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Abstract 21 

The advancement in the pyrolysis-catalysis conversion of waste plastics is currently limited by 22 

three problematic issues, namely lack of efficient catalysts, ambiguous catalytic mechanism, and 23 

identification of a dedicated application of carbon nanocomposites. Herein, advanced bimetallic 24 

NiCo/MnO catalysts were developed via a molecular- and macroscale-level engineering strategy. 25 

The best conversion performance among all batches was achieved for a Co:Ni molar ratio of 1:1. 26 

When the plastic-to-catalyst ratio is 10.7:1, the H2 and carbon yields of polyethylene conversion 27 

reached 29.8 mmol/gplas and 42.2 wt%, respectively. Density functional theory simulations 28 

rationalized the activity of NiCo/MnO catalysts in the dehydrogenation of hydrocarbons. The 29 

resulting carbon nanocomposites demonstrated excellent electromagnetic absorption performance 30 

with an effective absorption bandwidth of the representative carbon nanocomposites/wax 31 

composite of 5.12 GHz and a minimal reflection loss lower than −45 dB. This work provides novel 32 

insights for developing advanced catalysts for the pyrolysis-catalysis conversion of waste plastics. 33 

Keywords: Waste plastics; NixCo1–xMn2O4 spinels; Carbon nanotube composites; H2 production; 34 

Pyrolysis-catalysis 35 
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1. Introduction 38 

Global plastic consumption has increased to 359 million metric tons since 2018, leading to a 39 

significant growth of plastic wastes (PWs)[1-3]. In 2019, the outbreak of corona epidemic compelled 40 

worldwide citizens to produce tremendous medical PWs (e.g., masks, gloves, and syringes)[1-5]. 41 

The longevity of PWs in our ecosystems is particularly problematic, which not only pollutes the 42 

landscapes and oceans but also leads to a negative impact on flora and fauna[1-3]. To solve this 43 

problem, various management ways have been exploited by the research community to realize the 44 

potential value of PWs[2, 3]. Among them, the coproduction of hydrogen (H2) and high-value carbon, 45 

namely carbon nanotube composites (CNCs), has been demonstrated to be a promising valorization 46 

for the upcycling of waste plastics[2, 3, 6-9].  47 

Recently, with the rapid development of wireless communication technology, the proliferating 48 

popularity of electronic equipment has led to inherent electromagnetic irradiation pollution[13-14]. 49 

Magnetic nanoparticle modified CNCs (e.g., Ni@CNTs) were proven to be excellent absorbents in 50 

electromagnetic shielding applications due to the co-contribution of magnetic loss, conductive loss 51 

as well as dielectric loss[15,16]. Furthermore, with great concerns about climate change caused by 52 

greenhouse gas emissions from fossil fuels, there is an urgent demand to produce green hydrogen 53 

as energy vector to substitute traditional energy sources. Hydrogen can be applied in energy storage 54 

and as a valuable feedstock in petroleum refineries, industrial ammonia production, and so on[17,18]. 55 

By now, thermochemical conversion of natural gases (e.g., CH4) is the dominant way for large-56 

scale production of CNTs and H2, which is energy-intensive and commercially ineffective [2,3]. 57 

Hence, the simultaneous production of H2 and CNCs via pyrolysis-catalysis of plastic wastes 58 

provides a sustainable and cost-effective strategy for large-scale industrialization.  59 
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The features of catalysts (e.g., metal composition, homogeneity, and number of active sites) 60 

have been proven to be the most critical factor for recycling efficiency in terms of the yield of 61 

CNCs and H2, as well as the quality of CNCs (e.g., aspect ratio and graphitic degree of CNTs)[2-62 

6,19-23]. Non-noble transition metals (e.g., Fe, Co, and Ni) mixed with support materials (e.g., γ/α-63 

Al2O3, SiO2, and zeolites) are the most widely used pre-catalysts due to the low cost, high catalytic 64 

activity and easy processability[2-6,19-23]. However, in pre-catalyst preparation the homogeneous 65 

mixing is challenging due to the poor compatibility between the transition metal and support, which 66 

decreases the catalytic activity. Moreover, the precise engineering of the nano/microstructure (e.g., 67 

particle size, porosity, and specific surface area) of pre-catalysts via the traditional mixing method 68 

has been an unsurmountable challenge, which always results in dense structures and less active 69 

sites. To increase the accessible active sites of pre-catalysts, a commonly used way would make 70 

the supporting phase account for 90 wt.% of the catalyst [2-6,19-26]. Consequently, the resulting CNCs 71 

always possess large amounts of support materials and inferior functional properties, indicating a 72 

low commercial value of the CNCs products. Although the purification process of CNCs can be 73 

implemented, the processing time and cost will inevitably increase [2,3]. In this circumstance, highly 74 

efficient catalysts that can not only achieve high conversion efficiency but also avoid the 75 

incorporation of large amounts of inert phase will have to be developed.  76 

The multi-scale engineering route (e.g., molecular-level engineering of the composition and 77 

nano/micro-level engineering of the structure) was proven to be a promising way for the precise 78 

controlling of advanced catalysts[27]. In our former work, multi-scale engineered CoxMn3–xO4 spinel 79 

derived Co/MnO catalysts exhibited outstanding performance with respect to the unprecedently 80 

high specific yield of carbon and hydrogen [27]. Notably, due to the excellent integrity of the CNTs 81 

and the absence of supporting phases, the produced CNCs exhibited a large aspect ratio and 82 
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excellent electrochemical performance. Ni has widely been demonstrated as a promising catalyst 83 

for hydrocarbon reforming due to the high breakage capability of C-C and C-H bonds[2,3,30,31]. 84 

Compared to individual metals, bimetallic transition metals catalysts exhibit better performance 85 

[6,28,29]. However, the investigation on catalytic conversion of PWs over bimetallic NiCo catalysts 86 

has seldom been reported due to the difficulty in engineering on a multi-scale level using classical 87 

approaches. Spinel-type oxides possess a general formula of AB2O4, where A and B are metal ions 88 

(Fe, Co, Ni, Mn, etc.), forming a very large structural family and typically containing one or more 89 

metal elements[32-34]. The manifold compositions and various valence states hosted by spinels 90 

greatly facilitate the composition engineering (e.g., NixCo1–xMn2O4) at the molecular level. 91 

Meanwhile, the controllable morphology of spinels will promote the accessibility of active sites to 92 

reactants, which makes them a perspective for catalytic pyrolysis of PWs[32-34]. MnO as a catalyst 93 

promoter can not only enhance the catalytic performance but also prevent the catalyst from 94 

agglomeration[27,35]. Importantly, MnO as a semi-conductive phase can improve the impedance 95 

matching of the CNTs-like structure and establish a heterointerface (e.g., MnO-carbon) if it is 96 

introduced into the CNCs, which can enhance the electromagnetic absorption capability of the 97 

CNCs[36, 37]. Based on those facts, the multi-scale engineered NixCo1–xMn2O4 spinels are 98 

hypothesized to be promising pre-catalysts in the upcycling of plastic wastes for the simultaneous 99 

high-yield production of H2 and CNCs, and the as-obtained CNCs can be expected to be a powerful 100 

electromagnetic absorbent.  101 

In this work, multi-scale engineered NixCo1–-xMn2O4 spinels were developed as bimetallic 102 

pre-catalysts via a hydrothermal method. The performance of the NixCo1–xMn2O4 derived 103 

