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* The physical mechanism of superior catalytic performance of Co/MnO is pinpointed via DFT

calculation.
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» The specific carbon nanotube composites and H» yield of the Co/MnQO catalyst reach a new record
high.

* The plastic converted carbon nanotube composites were tested to be excellent anode materials for
lithium-ion batteries.

Abstract

In this work, multiscale designed 3-dimensional (3D) rose-like CoxMn3_xO4 spinel smart pre-
catalysts that can self-convert into the targeted active site-rich Co/MnO catalysts were developed
for the high-efficiency conversion of waste plastics. At a pre-catalyst to plastic weight ratio of 1:14,
the carbon nanotube composites (CNCs) and Hz yield can reach 41 wt.% and 36 mmol-gtpia, while
the specific CNCs and H; yield can be as high as 7.48 g-lcat. and 634 mmol-g-Lpia g car. The latter
is more than one order of magnitude higher than reported in the literature. Density functional theory
calculations indicate that the Co/MnO catalyst exhibits excellent activity in the dissociation of
alkanes (e.g., CHa). The resulting CNCs demonstrated excellent discharge capability and extended
cycling performance when used as a lithium-ion battery anode. This work revealed an innovative
recipe and novel insight for developing advanced catalyst materials as the next generation catalysts

for the conversion of waste plastics.
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1. Introduction

As a response to the “zero polution” action plan and energy transition, considerable efforts have
been made to develop clean and renewable energy conversion to replace the traditional energy

systems (e.g., fossil fuels)!*-51. Hydrogen (H>), as a clean and reliable alternative to fossil fuels, has



been widely employed as a clean energy carrier in transport engines and fuel cells*€l. As an
alternative, rechargeable lithium ion batteries (L1Bs) with high energy density have also been found
to be promising energy sources for portable electronics and electrical vehiclest-1. In this context,
carbon nanotube composites (CNCs, e.g., carbon nanotubes (CNTs)@metal oxides) have shown
convincing potential as anode materials in LIBsP?. A common shortcoming is that by now
methane is still the primary source for the production of Hz through thermochemical conversion
and the fabrication of CNCs[*3*4l, In parallel, the rapid development of all walks of life has led to
a substantial accumulation of plastic wastes, leading to disruptive environmental problems*35],
Simultaneous co-production of H2 and CNCs via pyrolysis-catalysis offers an alternative and cost-
effective feedstock for the large-scale production of H2 and CNCs, and a sustainable way to recycle

waste plastics*3],

Catalyst plays a critical role in enhancing the production of H, and CNCs!*6], Non-noble
transition metals (e.g., Fe, Co, and Ni nanoparticles) are the most widely used catalysts due to their
excellent catalytic activity, low cost, and high abundance *-*"1. For easy processibility, metal oxide
pre-catalysts were employed for the pyrolysis-catalysis conversion, where the pre-catalysts were
reduced in situ into metallic catalysts by the hydrocarbons derived from the decomposition of
plastic wastes prior to the catalytic conversiont*3, Moreover, limited by the intrinsic properties
of the catalysts, support materials (e.g., y/a-Al203, SiO2, and zeolites) have to be employed to
prohibit sintering and agglomeration of the catalysts*>171. Besides the composition, the amount of
active sites of the catalyst is another essential feature!*®°l. Typically, materials with 3-dimensional
(3D) porous structure always possess a larger surface-area-to-volume ratio and more active sites
than their lower-dimensional structures (i.e., OD nanoparticles, 1D nanowires, and 2D
nanosheets)*®1°1 thus are expected to exhibit better catalytic performance. Due to the easy

processability, wet-impregnation and precipitation methods by now have been the dominating



methods for synthesizing pre-catalystsi*3>71. In these methods, the catalyst precursors (e.g.,
nitrate salts) were mixed with large amounts of support materials in an organic solvent (e.g.,
ethanol), followed by drying and calcination at an elevated temperaturel*35-171. A critical drawback
of these methods is that the physical blending approach always limits the structural design of pre-
catalysts, prohibiting the construction of active site-rich structures and leading to poor homogeneity
of pre-catalysts. Besides, incorporating a significant fraction of support materials always leads to
a poor surface-area-to-volume ratio due to the dense structure and formation of catalyst/support
materials interfaces. Hence, a high catalyst-to-feedstock ratio had to be employed in the thermo-
catalytic process (S. Table 1)2%, which seriously limited the industrial application. Moreover, the
incorporation of large amounts of support materials also complicated the purification process of
CNTs from the CNCs after the conversion. Therefore, to solve these bottlenecks there is a need for
new composition-structure design paradigms if new catalysts possess not only a larger amount of

active sites but also can be in situ formed with the proper supporting material.

Cobalt possesses excellent catalytic activity and has been widely used as a catalyst for the
catalytic growth of CNTs[?251. MnO, as one of the most effective promoters, can significantly
promote the catalytic dissociation efficiency of hydrocarbons (e.g., CH4)?6?71. Besides, MnO could
not only increase the amount of active sites by weakening the catalyst/support material interface,
but also stabilize the catalysts by inhibiting agglomeration and sintering[?®2”l which avoid the
incorporation of large amounts of inert support materials (e.g., y/a-Al203, SiO2, and zeolites). From
these aspects, the Co/MnO materials are promising catalyst candidates by combining the
advantages of the Co and MnO phases. However, the establishment of active-site rich structure and
precise design of composition with excellent homogeneity of Co/MnO catalyst is challenging. The
application of spinel phases with the general formula AB>O4, where A and B are metal ions (Fe, Co,

