VASP) was used to perform all density 425 

functional theory (DFT) computations using the Perdew-Burke-Ernzerhof (PBE) 426 

functional under the generalized gradient approximation (GGA) (Nie et al., 2018). The 427 

projected augmented wave (PAW) potentials were chosen to describe the ionic cores. The 428 

valence electrons was introduced based on a plane wave basis set with a kinetic energy 429 

cutoff of 400 eV (Zhang et al., 2021a). The force convergency was determined to be smaller 430 

than 0.05 eV Å-1 to perform geometry optimizations. Spin-polarized effect and van der 431 

Waals force correction were both considered in all calculations. Previous studies have 432 

proved that the curvature of the CNT support could be almost ignored owing to the 433 

comparatively large size of both the CNTs and the encapsulated metal nanoparticles; as a 434 

result, the CNT support was approximated with a graphene sheet to simplify the model's 435 

complexity (Popov, 2004). The graphene layer was built with the periodicity of p (6 × 6) 436 
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(72 C atoms). Nanoparticles of Ni (13 Ni atoms), Fe3C (9 Fe atoms and 4 C atoms) and 437 

Fe0.64Ni0.36 (9 Fe atoms and 4 Ni atoms) were built on the carbon layer, describing the 438 

structure of M@CNTs. All the surface calculations were conducted using Monkhorst-Pack 439 

k-points of 2×2×1. This allowed a certain nanoparticle to be placed on graphene while 440 

allowing both the nanoparticle and the support to relax. The standard free energies 441 

corrections were used to obtain the free energy at 500 °C (Cao et al., 2011). 442 

Quantification and statistical analysis 443 

Our study doesn’t include quantification or statistical analysis. 444 

Additional resources 445 

Our study has not generated or contributed to a new website/forum or not been part 446 

of a clinical trial. 447 
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Fig. 3. Physicochemical characterization of M@CNTs. (a) N2 adsorption-desorption 702 

isotherms and pore-size distribution curves by the N2-DFT method of all samples. (b) XRD 703 

patterns of all samples. (c) TG curves and DTG curves of all samples. (d) High-resolution 704 
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Fig. 4. Electrochemical performance and conductivity. (a) Schematic diagram of LT-707 

SOFCs. (b) IV-IP curve for fuel cells with the cell structure. (c) Fitted equivalent circuits 708 
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Highlights 

⚫ The M@CNTs from the waste plastics were utilized as anode additive 

of LT-SOFCs. 

⚫ The effects of active metal species on the quality of nanocomposite 

were studied. 

⚫ Maximum power density of 885 mW cm-2 at 500 °C was obtained with 

NiFe@CNTs. 

⚫ The excellent performances of SOFCs could be attributed to the 

improved HOR activity. 
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Fig. 1 Illustration of the synthesis of M@CNTs. 
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Fig. 2 Morphological characterizations of NiFe@CNTs. (a) SEM image of NiFe@CNTs. 

(b) TEM image of NiFe@CNTs and the corresponding outer diameters of CNTs 

(dmean=14.38 nm). (c) HRTEM image of NiFe@CNTs. (d) HRTEM image of Fe-Ni alloy. 

(e) HRTEM image of CNTs. (f) HAADF-STEM cross-sectional compositional profiles. (g) 

Elemental mapping of C, Fe and Ni in HAADF-STEM images. 
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Fig. 3 Physicochemical characterization of M@CNTs. (a) N2 adsorption-desorption 

isotherms and pore-size distribution curves by the N2-DFT method of all samples. (b) XRD 

patterns of all samples. (c) TG curves and DTG curves of all samples. (d) High-resolution 

XPS spectra of Ni 2p for Ni@CNTs and NiFe@CNTs. (e) High-resolution Fe 2p XPS 

spectra for Fe@CNTs and NiFe@CNTs. (f) Raman spectra of all samples. 
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Fig. 4 Electrochemical performance and conductivity. (a) Schematic diagram of LT-

SOFCs. (b) IV-IP curve for fuel cells with the cell structure. (c) Fitted equivalent circuits 

of EIS. (d) Comparisons with other reported works for the performances of SOFCs. (1. 

Chen et al., 2018; 2. Mumtaz et al., 2019; 3. Mumtaz et al., 2019; 4. Khan et al., 2020; 5. 

Ahsan et al., 2020; 6. Ajmal Khan et al., 2018; 7. Hussain et al., 2019; 8. Batool et al., 2019; 

9. Zhu et al., 2018; 10. Cao et al., 2015; 11. Sun et al., 2016.)  
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Fig. 5 Density functional theory results. Calculated hydrogen adsorption energies on the 

different sites of (a) Ni@CNTs, (b) Fe@CNTs, (c) NiFe@CNTs, (d) free energy diagrams 

of the elementary processes of HOR on the different M@CNTs and (e) UPS spectra of 

Ni@CNTs, Fe@CNTs and NiFe@CNTs. 
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Key resources table 
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Antibodies 

   

   

   

   

   

Bacterial and virus strains  

   

   

   

   

   

Biological samples   

   

   

   

   

   

Chemicals, peptides, and recombinant proteins 

Aluminum sec-butoxide Aladdin A106801; 
CAS:2269-22-9 

Nickel nitrate hexahydrate Aladdin N108891; 
CAS:13478-00-7 

Iron (III) nitrate nonahydrate Sinopharm Chemical 
Reagent Co. Ltd. 

80072718;  
CAS: 7782-61-8 

Critical commercial assays 

   

   

   

   

   

Deposited data 

   

   

   

   

   

Experimental models: Cell lines 
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Experimental models: Organisms/strains 

   

   

   

   

   

   

Oligonucleotides 
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Software and algorithms 

Vienna Ab initio Simulation Package Nie et al., 2018 https://www.vasp.at/ 
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