NiCo/MnO catalysts during thermal conversion of plastic wastes for H2 and CNCs production was 104 

investigated with respect to catalytic reaction temperature, plastic types as well as weight ratio to 105 
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feedstocks. Density functional theory (DFT) calculations were conducted to reveal the dissociation 106 

mechanism of hydrocarbons from decomposed waste plastics, as well as the synergistic interaction 107 

of bimetallic NiCo catalysts on the conversion performance. In addition, the growth mechanism of 108 

CNTs-like structures on the NixCo1–xMn2O4 spinel derived NiCo/MnO catalysts and the application 109 

of the produced CNCs as electromagnetic absorbents were investigated in detail.  110 

2. Experimental part 111 

2.1 Chemicals 112 

Nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O), cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O), 113 

manganese (II) nitrate hexahydrate (Mn(NO3)2·6H2O), hexamethylene tetramine (HMTA), and 114 

ethanol were supplied by Sigma-Aldrich Chemical Company (Germany). No further purification 115 

of the chemical agents was conducted before the experiment. The nomenclature list is summarized 116 

in Table S1. 117 

2.2 Synthesis of NixCo–-xMn2O4 spinels  118 

In the present work, flower-like NixCo1–xMn2O4 spinels were synthesized via a hydrothermal 119 

method. For the Ni0.5Co0.5Mn2O4 spinel, 1.2 g Ni(NO3)2·6H2O, 1.2 g Co(NO3)2·6H2O, and 3.5 g 120 

HMTA were dissolved in 50 mL ethanol and 50 mL deionized (DI) water under vigorous stirring. 121 

After 10 min, the solution was transferred into a three-neck bottle (250 mL) and heated up to 90 122 

˚C in a hot air circulation oven. After 12 h, the three-neck bottle was taken out and cooled down to 123 

room temperature (25 ˚C) in the air. The precipitates from hydrothermal synthesis were collected 124 

via centrifugation, washed with DI water three times and freeze-dried. The freeze-dried powders 125 

were finally calcinated at 550 °C under ambient air atmosphere in a muffle furnace for 3 h. In this 126 

work, other batches of spinel-type oxides, namely (i.e., NiMn2O4, Ni0.33Co0.67Mn2O4, and 127 
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Ni0.67Co0.33Mn2O4) were also prepared. The NiMn2O4, Ni0.33Co0.67Mn2O4, and Ni0.67Co0.33Mn2O4 128 

spinels were synthesized by varying the molar ratio of Ni/Co in ethanol-DI water solvent under 129 

other identical experimental conditions. Based on the molar ratio of Ni to Co and Mn in the spinels, 130 

the NiMn2O4, Ni0.33Co0.67Mn2O4, Ni0.5Co0.5Mn2O4 and Ni0.67Co0.33Mn2O4 spinels derived catalysts 131 

were named as Cat.-Ni1Mn2, Cat.-Ni0.33Co0.67Mn2, Cat.-Ni0.5Co0.5Mn2, and Cat.- Ni0.67Co0.33Mn2, 132 

respectively.  133 

2.3 Pyrolysis-catalysis conversion 134 

The pyrolysis-catalysis experimental setup is shown in Fig. S1. For the pyrolysis-catalysis 135 

reaction, an Al2O3 crucible with plastics was placed in the center of the pyrolysis furnace (first 136 

stage), and the respective pre-catalysts were placed in the center of the second-stage furnace for 137 

the catalytic reaction. The model polyethylene (PE) and post-consumer plastic wastes (including 138 

face masks, meal boxes, and plastic bags) were employed as the plastic feedstock to investigate the 139 

catalytic properties of as-prepared catalysts in different experimental conditions. The best catalyst 140 

with respect to the experimental conditions using PE was identified. After that, the corresponding 141 

catalyst was employed under totally identical conditions to convert the post-consumer plastics. The 142 

pyrolysis-catalysis conversion reactions were performed with varied parameters, including catalyst 143 

composition, the weight ratio of pre-catalysts to waste plastics, and the catalytic reaction 144 

temperatures (e.g., 750 °C, 800 °C, and 850 °C), respectively. Before the plastic was heated, the 145 

catalysis furnace was preheated to the set temperature (750 °C, 800 °C, or 850 °C) to ensure the 146 

readiness of the pre-catalysts. The plastics were heated at a rate of 20 °C·min˗1 from 50 °C to 600 °C 147 

and held at 600 °C for 1 h in an Ar atmosphere. During the catalytic transformation, the large 148 

condensable molecules from the decomposed plastics were trapped in a condensing system cooled 149 

with an ice/water mixture, which can purify the hydrogen-rich gases and protect the equipment 150 
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from contamination. The non-condensable gases were collected with a Tedlar gas sample bag and 151 

analyzed with a gas chromatograph (GC) (Thermo Scientific Trace 1310, Germany). The GC is a 152 

dual channel system equipped with Channel A analyzing H2, CO, and CH4 using a molecular sieve 153 

5 Å column with thermal conductivity detection (TCD) and Channel B analyzing CO2, C2H2, C2H4, 154 

and C2H6 with a polystyrene column and TCD. The carbon yield is calculated by the following 155 

equations: carbon yield=m2 −m1
mfeed

 ×100%  (wt.%), specific carbon yield = m2 -m1
mfeed× mcat

×100% (wt.%). 156 

Wherein m2 and m1 represent the mass weight of fresh and spent catalysts, respectively; mfeed and 157 

mcat are the mass weight of plastic waste and catalyst, respectively. The reproducibility of the 158 

experimental system is examined, and experiments are repeated to ensure reliability. 159 

2.4 Materials characterization 160 

The size and morphology of the synthesized NixCo1–xMn2O4 spinel pre-catalysts and CNCs were 161 

characterized via scanning electron microscopy (SEM) (Hitachi, S-4700, Japan). The nanostructure 162 

and lattice fingerprint of the NixCo1–xMn2O4 spinels, H2 reduced NixCo1–xMn2O4 as well as the 163 

CNCs were investigated via transmission electron microscopy (TEM) (JEM2100F, JEOL, Japan). 164 

X-ray diffraction (XRD) of the NixCo1–xMn2O4 spinels and CNCs was characterized with a STOE 165 

X-ray (STOE GmbH & Cie, Darmstadt, Germany) diffractometer in a transmission geometry (Cu 166 

Kα1 radiation). The crystal structure of the NixCo1–xMn2O4 spinels after H2 exposure at 550 °C was 167 

characterized by a STOE STADI MP X-ray diffractometer in a transmission geometry (Mo Kα1 168 

radiation). Raman spectra of the obtained CNCs were measured with a micro-Raman HR8000 169 

spectrometer (Horiba JobinYvon) with a laser wavelength of 514.5 nm from 500 cm–1 to 3000 cm–170 

1. The reduction behavior of the NixCo1–xMn2O4 spinels was presented by temperature programmed 171 

reduction (TPR) curve via a thermogravimetric analyzer (STA449F3, Netzsch Gerätebau GmbH, 172 
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Selb, Germany) in a reductive atmosphere (5 vol.% H2/95 vol.% Ar) with a heating rate of 10 173 

K·min˗1. The carbon content in the CNCs was presented via weight loss behavior as a function of 174 

temperature characterized by temperature-programmed oxidation (TPO) by the thermal 175 

gravimetrical analysis and differential thermal analysis (TGA–DTA) using a high-temperature 176 

simultaneous thermal analyzer (STA449F3, Netzsch Gerätebau GmbH, Selb, Germany) in an 177 

oxidation atmosphere (Air) with a heating rate of 10 K·min˗1. The pore size and specific surface 178 

area of the NixCo1–xMn2O4 spinels were obtained based on the results of N2 adsorption/desorption 179 

measurements at 77 K by an Autosorb-3B Analyzer (Quantachrome Instruments Corporation). 180 