Ni, Mn, etc.) 221 as a smart pre-catalyst which can self-convert into the targeted active-site-rich



catalysts will allow for such a combination of the required properties in just one material. The
spinel structure can host cations with variable and various oxidation states and having design
techniques in place to precisely control composition, morphology, and surface areal?®-32, which
enables the compositional design at the molecular level and establishment of active site-rich
structure. For the recycling of waste plastic by pyrolysis-catalysis conversion, CoxMnz xO4 spinels
are the ideal pre-catalysts, as they can not only meet the aforementioned requirements but also be

facilely converted into the targeted Co/MnO catalyst!?%3,

In this work, multiscale designed 3D CoxMnsxOs spinels possessing precisely adjusted
composition and active site-rich structure that can self-convert into the targeted active site-rich
Co/MnO catalysts were developed as smart pre-catalysts for the high-efficiency conversion of
waste plastics. The microstructure design of catalysts was realized at the molecular level by
hydrothermal synthesis of advanced CoxMn3z xO4 spinels, while the active site-rich structure was
simultaneously established by constructing a 3D rose-like structure. The catalytic performance of
Co/MnO catalysts in relation to CNCs and H» production was investigated with respect to the
composition, catalytic reaction temperature, as well as the pre-catalyst-to-plastic ratio. Density
functional theory (DFT) calculations were conducted to simulate the interaction and dissociation
of hydrocarbons on the surface of the Co/MnO catalyst. Moreover, as the purification of the
obtained CNCs to CNTs is at least challenging (if not impossible), it was tested how the CNCs
resulting from the catalytic conversion can be directly used. For this purpose, they were selectively

tested as LIB anode material.
2. Experimental procedures

2.1 Chemicals



Cobalt (II) acetate tetrahydrate (CsHeC0O4-4H20), manganese (Il) acetate tetrahydrate
(C4HsMnO4-4H,0), polyvinyl pyrrolidone (PVP, molecular weight 40000 g-mol™) and ethylene
glycol were supplied by Sigma-Aldrich Chemical Company (Germany). No further purification of

the chemical agents was conducted before the experiment.
2.2 Synthesis of CoxMns—xOa4 spinels

In this work, the 3D rose-like CoxMns_xO4 spinels were synthesized via a hydrothermal method.
To start with, for CoMn204 0.33 g C4HsC004-4H20, 0.66 g C4HsMnO4-4H20, and 0.3 g PVP were
dissolved in 35 mL ethylene glycol under vigorous stirring for 45 min at room temperature. Then,
the solution was transferred into a PTFE-lined autoclave tube (50 mL) and heated up to 200 <C in
a hot air circulation oven. After 3 h, the autoclave was taken out from the oven and cooled down
to room temperature in air. The precipitates from hydrothermal synthesis were washed with
deionized (DI) water for 5 times and then collected with centrifugation before frozen drying. The
freeze-dried powders were finally calcinated at 500 °C under ambient air atmosphere in a muffle
furnace for 3 h. The obtained product was CoMn2QO4 spinel. In this work, other batches of spinel-
type oxides (i.e., Co1.5Mn1504, C02MnO4, and Co2.5Mno.504) were also prepared. The Co1.5Mn1.504,
C02Mn0Oy4, and Co25Mnos04 spinels were synthesized by varying the molar ratio of Co/Mn in
ethylene glycol solvent under other identical experimental conditions. Based on the molar ratio of
Co to Mn in spinels, the CoMn204, Co15Mn1504, C02MnO4, and Co25Mnos04 spinels derived
catalysts were named as Cat.-CoiMn,, Cat.-CoisMnys, Cat.-Co2Mng, and Cat.-Co25Mngs,

respectively.
2.3 Pyrolysis-catalysis conversion

In this work, model polyethylene was employed as the plastic feedstock. No further purification

was conducted before the experiment. The elemental analysis result shows that the carbon,



hydrogen and nitrogen contents amount is 87.05 wt.%, 12.47 wt.% and 0.24 wt.%, respectively.
The pyrolysis-catalysis recycling of waste plastics was conducted in a modified two-stage
reactor*": 341 The experimental setup consists of two connected Al,O3 tube furnaces (one for
pyrolysis and another for catalysis) and a gas supply system. In this part, pyrolysis-catalysis
conversion reactions with varied parameters, including catalyst composition, the weight ratio of
catalysts to waste plastics, and the catalytic reaction temperatures (e.g., 750 "C, 800 ‘C, and 850 "C)
were performed, respectively. For the pyrolysis-catalysis reaction, the respective pre-catalyst will
be spread on the Al,O3 bed reactor and placed in the center of the second-stage furnace for the
catalytic reaction. An Al>O3 crucible with waste plastics (spent polypropylene) will be placed in
the center of the pyrolysis furnace (first-stage). Before the plastic is heated, the catalysis furnace
will be preheated to the set temperature (750 ‘C, 800 ‘C, or 850 ‘C). The plastics will be heated at
a heating rate of 20 "C/min from 50 "C to 600 'C and held at 600 ‘C for 1 h in Ar atmosphere.
During the catalytic transformation, the condensable large molecules from the decomposed plastics
will be trapped in a condensing system cooled with an ice/water mixture, which can purify the
hydrogen-rich gases and protect the equipment from contamination. The non-condensable gases
will be collected with a Tedlar gas sample bag and analyzed with a gas chromatograph (GC). The
GC is a dual channel system equipped with Channel A analyzing Hz, CO, and CHs using a
molecular sieve 5A column with thermal conductivity detection (TCD) and channel B analyzing
CO;, CzH2, C2H4, and C2Hs with a polystyrene column and TCD®®!, The reproducibility of the

experimental system is examined, and experiments are repeated to ensure reliability.
2.4 Materials characterization