Information on oxidation states, chemical bonding environment, and surface composition of the 181 

NixCo1–xMn2O4 samples before and after H2 reduction was obtained with X-ray photoelectron 182 

spectroscopy (XPS). All experiments were performed within a vacuum-cluster tool (Thermo Fisher,  183 

Escalab 250, USA) with a pressure in the analysis chamber better than 5·10–10 mbar. For excitation, 184 

monochromatic Al Kα radiation (1486.6 eV) and a spot size of 650 µm were used. All detail spectra 185 

were measured by applying a pass energy of 25 eV. A step size of 0.05 eV/step was used. Binding 186 

energy calibration was performed with In foil as standard preparation. For O 1s and Ni 2p3/2 detail 187 

spectra, the backgrounds of the acquired spectra were subtracted using the Shirley method in 188 

CasaXPS[32], version 2.3.25. Samples were pressed into indium foil. The permittivity, permeability, 189 

and S-parameters of the prepared CNCs/wax nanocomposites (mixing ratio 25 wt%:75 wt%) were 190 

measured with a coaxial method on a vector network analyzer (VNA, Agilent Technologies 191 

E8362B, USA) in the frequency range of 2 GHz to 18 GHz. The obtained CNCs were blended into 192 

the wax. The CNCs and wax were shaped by pressing in a plastic mold at room temperature (25 °C).  193 

2.5 Computational details 194 
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DFT calculations were done using the Vienna Ab-initio Simulation Package code[38, 39]. The 195 

exchange correlation interactions and the ion–electron interactions were solved by the Perdew–196 

Burke–Ernzerhof functionals and the projected-augmented wave method[40], respectively. The face 197 

centered cubic Ni (111) surface was modeled using 4 × 4 supercells. For the structure of the solid 198 

solution Ni0.5Co0.5, special quasi-random structures (SQSs) were employed [41]. These are 199 

supercells built in such a way that the correlation functions of a given set of atomic clusters (pairs, 200 

triplets, etc.) match those of a true random alloy as closely as possible. A plane-wave cutoff of 600 201 

eV was adopted, and the maximal force on all-atoms was below 0.02 eV/Å. The ∆G value can then 202 

be determined as follows: ∆G = ∆E + ∆ZPE −T∆S, where ∆E is the adsorption energy, ΔZPE is the 203 

change in zero-point energies, T is the temperature (T = 298.15 K), and ∆S is the change of entropy. 204 

The adsorption energy ∆E is defined as ∆E = E* ads. – (E*+ Eads.), where E*ads. and E* denote the 205 

adsorption of adsorbate on the substrates and bare substrates, respectively, Eads. denotes the energy 206 

of the adsorbate. The zero-point energies and entropies of the CH4 reduction species are determined 207 

from the vibrational frequencies in which only the adsorbed species’ vibrational modes are 208 

computed explicitly with the substrates fixed. 209 

 210 

3. Results and discussion  211 

3.1 Characterization of the NixCo1–xMn2O4 pre-catalysts 212 

The processing procedure of pyrolysis-catalysis recycling of waste plastics via the NixCo1–xMn2O4 213 

pre-catalysts as well as the application of obtained CNCs as EM absorbent is schematically 214 

presented in Fig. 1a. For the pyrolysis-catalysis conversion, the most critical factor that influences 215 

the recycling efficiency of waste plastics is the feature of (pre)catalysts (e.g., composition and the 216 
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number of active sites). Compared with zero-dimension (0D) nanoparticles and 1D nanowires, 2D 217 

nanoflakes of identical materials are expected to exhibit a larger specific surface area and more 218 

accessible active sites[32,34]. However, different from other catalytic reactions (e.g., hydrogen 219 

evolution reaction and oxygen evolution reaction) where the catalysts were dispersed into an 220 

aqueous atmosphere, the catalysts in the pyrolysis-catalysis conversion were typically spread on 221 

the fluidized bed. In this circumstance, only one surface can be accessed by the hydrocarbons if 222 

2D nanomaterials were employed as catalysts. Compared with 2D structures, 3D structures 223 

composed of interlaced 2D nanoflakes will enable more active sites exposed to the hydrocarbons 224 

for the pyrolysis-catalysis conversion. Typically, the structure of the targeted pre-catalyst materials 225 

is directly determined by the synthesis method[42,43]. Compared with the classical solid phase and 226 

vapor deposition synthesis methods, a liquid phase synthesis method, namely hydrothermal 227 

synthesis, can facilely control the (nano)structures (e.g., particle size, porosity, morphology, and 228 

specific surface area) of the targeted pre-catalysts by operating at relatively low temperature[42,43]. 229 

In this work, a 3D flower-like porous structure was established in the NixCo1–xMn2O4 spinels (Fig. 230 

1b-1d, and Fig. S2). The morphology of resultant NiMn2O4, Ni0.33Co0.67Mn2O4, Ni0.5Co0.5Mn2O4, 231 

and Ni0.67Co0.33Mn2O4 spinel pre-catalysts was characterized by SEM (Fig. 1 and S1). As shown 232 

in Fig. 1b and Fig. S2(a-c), each NixCo1-xMn2O4 spinel particle exhibited a homogeneous 3D 233 

flower-like structure in the low magnification SEM images. Interestingly, regardless of the molar 234 

ratio of Ni and Co in the spinels, the morphology of the NixCo1–xMn2O4 spinels did not exhibit any 235 

obvious change. This is a result of the easy substitution of the Ni ions at the A-site of the spinel by 236 

the Co ions. This property significantly facilitated the molecular-level engineering of the 237 

compositions by maintaining the pristine morphology of the spinel particles. In the high 238 

magnification SEM images (Fig. 1c and Fig. S2(d-f)), 3D highly porous NixCo1–xMn2O4 spinels 239 
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from self-assembling of 2D nanoflakes were observed, which can effectively prevent the stacking 240 

of the 2D nanosheets and expose more active sites to the hydrocarbons during the catalytic 241 

conversion. In the high magnification SEM images of nanosheets of NixCo1–xMn2O4 spinels, the 242 

2D nanosheets exhibited a thickness of 20-30 nm. The porosity of the NixCo1–xMn2O4 spinels was 243 

characterized by N2 adsorption/desorption isotherms (Fig. S4). The isotherms of NixCo1–xMn2O4 244 

exhibited the same tendency with the Type IV characteristic feature, indicating the formation of 245 

mesopores in the petals of the flower-like spinels. As shown in Fig. 1d and Fig. S2 (g)-(i), the 246 

formation of interlaced 2D nanoflakes generated abundant meso- and macropores which allowed 247 

for the interaction of the large-size hydrocarbons (e.g., C10-C20 long-chain alkane and olefins) 248 

with the exposed active sites. Figs. S2 (j1)-(j4) show the EDX mapping of the Ni0.5Co0.5Mn2O4 249 

spinel to the corresponding SEM image in Fig. 1c. As expected, strong signals from Ni, Co, Mn, 250 

and O were detected in the overlapping area of Fig. S2j. Due to the molecular level engineering, 251 

Ni, Co, and Mn were found to homogeneously disperse in the overlap area of Fig. 1c.  252 

 253 
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 254 

Fig 1. (a) The processing procedure of pyrolysis-catalysis recycling of waste as well as the 255 

application of obtained CNCs as EM absorbent, (b) and (c) low magnification SEM image of the 256 