Scanning electron microscopy (SEM) (S-4700, Hitachi, 15 kV) was used to study the morphology

of the CoxMn3zxO4 spinels and CNCs. The 3D structure of the CoxMn3_«xO4 spinels were observed



with transmission electron microscopy (TEM) (JEM2100F, JEOL). Lattice fingerprint of the
CoxMn3xO4 spinels after H reduction, and CNCs were characterized with transmission electron
microscopy (F200X, FEI Tecnai, 200 kV). X-ray diffraction (XRD) (X’Pert Pro, Philips,
Netherlands) of the CoxMnsxOs spinels and CNCs was carried out with a STOE X-ray
diffractometer in transmission geometry (Cu Kal radiation). The crystal structure of the
C015Mn1504 and Co25MnosO4 spinels after temperature programmed reduction at 550 ‘C was
characterized by a STOE STADI MP (STOE GmbH & Cie, Darmstadt, Germany) X-ray
diffractometer in a transmission geometry (Mo Kal radiation). Raman spectra were record from
500 cm to 3000 cm™* with a micro-Raman HR8000 spectrometer (Horiba JobinYvon, Bensheim,
Germany) with a laser wavelength of 514.5 nm to characterize the graphitic degree of CNCs.
Temperature programmed reduction (TPR) of the CoxMnsxO4 spinels were performed via a
thermogravimetric analyzer (STA449F3, Netzsch Geratebau GmbH, Selb, Germany) in a reductive
atmosphere (5 vol.% H2/95 vol.% Ar) with a heating rate of 10 K-min™. The weight loss behavior
of the CNCs as a function of temperature was characterized by temperature-programmed oxidation
(TPO) by the thermal gravimetrical analysis and differential thermal analysis (TGA-DTA) using a
high temperature simultaneous thermal analyzer (STA449F3, Netzsch Geratebau GmbH, Selb,
Germany). All measurements were corrected for buoyancy. The specific surface area was acquired
according to the results of N2 adsorption/desorption measurements at 77 K by an Autosorb-3B
Analyzer (Quantachrome Instruments Corporation). Information on oxidations states, chemical
boning environment, and composition of the CoxMn3 xO4 samples before and after Hz reduction
were obtained with XPS. All experiments were performed within a vacuum-cluster tool (ULVAC-
PHI VersaProbe I1) with a pressure in the analysis chamber better than 5-10-° mbar. For excitation,
monochromatic Al K, radiation (1486.6 eV) was used. All detail spectra have been measured by

applying a pass-energy of 23.5 eV. A step size of 0.1 eV/step was used. The backgrounds of the



acquired spectra were subtracted by using the Shirley method in CasaXPS %1, version 2.3.25.
Samples were pressed into indium foil. Detailed spectra were normalized to maximum peak

intensity and calibrated by setting C 1s to 284.5 eV for comparison.

2.5 Preparation of anode and electrochemical characterization

A mixture of the resulting CNCs, conductive carbon black (Timical Super Css, Switzerland) and
polyvinylidene fluoride (PVDF) (Arkema, France) were homogeneously mixed at a weight ratio of
8:1:1 in an agate mortar. N-methyl-2-pyrrolidinone (NMP; anhydrous, Sigma-Aldrich) was used
as a solvent of the CNCs composite slurry. Prior to the preparation of the composite slurry, no
further purification of the as-prepared CNCs was conducted. The slurry was cast onto a 100-pum-
thick copper sheet and spread with a doctor blade coater. The electrode sheet was dried in a vacuum
oven at 80 °C overnight to remove any solvent. The coin cells were assembled with CNCs anode
and a lithium chip cathode using a Celgard 2325 separator, and were filled with 1 M LiPFs in
EC/EMC (3:7 v/v) as the electrolyte. Electrochemical testing was carried out with a BCS-805
Biologic battery cycler (Biologic, France) at the charge/discharge current rate of 0.1 A-g* to
measure the electrochemical capacity and life cycle. Cyclic voltammograms (CV) were performed
on an electrochemical workstation (Interface 1000E, Gamry Instruments) at 0.1 mV-s™ within the

potential range of 0.01-3.0 V.

2.6 DFT calculations

The geometry optimizations and adsorption free energy calculations were performed by spin
polarized DFT within the Hubbard U approach in the Vienna Ab initio simulation package (VASP)
5.4.41%6-381 The projector augmented wave (PAW) potentials were employed and an energy cutoff

of 500 eV was used%l. The generalized gradient approximation (GGA) with the Perdew-Burke-
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Ernzerhof (PBE) function was adopted for the exchange-correlation potentials, and value of U was
set as 2.0 eV and 5.0 eV for Co 3d and Mn 4f, respectively. The Brillouin zone was sampled on a
Monkhorst-Pack k-point mesh of 2 x 2 x 1. The energy and force convergence criterion were set

as 10 eV and 0.03 eV-AL,
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3. Results and discussion
3.1 Characterization of the spinel pre-catalysts

Fig. 1a schematically shows the upcycling procedure of waste plastic via the pyrolysis-catalysis
method. (Co,Mn)-based spinels with 3D rose-like morphology were prepared via a hydrothermal
method. The 3D structure enables the construction of active site-rich structures. This provides more
accessible surface area for the hydrocarbons (e.g., CHa, C2Ha, and C2He) from the decomposition
of plastic wastes, which will lead to a strong capturing capability of the hydrocarbons. Through
reaction on the catalyst surface, the hydrocarbons were converted into H, and CNTs. No further
purification was applied and the resulting CNCs were directly tested as lithium battery anode
material. Fig. 1b-1h present the typical SEM and TEM images and XRD patterns of as-prepared
spinels after annealing at 500 "C for 3 h. In the low magnification SEM image, CoMn,O4 particles
with a size of 3 um were individually dispersed. In the high magnification SEM image (Fig. 1c),
CoMn,04 spinel with a 3D rose-like porous structure was observed. As we can see, 2D CoMn204
spinel nanosheets with a thickness of about 60 nm were self-assembled into a 3D structure. This
structure significantly benefits the material as pre-catalyst by exposing more active sites and
accessible surface area to the hydrocarbon gases released by the decomposed plastics. In the
references %71 the authors report on the development of a highly porous structure to obtain large
specific surface areas of the catalyst systems. For example, highly porous zeolites with a large
specific surface area (>200 m?/g) was employed as the carrier of the catalyst!*®]. However, some
nano/submicro scaled pores are not accessible for the large hydrocarbon molecules or are easily
blocked by the precipitated carbon, leading to the deactivation of the catalyst. In this circumstance,

a large plastic-to-catalyst weight ratio (2:1) has to be employed. For pyrolysis-catalytic recycling,



the active sites and accessible surface area are necessary factors for a highly efficient conversion.
In this work, 3D flower-like materials composed of 2D nanosheets were developed as pre-catalyst.
This network structure will significantly enhance the active sites and accessible surface area for the
hydrocarbon gases from the decomposed plastics. Instead of growing in the pores with limited
space, the carbon nanotubes can directly grow on the surface of the 2D flat nanosheets to the free

space (Fig. 1a).

In this work, the polyvinylpyrrolidone (PVP), as a surfactant and complexing agent is critically
important for the establishment of the 3D porous structure. As a complexing agent, the Co and Mn
ions were absorbed onto the hydrophilic carbonyl groups of PVP during the complexing process.
The hydrophobic vinyl and hydrophilic carbonyl groups on the PVP could lead to polarized
micelles, which as a result would lead to the shape-inducing effect**4ll. As a surfactant, the PVP
can agglomerate the primary particles composed of the metal complex on the surface of polarized
micelles. Due to the shape-inducing effects, these particles were shaped into flat 2D nanosheets,
and gradually packed into the observed 3D structure. After calcination in air, the PVP was removed,
while the pristine 3D porous structure was retained owing to the spherical blocking effect[®41,
Interestingly, regardless of the Co/Mn molar ratio in the resulting CoxMn3z_xO4 spinels, the materials
always exhibit a 3D rose-like structure (S1), which can be attributed to the facile tunability of Mn
and/or Co ions in the CoxMn3 xO4 spinel due to the variable valence of both Co (+2/+3) and Mn
(+2/+3) ions. In the XRD patterns of CoMn204, Co1.5Mn1.504, C02MnO4, and Co25Mno 504 Spinels,
the characteristic diffraction peaks corresponding to lattice planes (101), (112), (200), (103), (211),
(220), (321), (224), and (400) were detected, confirming the formation of CoxMn3 «Oa spinels*?
441 Moreover, with the increase of the Co/Mn molar ratio in the spinels, the characteristic (211)
diffraction peak was found to shift to a larger angle due to smaller ionic radios of Co compared to

Mn assuming the same oxidation state*’]. In the low-resolution TEM image, a porous Co,MnO4



particle with a bottom-up status was observed, in which the petals of the spinel follower were found
to be vertical and parallel to the TEM sample grid. Moreover, some pores with nanoscale level
were also observed in the petal in Fig. 1f and the thickness of vertical follower petals varied
between 40-60 nm. In the high-resolution TEM image (Fig. 1g), the lattice space was measured to
be 0.294 nm, matching the (220) plane of Co,MnOQ4 spinel®, which also agrees well with the
lattice spacing from XRD. In the EDX mappings (Fig. 1h»-1h3), strong signals from Mn, Co, and
O elements were detected in the overlapping area of the STEM image in Fig. 1h1, confirming the
existence of the Mn and Co elements. As expected, the Mn and Co mapping area overlapped well
with each other in the detected area, which further confirms the formation of the Co2MnQO4 spinel.
Due to the high Co content in Co2MnOQg, the signal of Co is obviously stronger than that of Mn in

the EDX mapping, which is different from the EDX mapping of CoMn20g in S.2.
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Fig. 1 (a) Schematic illustration of upcycling procedure of waste plastic with the rose-like catalysts,
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Fig. 2 (a) XPS survey spectra of CoMn204 and MnCo.0s, (b) O 1s spectra of CoMn;04 and
MnCo020s, (¢) Mn 3s spectra of CoMn204 and MnCo204, and (d) Co 2p spectra of CoMn204 and
MnCo0204, N2 adsorption/desorption isotherms of spinels of (€) CoMn.0O4 and (f) Co2MnOQs, inserts

show the distributions of the pore size in corresponding spinels.



Further information with respect to chemical environment, oxidation state, and composition of the
spinels before and after H> reduction was obtained by X-ray photoelectron spectroscopy (XPS),
Brunner—Emmet—Teller (BET) method, thermal gravimetrical analysis and differential thermal
analysis (TGA-DTA) (Fig. 2 and Fig. 3). In the survey XPS spectra of CoMn,04 and Co2MnQO4
(Fig. 2a), all expected elements were detected, which agrees well with the TEM EDX mapping
results. The O 1s spectra show the same shape for both materials with the position at 530 eV which
is typical for metal oxides. In the Mn 3s spectra of CoMn204 and MnCo0204 (Fig. 2c), the main
peak of Mn was detected at 83.9 eV and the splitting for both samples was found to be 5.5 eV. The
two final states occur due to the coupling of the remaining 3s electrons to the 3d electrons upon
ejection of the 3s electrons*’¢], Based on the splitting, the Mn is indicated to be in a 3+ state in

both samples.