Ni0.5Co0.5Mn2O4 spinel, (d) high magnification SEM image of the Ni0.5Co0.5Mn2O4 spinel, (e) XRD 257 

patterns of as-prepared spinel, (f) low-resolution TEM image of a 3D flower-like Ni0.5Co0.5Mn2O4 258 

spinel, (g) low-resolution TEM image of a 2D Ni0.5Co0.5Mn2O4 spinel nanoflake, insert showing 259 
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the lattice finger print of Ni0.5Co0.5Mn2O4 spinel, (h) TEM image of the Ni0.5Co0.5Mn2O4 spinel and 260 

(h1-h4) EDX mapping of the Ni0.5Co0.5Mn2O4 spinel. 261 

The composition engineering of catalysts was implemented by the development of spinels with 262 

corresponding compositions (Fig. 1e and Fig. S2). In the XRD patterns of NiMn2O4 spinel (Fig. 263 

1e), the characteristic diffraction peaks related to lattice planes (111), (311), (222), (440), and (533) 264 

were detected, which confirmed the successful synthesis of cubic NiMn2O4 spinel[44,45]. However, 265 

the 3D flower-like structure as shown in Figure 1 and Figure S1 causes a strong preferred 266 

orientation and hence significant variation in the reflection intensity compared to an ideal powder. 267 

With the partial substitution of the Ni ions at the A-site by Co ions, the corresponding diffraction 268 

peaks were shifted gradually to higher angles due to the smaller ionic radius of Co. Notably, at a 269 

1:1 ratio of Ni and Co in the spinel (Ni0.5Co0.5Mn2O4), a characteristic diffraction peak of a 270 

tetragonal spinel phase, as also observed for CoMn2O4, corresponding to the (211) lattice plane 271 

appeared next to the cubic spinel phase. With increasing Co content, the tetragonal phase fraction 272 

was growing at the expense of the cubic phase. Simultaneously, the degree of preferred orientation 273 

was decreased for the samples with Co concentration of ≥50%. 274 

The (micro)structure of the representative spinel sample, namely Ni0.5Co0.5Mn2O4, was observed 275 

with the TEM (Fig. 1f-h). In Fig. 1b, a porous flower-like particle with a diameter of 2˗3 µm was 276 

observed. As can be seen in Fig. 1c-d, the 3D porous structure is composed of 2D nanoflakes with 277 

a thickness of 50˗100 nm. Fig. S3 depicts multi-scale resolution TEM images of an individual 278 

Ni0.5Co0.5Mn2O4 particle. Fig. S3b and 3c present a few layered nanoflakes of Ni0.5Co0.5Mn2O4 279 

spinel before the formation of the integral flower-like 3D structure, in which stacking of nanoflakes 280 

with three to five sheets was observed from lateral and vertical views of the 2D flakes. In Fig. S3c, 281 

a stair-like structure was observed due to the different growth speeds of the flakes. Fig. S3d and 282 
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S3e are the low-resolution TEM images of a monolayer nanoflake. On the surface of the flakes, 283 

some small particles or fragments with a size of 100˗200 nm were observed. The nanoflakes 284 

exhibited different shapes. In Fig. S3d, the nanoflake exhibits a rectangular shape with a length of 285 

1.2 µm, while the nanoflakes in Fig. S3e exhibit a fan-like shape. In the higher resolution TEM 286 

images (Fig. S3f and 3g), nanoscaled particles with a size of about 30 nm were observed to compose 287 

the 2D nanoflakes, which agrees well with the high magnification SEM images. Based on these 288 

observations, a growth mechanism of the spinel is proposed, which can be categorized into three 289 

steps. In the first step, at the beginning of the hydrothermal synthesis, a complexation reaction 290 

between the N-H groups of hexamethylene tetramine and metal ions (e.g., Ni2+, Co2+, and Mn2+) 291 

occurred and led to the formation of nanosized micelles. Secondly, the hexamethylene tetramine 292 

agglomerated the primary particles composed of the metal complexes on the surface of micelles. 293 

Due to the shape-inducing effects, these particles were shaped into flat 2D nanosheets[27]. In the 294 

third step, when the size in the 2D direction is large enough, new growth of another flake starts 295 

from the bottom of the initial flake, which finally leads to the formation of a 3D structure.  296 

 297 
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 298 

Fig 2. (a) XPS survey spectra, (b) Co 2p spectra, (c) O 1s spectra, (d) Mn 3s, Co 3s, and Ni 3s 299 

spectra, (e) Ni 2p of NixCo1–xMn2O4, and (f) background-subtracted Ni 2p3/2 of NixCo1–xMn2O4. 300 

The phase composition, chemical environment, oxidation state as well as the pore size and specific 301 

surface area of the spinels were characterized by XPS (Fig. 2) and BET (Fig. S4). In the survey 302 

XPS spectra of NixCo1–xMn2O4 (Fig. 2a), all expected elements were detected, which agrees well 303 

with the TEM EDX mapping results (Fig. 1h, Fig. S3 (h1)-(h4), and Fig. 1 (h1)-(h4)). The Co 2p 304 

spectra (Fig. 2b) show similar behaviour for all non-reduced samples. Next to the spin-orbit 305 

splitting of 15 eV in Co 2p, transition metal oxides show satellites that can be understood by 306 

charge-transfer theory[46] multiplet splitting. The main peak at binding energy (BE) (Co 2p3/2) = 307 
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780 eV can be characterized by the c˗1dx+1L˗1 configuration where c denotes the core hole and 308 

dx+1L˗1 the charge transfer from the ligand to the d-orbital. For the NixCo1–xMn2O4 samples, we 309 

have identified the main peak as a mixture of d6L˗1 and d7L˗1 and the satellite at 790 eV as d6L and 310 

at 786 eV as d7L due to the similar shape and interpretation as for Co3O4
[27]. Due to the small 311 

intensity of the satellites and the overlap with multiple effects, no quantitative analysis of the 312 

oxidation state is possible. However, we have concluded that cobalt is in a mixed oxidation state 313 

of 2+/3+, equivalent to Co3O4. In the reduced sample, all spectra are shifted by about 0.3 eV to 314 

higher binding energies due to the charging of the sample. In the Co 2p spectra, a right shoulder 315 

appears at 778.5 eV, which indicates the formation of metallic cobalt. 316 

The O 1s spectra (Fig. 2c) showed the same components for all materials with the metal oxide peak 317 

position at 530.0 eV. The peak at 531.5 eV results from carbonates (O=C) or hydroxides formed at 318 

the surface. In the reduced sample, the proportion of carbonates/hydroxides is higher, and 319 

additionally an O-C peak is positioned at 533.4 eV, indicating carbon element still remains even 320 

after calcination of the spinels. In comparison, the Ni 3s, Co 3s, and Mn 3s (Fig. 2d) can also give 321 

information on the oxidation state. For all samples, the Co 3s was found at 102 eV and the Ni 3s at 322 

112 eV with a satellite at 118 eV with an intensity ratio of ca. 30 %, which is typical for Ni2+. The 323 

Mn 3s can be used to determine the oxidation state of manganese due to the multiplet splitting[47]. 324 

However, the non-reduced samples only showed one peak at 89.0 eV, but the reason behind this is 325 

unclear. In contrast, the reduced sample showed a clear multiple splitting of 5.9 eV, which would 326 

indicate an oxidation state close to 2+. The Ni 2p spectra (Fig. 2e) showed similar behaviour for all 327 

non-reduced samples. The main peak was identified as the d9L-1 charge transfer at 854.3 eV, the 328 

peak at 856 eV as d9L(d8L˗1) as non-local screening charge transfer, the satellite at 861.5 eV as 329 

d10L˗2, and at 786 eV as d7L due to the similar shape and interpretation as for NiO[32], which would 330 
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indicate that nickel is in a 2+ state. In the reduced sample, a right shoulder appears at 853.0 eV, 331 

which indicates the formation of nickel metal. The Mn 2p spectra (not shown) cannot offer further 332 

information about the sample due to the strong overlap with the Ni LMM Auger signal. An 333 

interesting feature of the charge-transfer satellites of transition metal oxides (Fig. 2f) showed the 334 

change in the intensity ratio of the d9L˗1 charge transfer at 854.3 eV to the d9L(d8L˗1) non-local 335 

screening charge transfer. The latter describes the charge transfer from the ligand of the next-336 

nearest neighbour. Since the cobalt content is stepwise reduced, more and more nickel is 337 

surrounded by cobalt. With cobalt as the next-nearest neighbour the non-local charge transfer is 338 

prohibited, and thus the intensity ratio is reduced. 339 

3.2 Products analysis 340 

Carbon and H2 yields (CY and HY) have been the widely accepted factors for the evaluation of the 341 

conversion efficiency of waste plastics[2,3,27]. However, in the industrial application, CY and HY 342 

are not sufficient for understanding the overall conversion performance as a higher CY and HY 343 

can be easily achieved by employing a larger amount of catalysts (Table S2), which directly 344 

increases the upcycling costs and challenges in the purification of the CNTs. Therefore, a more 345 

comprehensive way is to define new factors, namely specific carbon and hydrogen yield (SCY and 346 

SHY, CY and HY divided by the weight of the pre-catalyst), which take CY and HY as well as 347 

pre-catalyst weight into consideration. Such a parameter will be more valuable for determining the 348 

overall performance.  349 



19 

 

 350 

Fig 3.  H2 and carbon yield derived from: (a) Cat.-Ni1Mn2, Cat.-Ni0.33Co0.67Mn2, Cat.-Ni0.5Co0.5Mn2, 351 

and Cat.-Ni0.67Co0.33Mn2 at a temperature of 800 °C with model PE and a pre-catalyst to the plastic 352 

ratio of 1:10.7, (b) Cat.-Ni0.5Co0.5Mn2 with different weight ratios of catalyst to plastic (1:16, 1:10.7, 353 

and 1:8) at a temperature of 800 °C, (c) Cat.-Ni0.5Co0.5Mn2 at different temperatures from 750 °C 354 
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to 850 °C with a pre-catalyst to the plastic ratio of 1:8, (d) Cat.-Ni0.5Co0.5Mn2 with different types 355 

of post-consumer plastic at a temperature of 800 °C with a pre-catalyst to the plastic ratio of 1:8, 356 

(e) gas phase composition of all batches of catalytic reactions with respect to different pre-catalyst 357 

types, reaction temperatures, plastic-to-pre-catalyst ratios, and plastic types. 358 

Fig. 3(a-e) depict the H2 and carbon yield as well as the gas composition after catalytic conversions 359 

with different catalyst compositions, conversion temperatures, weight ratios of feedstock to pre-360 

catalysts, and types of waste plastics. In this work, the most common post-consumer plastic wastes, 361 

namely meal boxes, disposable masks, and plastic bags, were also investigated as feedstock for the 362 

production of H2 and carbon over the spinel pre-catalysts (Fig. 3d). Fig. 3a presents the H2 and 363 

carbon yield achieved by Cat.-Ni1Mn2, Cat.-Ni0.67Co0.33Mn2, Cat.-Ni0.5Co0.5Mn2, and Cat.-364 

Ni0.33Co0.67Mn2 at a temperature of 800 ˚C. At a plastic-to-(pre)catalyst weight ratio of 16:1, the 365 

H2 and carbon yield of Cat.-Ni1Mn2 can reach 12.3 mmol/gplas. and 14.1 wt%. With the introduction 366 

of Co into catalysts, the H2 and carbon yield increased significantly, which indicates an improved 367 

conversion performance. Rising the Co/Ni molar ratio up to 1:1 in the (pre)catalyst 368 

(Cat.Ni0.5Co0.5Mn2), the H2 and carbon yields increased to the maximum values of 19.2 mmol/gplas 369 

and 26.0 wt%, respectively, under identical conditions (e.g., weight ratio and temperature). With 370 

the further increase of the Co/Ni molar ratio to 2:1, the H2 and carbon yield started to decrease, 371 

indicating an inferior conversion performance. However, regardless of the Co/Ni molar ratios in 372 

the catalysts (Cat.-Ni0.67Co0.33Mn2, Cat.-Ni0.5Co0.5Mn2, and Cat.-Ni0.33Co0.67Mn2), the yields of H2 373 

and carbon are always higher than that of the Cat.-Ni1Mn2, indicating a superior catalytic 374 

performance of the bimetallic catalysts. The reasons behind this phenomenon are revealed with the 375 

assistance of SEM and TEM images of the corresponding CNCs (Fig. S6 and Fig. 4). In the SEM 376 

images, after pyrolysis-catalysis, the 3D flower-like structure of the NixCo1–xMn2O4 spinels totally 377 
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disappeared due to the reduction and reactions during the upcycling conversion. During the 378 

pyrolysis-catalysis conversion, the oxides of Co and/or Ni in the spinels were firstly reduced into 379 

metallic particles before the catalytic reaction, followed by the capturing of hydrocarbons by the 380 

Co and/or Ni particles. Even though a high carbon yield was obtained after the catalytic reaction, 381 

no filamentous carbon was observed in the carbon composites produced by Cat.-Ni1Mn2 (Fig. S6a). 382 

In the high magnification SEM image, some worm-like nanomaterials with a length of ~500 µm 383 

and a diameter of 100˗200 µm were observed. We suggest them to be incompletely developed 384 

CNTs (Fig. 4). On the top of the carbon nanomaterials, particles with bright contrast were observed, 385 

which is supposed to be agglomerated Ni catalysts. This phenomenon is in accordance with the 386 

result of Du et al.[48] With the introduction of Co into the catalyst, filamentous carbon started to be 387 

observed in the low magnification SEM image of the carbon nanocomposites using Cat.-388 

Ni0.33Co0.67Mn2. However, the agglomeration of the catalyst is still very serious, which limits the 389 

further growth of the CNTs-like structures. When the molar ratio of Co to Ni increased to 1:1 in 390 

the catalyst (Cat.-Ni0.5Co0.5Mn2), filamentous carbon nanomaterials were found to grow 391 

everywhere in the observation area. In the high-magnification TEM images (Fig. 4h and 4i), the 392 

diameter of the filamentous carbons was found to vary from 50 nm to 150 nm. At the highest Co 393 

content in the catalyst (Cat.-Ni0.33Co0.67Mn2), the same phenomenon with the carbon 394 

nanocomposite derived from Cat.-Ni0.67Co0.33Mn2 was observed.  395 

To further investigate the microstructure of the filamentous carbon nanotubes, representative 396 

carbon nanocomposites (produced by Cat.-Ni1Mn2, Cat.-Ni0.67Co0.33Mn2, and Cat.-Ni0.5Co0.5Mn2) 397 

were characterized by TEM. In the low-resolution TEM image of the Cat.-Ni1Mn2 derived carbon 398 

nanocomposites, agglomerated catalysts as well as short carbon nanomaterials, were observed. 399 