The Co 2p spectra can be understood in terms of charge transfer effects*®l. Next to the spin-orbit
splitting of the peaks (Fig. 2d), satellites occur next to the main peaks. The main peak at BE (Co
2p312) = 780 eV can be characterized by the ¢d** L configuration. Where ¢ denotes the core hole
and d**'L! the charge transfer from the ligand to the d-orbital. The satellite peak at 790 eV
corresponds to the ¢™*d*L configuration where the 2p core electron is ejected and the ligand stays
intact (Fig. 2d). It is assumed that at this energy also a ¢™*d***L2 process occurs in which the ligand
loses two electronst®%H. Additionally, another satellite occurs at ca. 786 eV. No direct charge
transfer process is defined for this satellite. However, this satellite is mainly seen in CoO and thus
the satellite can be associated with Co?*%?l, In CoMn20s4, the intensity of this satellite is high, which
indicates cobalt is in a +2 state, while in MnCo0204 cobalt is in a mixed +2/+3 (average +2.5) state.
This finding is in good agreement with the expected oxidation state and also the 3+ state of Mn in
both samples, which means that the distribution of Co and Mn between A- and B- site might change

as well.



N adsorption/desorption isotherms of CoMn204 and MnCo204, as representative samples were
presented to analyze the porosity of the prepared spinel pre-catalysts (Fig. 2e and 2f). As shown,
the isotherms of CoMn204 and MnCo204 obey the Type IV characteristic feature and therefore,
indicate the formation of mesopores in the petals of spinels, agreeing well with the observation in
the TEM images (Fig. 1f and S. 2a). From the inserting images we can see that the pore size in the
petals of CoMn204 and MnCo.04 locates mainly at ~3.8 nm, the typical range of mesopores.
Regardess of the Co,Mn ratio in the spinels, always similar specific surface area value (~50 m?/g)
were exhibited, this can be attributed to the same morphology and particle size of prepared spinels

(Fig. 1 and S.1).
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Fig. 3 (a) Temperature programmed reduction and (b) derivative plots of pre-catalysts at a heating
rate of 10 'C-min~t in 5 vol.% H: in Ar of all batches of spinels (c) XPS survey spectra of reduced
CoMnz04 and MnCo0204, (d) O 1s spectra of reduced CoMn,0O4 and MnCo0204, (e) Mn 3s spectra

of reduced CoMn204 and MnCo0204, (f) Co 2p spectra of reduced CoMn204 and MnCo020s..



Fig. 3a and 3b are the thermogravimetric (TG) and differential thermogravimetric (DTG) curves
of the spinel pre-catalysts as a function of reduction temperature. As shown in Fig. 3a, the spinels
exhibited increased weight loss with the increase of Co/Mn ratio in the spinels and reduction
temperature. Based on the TG and DTG curves, the weight loss behavior of spinels can be divided
into three stages. The first stage happened at the temperature range of lower than 200 “C, which is
resulted from the evaporation of absorbed water molecular in the spinels. At the first stage, a weight
loss of ~1.5 wt.% occurred. The second stage occured between 300-400 °C. Interestingly,
regardless of the Co/Mn ratio in spinels, the weight loss at this stage is almost the same. We suggest
this phenomenon can be attributed to the reduction of Co?* at the A-site of spinels into metallic Co
(S. 3). At the second stage, the weight loss is 7.5-8.0 wt.%, which agrees well with the theoretical
oxygen content change induced by A-site cation reduction. The third stage mainly happened
between 500-750 “C, which is resulted from the reduction of transition metal ions at the B-site.
Based on the calculation, the overall weight loss after reduction is always lower than the theoretical
oxygen content in spinels. For example, the theoretical oxygen content in CoMn204 is 27.5 wt.%.
However, after reduction in 5 vol.% H> a weight loss of ~15.0 wt.% was obtained. During the
reduction, the Co?* ions in the spinels were reduced into metallic Co, while the Mn ions were

reduced from +3 state to +2 state, pointing to a formation of MnO.

Fig. 3c-3f present the XPS spectra of the CoMn204 and Co.MnO4 after reductive thermal
treatment. As expected, Mn, Co, and O elements were detected in the survey XPS spectra of the
reduced CoMn204 and Co2MnOQs (Fig. 3c). The O 1s spectra show the same shape for both
materials with the position at 530 eV which is typical for metal oxides like pristine materials.
Additionally, the peaks are broadened and in CoMn2O4 a clear shoulder is visible, indicating the
formation of metal carbonates or organic C-O bonds (Fig. 3d). After reduction with Hz, the Mn 3s

spectra showed the main peak at 83.2 eV and splitting of ca. 6.0 eV for both samples (Fig. 3e). This
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indicated that Mn changed from a +3 to +2 state, which agrees well with the TG results. In Fig. 3f,
a strong broadening of the Co 2ps2 main peak can be seen. One explanation could be the
contribution of metallic cobalt with lower binding energies of 778.2 eV, which would overlap with
the main peaks of the oxides. In contrast to the oxides, metallic cobalt has no satellite features,
indicating that the majority of cobalt is still mainly in a 2+ or higher oxidation state. This can be
explained by the partial oxidation of metallic Co on the surface of the Co/MnQO catalyst and the
low detection depth of XPS in the measured sample. In the high-resolution TEM image of H>
reduced MnCo204, metallic Co particles with a size of 5-10 nm were found to be dispersed in the
MnO matrix (S. 2e). Moreover, the lattice space of the exposed phase was measured to be 0.22 nm,
matching well with the (200) crystal plane of MnO. In the EDX mapping, strong signals from Mn,
Co, and O elements can still be found. However, different from the EDX mapping of the Co2MnO4
spinel, the homogeneity of the Co element was found to reduce. InS. 2f, the Co element was found
to agglomerate after reduction. Moreover, by comparison, we can observe that in the overlapping
areas where there is strong Co agglomeration the signal from the O element was weakened. This
is resulted from the reduction of cobalt oxide and the formation of metallic Co particles, which can
also be confirmed by the temperature-programed reduction plots of the CoxMnz<O4 spinels (Fig.