Based on the literature[2,3], the agglomeration of catalysts could lead to deactivation, which 400 
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seriously limits the growth of carbon nanotube-like structures[36-38]. In the high-resolution TEM 401 

image, some particles with diameters of 50–200 nm and dark contrast were observed in the carbon 402 

nanotube composites (Fig. 4a-4c). This phenomenon can be explained by the serious agglomeration 403 

of catalysts, which limited the growth of the CNTs-like structure. Interestingly, the particles with 404 

diameters of lower than 100 nm were found to insert in the carbon nanotubes, while those with 405 

larger diameters were found to be adjacent to the filamentous materials. Based on our former 406 

work[22,27], the particles inserted in the carbon nanotubes should be NiCo catalysts, while the larger 407 

particles adjacent to the carbon nanotubes are composites of NiCo/MnO. The existence of the MnO 408 

phase could improve the impedance matching of the carbon nanotubes and NiCo metals, as well as 409 

form MnO-carbon and MnO-NiCo hetero nanointerfaces, which will lead to interface polarization 410 

loss. Moreover, the formation of magnetic NiCo and MnO nanoparticles will contribute to the 411 

magnetic loss. The establishment of multiloss mechanisms will undoubtedly lead to the 412 

improvement of electromagnetic performance. Due to the introduction of the Co element, the 413 

agglomeration of the catalyst was somehow prohibited. Meanwhile, the morphology of each 414 

individual CNT exhibited a smoother surface. Fig. 4g, filamentous carbon materials with a length 415 

of a few micrometers were observed. In Fig. 4h, we can see that the diameter of these nanomaterials 416 

was around 30 nm to 50 nm, which agrees well with the SEM images. Meanwhile, a hollow 417 

structure of the nanomaterials can be clearly seen, which confirms them to be CNTs-like. Moreover, 418 

the “joint” of the different CNT segments was observed, which can be explained by the "particle-419 

wire-tube" growth mechanism of the CNTs-like structure[49,50]. In the high-resolution TEM image 420 

(Fig. 4i), the lattice structure of the graphitic carbon was observed, and the CNTs-like structure 421 

was confirmed to be multi-walled. 422 
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 423 

Fig 4. (a) low, (b) and (c) high-resolution TEM images of the CNCs produced by Cat.-Ni1Mn2, (d) 424 

low, (e) and (f) high-resolution TEM images of the CNCs produced by Cat.-Ni0.33Co0.66Mn2, (g) 425 

low, (h) and (i) high-resolution TEM images of the CNCs produced by Cat.-Ni0.5Co0.5Mn2. 426 

To maximize the upcycling efficiency, the H2 and carbon yields of Cat.-Ni0.5Co0.5Mn2 with respect 427 

to plastic/pre-catalyst ratio and reaction temperature were studied (Fig. 3b and 3c). Fig. 3c presents 428 

the H2 and carbon yield of Cat.-Ni0.5Co0.5Mn2 (plastic to pre-catalyst ratio amounts 10.7:1) as a 429 

function of temperature. With the increasing conversion temperature, the catalytic performance of 430 

Cat.-Ni0.5Co0.5Mn2 decreased gradually, which can be reflected by the corresponding H2 and carbon 431 
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yield. At a temperature of 750 °C, the H2 and carbon yield reached 29.8 mmol/gplas and 42.2 wt%, 432 

respectively, when the plastic to pre-catalyst ratio was 10.7:1. When the temperature increased to 433 

850 °C, the H2 and carbon yield decreased to 25.8 mmol/gplas and 33.2 wt%, respectively. However, 434 

from the SEM images (Fig. 5) of the CNCs, we can see that even though the carbon yield achieved 435 

at 750 °C is higher than at 800 °C, the CNTs-like structures produced at 800 °C exhibited better 436 

quality in terms of graphitic degree and aspect ratio in Fig. 6 and 7, which is positively correlated 437 

with EM absorption performance. XRD results (Fig. 6) demonstrated that NiCo oxides in spinel 438 

catalysts were reduced to metallic NiCo alloys during a hydrocarbon reducing environment. 439 

Subsequently, NiCo nanoparticles separate gradually from the Co/MnO composites, which leads 440 

to the final collapse of the 3D porous structure of the spinels, as observed in Fig. 4 and 5. At a 441 

temperature of 850 oC, serious agglomeration was found in the SEM images of the CNCs. The 442 

agglomeration of catalysts resulted from high conversion temperature and is responsible for the 443 

decrease of carbon and H2 yields. Fig. 3b shows the H2 and carbon yield as a function of varied 444 

plastic-to-catalyst ratios. By comparison, the preferred plastic-to-pre-catalyst ratio was found to be 445 

around 10.7:1, in which the H2 and carbon yield can reach as high as 24.0 mmol/gplas and 33.8 wt%, 446 

respectively, at a temperature of 800 ˚C. Whereas the H2 concentration reached values as high as 447 

52.0 vol% at the expense of CH4 and C2H4 (Fig. 3e). Such a relatively low plastic/pre-catalyst ratio 448 

proved the excellent conversion efficiency of our catalysts.  449 
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   450 

Fig 5. (a) and (b) Low and (c) high magnification SEM images of CNCs from Cat.-Ni0.5Co0.5Mn2 451 

produced at a temperature of 750 °C, (d) and (e) low and (f) high magnification SEM images of 452 

CNCs from using Cat.-Ni0.5Co0.5Mn2 at a temperature of 800 °C, (g) and (h) low and (i) high 453 

magnification SEM image of CNCs from Cat.-Ni0.5Co0.5Mn2 produced at a temperature of 850 °C. 454 

In all cases, PE was used as model plastic waste at a feedstock-to-(pre)catalyst ratio of X:1. 455 
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In order to find the potential application of the catalysts in the industrialization of post-consumer 456 

plastic wastes thermal recycling, three typical municipal plastic wastes, including face masks (FM), 457 

meal boxes (MB), and plastic bags (PB) were collected and converted by Cat.-Ni0.5Co0.5Mn2 at 458 

800 °C and a plastic/pre-catalyst ratio of 8:1. As displayed in Fig. 3d, the H2 yield of FM, MB, and 459 

PB reached 15.4, 17.4, and 16.7 mmol/g, respectively, while the corresponding carbon yield 460 

reached 25.1, 33.9, and 27.52 wt%. The H2 concentration accounted for the primary proportion 461 

(>50 vol%) in the gas products (Fig. 3e). Fig. 8 shows the SEM images of the CNCs derived from 462 

different types of waste plastics. Interestingly, the morphology (Fig. 8a, 8d, and 8g) as well as the 463 

graphitic degree (Fig. 6 and Fig. 7) of the CNCs varies with the variation of the plastic types even 464 

under totally identical reaction conditions. Among these three post-consumer plastic feedstocks 465 

derived CNCs, the CNCs derived from the plastic bags exhibit the best structure (e.g., aspect ratio 466 

and graphitic degree). We suggest this phenomenon may result from the influence of the impurities 467 

in the post-consumer waste on the performance of the catalyst. 468 
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469 

 470 

Fig. 6 XRD patterns of the CNCs (a) prepared by Cat.-Ni1Mn2, Cat.-Ni0.33Co0.67Mn2, Cat.-471 

Ni0.5Co0.5Mn2, and Cat.-Ni0.67Co0.33Mn2, at 800 °C with model PE and a pre-catalyst to plastic ratio 472 

of 1:10.7, (b) by Cat.-Ni0.5Co0.5Mn2 at 800 °C with different pre-catalyst to plastic ratio (1:16, 473 

1:10.7, and 1:8), (c) by Cat.-Ni0.5Co0.5Mn2 at 750 °C, 800 °C, and 850 °C with a pre-catalyst to 474 

plastic ratio of 1:8, (d) by Cat.-Ni0.5Co0.5Mn2 at 800 °C from post-consumer plastic bags, meal 475 

boxes, and face masks with a pre-catalyst to plastic ratio of 1:8. 476 
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 477 

Fig. 7 Raman spectra of the CNCs (a) prepared by Cat.-Ni1Mn2, Cat.-Ni0.33Co0.67Mn2, Cat.-478 

Ni0.5Co0.5Mn2, and Cat.-Ni0.67Co0.33Mn2, at 800 °C with model PE and a pre-catalyst to plastic ratio 479 

of 1:10.7, (b) by Cat.-Ni0.5Co0.5Mn2 at 800 °C with different pre-catalyst to plastic ratio (1:16, 480 

1:10.7, and 1:8), (c) by Cat.-Ni0.5Co0.5Mn2 at 750 °C, 800 °C, and 850 °C with a pre-catalyst to 481 

plastic ratio of 1:8, (d) by Cat.-Ni0.5Co0.5Mn2 at 800 °C from post-consumer plastic bags, meal 482 

boxes, and face masks with a pre-catalyst to plastic ratio of 1:8. 483 

 484 
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   485 

Fig 8. (a) and (b) low and (c) high magnification SEM image of CNCs produced by Cat.-486 

Ni0.5Co0.5Mn2 at a temperature of 800 °C with face masks, (d) and (e) low and (f) high magnification 487 

SEM image of CNCs from Cat.-Ni0.5Co0.5Mn2 at a temperature of 800 °C with meal boxes, (g) and 488 

(h) low and (i) high magnification SEM image of CNCs provided by Cat.-Ni0.5Co0.5Mn2 at the 489 

temperature of 800 °C with plastic bags. 490 
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 491 

Fig 9. Specific carbon and hydrogen yield of (a) Cat.-Ni1Mn2, Cat.-Ni0.33Co0.67Mn2, Cat.- 492 

Ni0.5Co0.5Mn2, and Cat.-Ni0.67Co0.33Mn2, (b) with different weight ratios of catalyst to plastic (1:16, 493 

1:10.7, and 1:8) by Cat.-Ni0.5Co0.5Mn2 at a temperature of 800 °C, (c) Cat.- Ni0.5Co0.5Mn2 at 494 

different temperatures from 750 °C to 850 °C  at a plastic-to-pre-catalyst ratio of 16:1, (d) Cat.-495 

Ni0.5Co0.5Mn2 with different types of post-consumer plastic at a temperature of 800 °C. 496 

Fig. 9 shows the specific carbon and H2 yields of all conversion reactions achieved under 497 

different catalyst compositions, reaction temperatures, plastic/pre-catalyst weight ratios, and 498 

plastic types. Due to the high CY and HY of Cat.-Ni0.5Co0.5Mn2, the corresponding SCY and SHY 499 

reached 5.2 gcat.
˗1 and 385 mmol·gpla.

˗1·gcat.
˗1, which is about 5 times higher than reported in the 500 

literature (Table S2). With the plastic/pre-catalyst ratio decreasing from 16:1 to 8:1, the value of 501 

SCY and SHY has been declining. Despite this, the value of SCY and SHY at a plastic/pre-catalyst 502 
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ratio of 8:1 still retained 3.4 gcat.
˗1 and 235 mmol·gpla.

˗1·gcat.
˗1, respectively (Fig. 9b), which is still 503 

3 times higher than the reported values. The outstanding SCY and SHY of thermal-catalysis 504 

conversion of waste plastics proved the superiority of the catalysts presented in this work. The 505 

sustainability of catalysts is very important in the pyrolysis-catalysis upcycling of plastics. In our 506 

former work, the cycle performance of catalysts was tested[51]. Unfortunately, limited by the length 507 

of this article, the cycle performance of the catalysts with respect to carbon and hydrogen yields 508 

will be reported in the following work.   509 

3.3 DFT calculations  510 

To elucidate the dissociation mechanism of hydrocarbons evolved from plastic wastes on spinel-511 

derived catalysts, as well as the synergistic interaction of bimetallic compositions on catalytic 512 

performance, DFT calculations on the Cat.-Ni1Mn2 and Cat.-Ni0.5Co0.5Mn2 catalyst were conducted 513 

in this work. The formation of H2 and carbon is mainly derived from the C-H and C-C bonds of 514 

the hydrocarbons. Hence, the Gibbs free energy profiles were evaluated based on DFT calculations 515 

for the five reaction steps of CH4 dissociation on the Ni (111) and Ni0.5Co0.5 (111) surfaces. 516 

Considering our experiments were conducted at high temperatures (T > 600 °C), CNCs thus 517 

predominantly arise from elemental carbon bound to transition metals. Therefore, the transition 518 

states of C-H bond cleavage were not considered in this work. For the pristine Ni (111) surfaces, 519 

breaking the first C-H bond of CH4 is needed to overcome a barrier of 0.87 eV, which agrees with 520 

the results from Zhu et. al.[52]. The next dehydrogenation step, *CH3 → *CH2 + H, was exothermic 521 

with an energy difference of –0.89 eV. The third step for generating *CH consumed only a minor 522 

energy of 0.14 eV. The last dehydrogenation step, *CH → *C + H, was thermodynamically 523 

unfavorable and endothermic by 1.33 eV. Hence, this step is the rate-limiting step for CH4 524 

dissociation on Ni (111) surfaces. Compared to the Ni (111) surfaces, 50% Co substitution of Ni 525 
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gave rise to more versatile surface environments of the Ni0.5Co0.5 solid solutions, as shown in Fig. 526 

8(b), where the Co and Ni atoms are randomly distributed on the (111) surfaces.  527 

To evaluate the activity of the Ni0.5Co0.5 (111) surfaces, the surface of the NiCo solid solution was 528 

constructed by substituting nearly half of the surface Ni atoms in the Ni (111) unit cell with Co. 529 

Considering the disordered arrangement in the NiCo solid solution, we have picked up 11 different 530 

active sites for CH4 dissociation, as shown in Fig. 10(a). The corresponding Gibbs free energy 531 

profile of CH4 decomposition over various active sites is displayed in Fig. 10(b). It was observed 532 

that the dissociations on the active site #2 of the solid solutions have similar performance with that 533 

of the pristine Ni surfaces, whereas the other active sites in the solid solution all exhibit higher 534 

energy differences. Nevertheless, such active sites can be more active for specific steps. For 535 

instance, on active site #9, *CH needed lower activation energy (0.12 eV) to finish 536 

dehydrogenation. Therefore, this provided a new idea to study the methane dehydrogenation 537 

reaction on the solid solution surfaces. Consequently, the reactions do not have to take place at 538 

specific Ni or Co atom sites but rather collaboratively at multiple locations, depending on how the 539 

corresponding energy difference is. Intermediate products can drift on different active sites to 540 

complete the carbon production process with the lowest energy barriers. In addition, various mole 541 

ratios of Ni and Co may lead to diverse structural geometries with different defect concentrations. 542 