3a and 3b).
3.2 Products analysis

By now, carbon and Hz yield (CY and HY) are commonly employed as the criterion for the
evaluation of the conversion efficiency of waste plastics'®" %3571 High CY and HY always
represent high conversion efficiency of plastics. The CY and HY can be determined by the

following equations:



_ Wear 1)

Ny (2)
Wpla

where Wear represents the weight of deposited carbon on the catalysts, Wpia represents the weight
of plastics, and nn2 represents the molar quantity of Hz. The Wear is determined by the weight

difference between the fresh pre-catalyst and CNCs.

Fig. 4a-4c present the Hz and carbon yield of plastics with respect to catalyst compositions,
catalytic reaction temperature, and the weight ratio of catalyst to plastic. Fig. 4a shows the H> and
carbon yield of plastics catalyzed by Cat.-CoiMn;, Cat.-Co1sMnys, Cat.-Co.Mny, and Cat.-
Co25Mno5 at a temperature of 800 °C and with a pre-catalyst to plastic weight ratio of 1:20. As
shown in Fig. 44, the carbon and Hy yield increased with the increase of the Co/Mn molar ratio in
the catalyst up to 2:1. For Cat.-Co1Mn; catalyst, when the weight ratio of catalyst to plastic is 1:20,
the carbon and H; yield can reach as high as 35.6 wt.% and 22 mmol-gpi. ™, respectively. With the
further increase of the Co/Mn molar ratio to 2:1, the catalyst exhibited its best catalytic performance
in relation to carbon and H; yield (Fig. 3a and S. 4), which is 37.4 wt.% and 32 mmol-gpia™.
However, when the Co/Mn molar ratio increased to 2.5:0.5, the carbon and H: yield decreased
significantly to 14.4 wt.% and 16 mmol-gpia 2, which can also be confirmed by the temperature-
programmed oxidation plots of CNCs (S. 4). This phenomenon can be explained by the
agglomeration of Co catalyst at too low MnO content (S. 5k and 5I). In this work, the reduced Co
nanoparticles, as an active material, catalyzed the conversion of the hydrocarbons into H. and
carbon nanotubes. With the increase of Co/Mn molar ratio in the catalyst from 1:2 to 2:1, the
amount of Co catalyst increased accordingly, which could lead to more hydrocarbons being

captured and increasing the amount of CNTs and H.. During the catalytic reaction, the



simultaneously formed MnO acted as a carrier to immobilize the Co catalyst and prevent it from
deactivation. When the Co/Mn molar ratio is higher than a certain ratio (2.5:1 in this work),
agglomeration of the catalyst occurs, which leads to the decrease of catalytic activity and
production yield of CNTs and Ha, respectively. When the content of MnO in the catalyst is lower
than a certain threshold value, agglomeration of the Co catalyst occurres, which leads to the
decrease of accessible surface area for the hydrocarbons and prohibits the growth of CNTs (S. 5I).
Meanwhile, from the SEM images, we can see that the diameter of the CNTs exhibited an
increasing tendency with the increase of the Co/Mn molar ratio (S. 5), which we suggest is resulted
from the increased particle size of the Co catalyst. Moreover, due to the agglomeration of Co
element in the Cat.-Co25Mnos catalyst, the CNTs in S. 51 exhibited a decreased length compared
to the CNTs prepared by other catalysts. Besides the catalyst composition, the reaction temperature
is another important factor that influences the catalytic performance of the catalyst. In this work,
the catalytic performance of the Cat.-Co2Mn; catalyst was investigated with respect to the variation
of temperature (750 ‘C-850 ‘C) (Fig. 4b). With the increase of reaction temperature from
750 "C-850 °C, the variation of carbon and H yield of Cat.-Co.Mn; exhibited a parabolic tendency.
At the temperature of 750 “C, the carbon and H. yield can reach 35.0 wt.% and 26.5 mmol-gpia?,
which is lower than that of the Cat.-Co,Mn; catalyst exhibited at 800 ‘C. However, when the
temperature increased to 850 "C, the carbon and H; yield decreased to 33 wt.% and 28.3 mmol-gpia
1 This phenomenon can be explained by the decreased catalytic activity resulting from the
agglomeration or sintering of the catalyst at a high temperature (see the big particles in S. 6g). By
comparing the carbon and Hy yield (Fig. 4b and S. 7), the Cat.-Co2Mn; exhibited the best catalytic
performance at the temperature of 800 ‘C. To maximize the upcycling efficiency, the carbon and
H> yield of plastic as a function of Cat.-Co2Mn; catalyst to plastic weight ratio was also investigated.