Hence, the solid solutions of Ni0.33Co0.67 and Ni0.67Co0.33 tend to be relatively ordered phases 543 

compared to Ni0.5Co0.5. Thus, the more complicated surface environment of Ni0.5Co0.5 solid 544 

solution provided more comparable active sites for different dehydrogenation steps, which can 545 

easily overcome the rate-limiting step[53].  546 
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    547 

Fig. 10 (a) Corresponding geometries over Ni (111) and Ni0.5Co0.5 (111) surfaces, and (b) Gibbs 548 

free energy of CH4 decomposition derived from DFT calculations. 549 

3.4 Electromagnetic properties of the resulting CNCs 550 

To find a dedicated application of the CNCs produced from the waste plastics, electromagnetic 551 

properties of the representative CNCs samples were tested by mixing the CNCs in a wax to prepare 552 

CNCs/wax composites (weight ratio of CNCs/wax amounts 25 wt%:75 wt%, samples S-1 to S-5). 553 

To specify, samples S-1, S-2, and S-3 represent the composites of CNCs produced with Cat.-554 

Ni0.5Co0.5Mn2 at a temperature of 800 °C with pre-catalyst to plastic weight ratios of 10.7:1, 16:1, 555 
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and 8:1, while samples S-4 and S-5 represent the composites of CNCs produced from face masks 556 

and meal boxes at a temperature of 800 °C with pre-catalyst to plastic weight ratios of 10.7:1.  557 

Fig. 11 presents the real (ɛ') and the imaginary (ɛ'') part of the permittivity and tangent loss of the 558 

five representative CNCs samples. Theoretically, ɛ' represents the capability of a material to store 559 

electrical energy, while ɛ'' reflects the capacity to attenuate electromagnetic waves. Dielectric loss 560 

(e.g., defects and interfacial induced polarization relaxation), conduction loss, and magnetic loss 561 

are the main loss mechanisms for conductive-magnetic electromagnetic absorption materials[54,55]. 562 

For example, the defects and heterogeneous MnO-carbon interface in the CNCs can lead to 563 

polarization loss[54-57]. In this work, the real and the imaginary parts of the permittivity of the 564 

samples S-1, S-2, and S-3 exhibited a decreasing tendency due to the decreased carbon content in 565 

the corresponding CNCs (Fig. S7). Interestingly, with the same CNCs content in samples S-4 and 566 

S-5, the imaginary permittivity of corresponding composites was obviously higher than that of 567 

samples S-1, S-2, and S-3. This phenomenon may be attributed to the larger amounts of defects 568 

(Fig. 6 and 7) and heterogeneous interface. 569 

 570 
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 571 

Fig. 11 (a) The real (ɛ') and (b) the imaginary (ɛ'') part of the permittivity and (c) tangent loss of 572 

the representative CNCs samples. 573 

The electromagnetic absorption capability is characterized by the minimal reflection loss (RLmin) 574 

and effective absorption bandwidth (EAB)[58-60]. The RL of CNC-based composites was calculated 575 

with the following equations 1–3[58-62]: 576 
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where Zin, d, and µ are the normalized input impedance, thickness, and permeability of the material, 577 

respectively, c is the light velocity in vacuum, and f is the microwave frequency. 578 

Fig. 12 and Fig. S8 present the RL curves of the representative five batches of CNCs composites 579 

as a function of the material thickness in the frequency range of 2–18 GHz. As shown in Fig. 12, 580 

when the sample thickness is 1.6 mm, the RLmin can reach as low as −24.6 dB while the effective 581 

absorption bandwidth reached 4.8 GHz from 13.2 GHz to 18 GHz, which is excellent compared 582 

with the reported results[64,65]. At a thickness of 2.1 mm, the RLmin and EAB values become ˗18.2 583 

dB and 4.1 GHz, respectively. Regardless of the samples, the RLmin shifted to a lower frequency 584 

area with the increase of material thickness. This phenomenon results from the quarter-wavelength 585 

resonant interfering attenuation mechanism of the absorption of EM absorption materials that 586 

occurs on the surface[63]. Different from the interaction mechanism of electromagnetic shielding 587 

materials, which prevents the EM wave from transmitting, the function of EM absorption materials 588 

is to prevent the EM waves from reflection. Due to the similar values of samples S-1, S-2, and S-589 

3, the effective absorption bandwidth of these composites did not exhibit any obvious change. With 590 

the increase of the tangent loss in samples S-4 and S-5, the electromagnetic absorption performance 591 

improved accordingly. The RLmin of sample S-4 can reach as high as −36.8 dB at a thickness of 592 

2.15 mm. At a thickness of 1.65 mm, the effective absorption bandwidth reached 5 GHz. As a 593 

comparison, the effective absorption bandwidth of sample S-5 reached 5.12 GHz, and the RLmin 594 

amounts to −24.6 dB at a sample thickness of 1.55 mm, which is even superior to some of the 595 

MXene-based materials [64,65].  596 
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  597 

Fig. 12 Reflection loss curves of samples (a) S-1, (b) S-2, (c) S-4, and (d) S-5 from different 598 

sample thicknesses.  599 

Besides excellent EM absorption performance, small thickness is also an important factor for the 600 

evaluation of electromagnetic absorption materials[64,65]. Fig. 13 shows the 3-D plots and the 601 

contour maps of the CNCs/wax nanocomposites as a function of thickness and frequency. As can 602 

be seen from the contour maps of the RL plots, the effective absorption bandwidth of the CNCs/wax 603 

nanocomposites that is higher than 3 GHz mainly locates between 1.8 mm and 2.5 mm. Compared 604 

with other reports[64,65], the thickness of the current CNCs/wax nanocomposites exhibits a superior 605 

advantage when they are used as electromagnetic absorption materials.  606 
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  607 

Fig. 13 Three-dimensional (3-D) and two-dimensional plots of the reflection coefficients of 608 

samples S-1 (a,b), S-2 (c,d), S-4 (e,f), and S-5 (g,h).  609 

Conclusion 610 

In this work, NiCo-based bimetallic catalysts on MnO were successfully developed via a 611 

molecular-level engineering strategy through the preparation of 3D porous NixCo1–xMn2O4 spinels. 612 
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They were employed as catalysts for the pyrolysis-catalysis conversion of waste plastics for the 613 

coproduction of CNCs and H2. The catalytic performance of the NiCo/MnO catalysts varied with 614 

the reaction temperature and composition. At a temperature of 800 oC, the Cat-Ni0.5Co0.5Mn2 615 

catalyst exhibited the best performance among all prepared catalysts (e.g., Cat.-Ni1Mn2, Cat.-616 

Ni0.33Co0.67Mn2, Cat.-Ni0.5Co0.5Mn2, and Cat.-Ni0.67Co0.33Mn2,). When the weight ratio of NixCo1–617 

xMn2O4 spinel pre-catalysts to plastic weight ratio is 1:10.7, the HY and CY can reach as high as 618 

29.8 mmol/gplas and 42.2 wt%, while the SHY and SCY reached unprecedented high values of 5.2 619 

gcat.
–1 and 385 mmol·gpla.

–1·gcat.
–1 for plastic, which is about 5 times higher than the reported in the 620 

literature. The DFT calculations revealed that the bimetallic NiCo catalysts provide different active 621 

sites than the pure Ni surfaces for the dehydrogenation of hydrocarbons. The resulting CNCs 622 

exhibit excellent electromagnetic absorption properties when they are employed as absorbents. 623 

This work provided a novel idea for the development of advanced pre-catalysts for the pyrolysis-624 

catalysis of post-consumer plastic waste and finding a new application for the produced CNCs.  625 
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