Fig. 4c presents the carbon and H> yield of Cat.-Co2Mn; as a function of catalyst to plastic ratio



weight ratio when catalyzing at 800 ‘C. As expected, the carbon and H; yield increased with the
increase of catalyst/plastic weight ratio (Fig. 4c and S.9). As shown in Fig. 4c, even at an extremely
low weight ratio of catalyst to plastic ratio of 1:40, the carbon and H; yield of Cat.-Co,Mn: can
still reach as high as 23 wt.% and 22.3 mmol-gp™t, which proved the excellent catalytic
performance of our catalyst. When the catalyst to plastic weight ratio increased to 1:14, the carbon
and H; yield reached 41 wt.% and 36 mmol-gpia ™, which is even comparable to the carbon and H:

yield of reported work with ultrahigh catalyst/plastic weight ratio (1:2) (S. Table 1)I*753],
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Fig. 4 Hz and carbon yield derived from: (a) Cat.-Co1Mny, Cat.-Co15Mny 5, Cat.-Co,Mny, and Cat.-
Co25Mng5 at a temperature of 800 ‘C, (b) Cat.-Co,Mn; at different temperatures from 750 C to
850 ‘C, (c) Cat.-Co,Mn; with different weight ratios of catalyst to plastic; and specific carbon and
hydrogen vyield of (d) Cat.-CoiMnz, Cat.-Co1sMnis, Cat.-Co,Mni, and Cat.-CozsMnos at a
temperature of 800 "C, (e) Cat.-Co.Mn; at the temperature range of 750 "C -850 'C, and (f) Cat.-

Co,Mn; with the catalyst weight ratio of 1:40, 1:20, and 1:14 when catalyzing at 800 "C.



Besides high CY and HY, the amount of catalysts employed in the upcycling process should also
be considered in industrial applications in particle since the catalyst can get disseminated to CNCs.
In this circumstance, CY and HY alone will not be sufficient for the comprehensive evaluation of
the overall conversion performance, since higher CY and HY can be easily achieved by employing
a larger amount of catalysts, which directly increases the upcycling costs and challenges of the
purification of the CNTs. A more reasonable way is to use more reliable parameters, namely
specific carbon and H yield (SCY and SHY), that are the CY and HY divided by the weight of the
pre-catalyst. Such parameters are highly valuable for determining the overall conversion efficiency
by incorporating three important factors: the carbon and Hz yield as well as the weight of the pre-

catalyst, which will be obtained from the following equations:

CY
SCY = )

cat

HY (4)

cat

SHY =

Fig. 4d shows the SCY and SHY of Cat.-Co1Mn;, Cat.-Co15Mnys, Cat.-Co2Mny, and Cat.-
Co25Mnos at a reaction temperature of 800 ‘C with a catalyst/plastic ratio of 1:20. Due to the
excellent catalytic performance of the catalysts, outstanding SCY and SHY values were obtained
from the resultant catalyst materials. As shown in Fig. 4d, the SCY and SHY of Cat.-Co1Mn; can
reach as high as 7.12 gea.™* and 438 mmol-gpiat-gear ™, respectively, which is about one order of
magnitude higher than the reported values (S. Table 1)[*>5%, With the increase of Co/Mn molar
ratio, the SCY and SHY of the CoMn-based catalysts exhibited the same varying tendency than for
CY and HY. Among all batches of catalysts, the Cat.-Co2Mn; exhibited the highest SCY and SHY
values of 7.48 gear ™t and 634 mmol-gpia-gear L. This outstanding performance can be attributed to

the excellent catalytic activity and active site-rich structure of as-prepared smart 3D (Co,Mn)-based



spinel pre-catalyst. Moreover, the SCY and SHY values as a function of reaction temperature and
catalyst amounts were also investigated. With the increase of catalyst weight, the carbon and H:
yield increased while the SCY and SHY decreased. When the weight ratio of catalyst to plastic is
1:40, the SCY and SHY reached 9.2 gea. ™ and 891 mmol-gpiat-gear 1. However, the morphology

of CNTs did not exhibit obvious change with the variation of catalyst to plastic ratio (S. 8).
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Fig. 5 (a) and (b) low and high magnification SEM images of CNCs catalyzed by Cat.-Co:Mn; at
a temperature of 800 'C, (c) low resolution TEM image of the aforementioned CNCs, (d) and (e)
high-resolution TEM images of CNCs, (f) XRD patterns and (g) Raman spectra of the CNCs

catalyzed by Cat.-Co:Mn;, Cat.-Co1.5Mn; s, Cat.-Co,Mns, and Cat.-Co25Mnos at 800 °C.



Fig. 5a-5e show the representative SEM and TEM images of the deposited carbon. As shown in
Fig. 5a, filamentous carbon materials with a length of more than 10 um were observed. In the high
magnification SEM image, we can see that the diameter of these materials is lower than 100 nm.
The TEM images (Fig. 5¢-5e) confirm the hollow tube structure of the filamentous carbon materials,
which are known as CNTSs. In the low-resolution TEM image (Fig. 5c), we can see that the hollow
multi-walled CNTs possessed diameters of 30 to 70 nm. Different from the CNTs reported in
literature possessing smooth outer surface, the CNTs obtained in this work exhibited a bamboo-
like structure. In the high-resolution TEM images (Fig. 5d and 5¢), the “joint” of the multi-walled
CNTs is clearly observed. Moreover, in each “bamboo joint”, catalyst particles with diameters of
~5 nm were found to insert in the multi walls of the CNTSs. This phenomenon can be explained by

the "particle-wire-tube™ growth mechanism of CNTs 58591,

The "particle-wire-tube™ growth process can be divided into three stages, which are (a)
precipitation of solid carbon by capturing gaseous carbon and aggregation into carbon
nanoparticles, (b) growth of carbon nanowires by merging of the nanoparticles, (c) formation of
the graphene-like carbon layers from the poorly graphitic carbon and formation of a hollow
structure. By now, the most widely accepted growth mechanisms of CNTs are “top growth” and
“bottom growth” mechanisms, where the gaseous carbon is captured by the catalyst particles,
followed by the precipitation of solid carbon, and the growth of hollow tube on the bottom or top
of the catalyst particles™™®l. Typically, “top growth” or “bottom growth” mechanisms apply to these
catalysts possessing relatively large particle sizes, which can provide a large enough growth driving
force for the direct formation of the hollow tube structurel*® %8591 In this work, due to the
molecular-level design method of the pre-catalyst, the reduced Co nano-particles were
homogeneously dispersed in the MnO phase, which inhibited the growth of Co particle size. When

the particle size of the catalyst is not large enough, the direct formation of a hollow tube resulting



from “top growth” and “bottom growth” mechanisms will be challenging and "particle-wire-tube"

will be a dominant growth mechanism. Corresponding revisions were also made in the manuscript.

In the XRD patterns of CNCs (Fig. 5f and S.10), characteristic diffraction peaks of graphitic carbon,
metallic Co, and MnO were detected. From the Raman spectroscopy (Fig. 5g and S. 11), we can
find that the CNCs possess an excellent graphitic degree. Moreover, with the increase of catalytic

reaction temperature, the graphitic degree of resulting CNCs increased (S. 11).
3.3 DFT calculations

DFT calculations are employed to understand the catalytic mechanism of the Co/MnOcatalyst.
Before we carry out the DFT calculations, the characterization results of H, reduced catalysts (XPS
in Fig. 3 and TEM in S. 2) and the final state of catalysts after pyrolysis-catalysis reaction (XRD
in S. 10 and TEM in S.12 and S.13) were employed to support the construction of DFT calculation
models. XPS and XRD results confirmed the presence of metallic Co and MnO in the catalysts.
Moreover, based on the HRTEM images of the H. reduced Co.MnOs (S.2e) and CNCs after
catalytic reaction (S. 13 and S.13), the crystal plane (200) of MnO is the preferentially exposed
surface of MnO phase. Meanwhile metallic Co particles with nanoscaled size were observed to
disperse on the MnO phase. Different from single atom catalytic model®-%2 a Co cluster
composed of 4 Co atoms (Co4) was employed to simulate the Co particles in the Co/MnO catalyst.
Thus, the Co/MnO catalyst model for the DFT calculations was established by supporting Coson
a MnO (200) surface (Fig. 6a). Methane (CHa4), ethane (C2Hs), and ethylene (C2H4) were chosen
as representative hydrocarbons from the depolymerization of plastic wastes. Different potential
anchoring sites for Co nanoparticles on MnO were examined (Fig. 6 and S. 14). The most stable

anchoring sites are shown in Fig. 6(a).



] 2018 A

&&/ '25‘ 1.963 Al 2-362 A
/R

1—» x T Ty

H, MnO single cell

Adsorption Energy (eV)
o o

-0.5 1

Co, on MnO (200) 00 CH, C,H, C,Hg
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In the catalytic conversion, adsorption of hydrocarbons on the surface of the catalyst took
place prior to the catalytic reaction. The corresponding adsorption energy of representative
hydrocarbons (CHas, C2oHs, and C2Ha4) were calculated. As shown in Fig. 6b, based on the DFT
calculations, the adsorption energy of hydrocarbons is ranked as: CoHs < CHs < C2Hs. Among these
three hydrocarbons, CoHa exhibited the lowest adsorption energy on the surface of the Co/MnO
catalyst, which is as low as -2.2 eV. The low adsorption energy indicates that CoHa is more strongly
attracted compared to CH4 and C2Hs on the Co/MnO catalyst(®3l. Meanwhile, CoHs and CH4 almost
exhibit the same level of adsorption energy. This phenomenon can be explained by a) the shortest
length of C-Co bond of C2H4 among all these three hydrocarbons and similar length of the C-Co
bond of CH4 and C2Hs ®%; b) the C=C double bond in C2H4 while C-C bonds in C2Hs and CHa; )

end-on adsorption of CoHe and CHy4 in contrast to the side-on adsorption of CoHa.
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Fig. 7 (a) Transition state geometries of CHa dissociation on Co/MnO catalyst, (b) Gibbs free

energy diagram from DFT calculations of CH4 dissociation over Co/MnQO catalyst.

To understand the intrinsic catalytic property of our catalyst, the dissociation behavior of CH4
was representatively calculated. Each dissociation step of CH4 over the surface of Co/MnO was
simulated. Based on the DFT calculation, the cleavage of the first C-H bond on Co/MnO is
exothermic by -0.81 eV, indicating that the first step dehydrogenation in CHas is very efficient. The
exothermic energy is even larger than the reported for Ni/CeO, based catalyst’® indicating
excellent activity of Co/MnO as catalyst. Following the dehydrogenation, the resulting CHz species
bonded atop to the surface of the Co atom and the H atom moved to the neighboring Co atom (Fig.
7a). Different from the dissociation of the first C-H bond, the next dehydrogenation step from CH3
to CH: is strongly thermodynamically unfavorable due to the high Gibbs free energy needed by the
cleavage reaction. As calculated in Fig. 7b, the Gibbs free energy in this step is as high as 1.19 eV.
The high Gibbs free energy leads to significantly disfavorable dissociation of CHz on Co/MnO
catalyst, in line with the dissociation behavior of CHz on Ni-based catalysts (e.g., Ni/CeO,)1l. As
reported in the literature®t], compared with the highly endothermic dehydrogenation step from CHs

to CH., oxidation of CH3z to CH30, for example on a Ni/CeO; catalyst, in the dry reforming of



methane is exothermic, which would be a preferable route in this step. Additionally, the DFT
calculations were run at 0 K, while the catalytic reactions were performed at temperatures of higher
than 1000 K, which has a significant effect on the Gibbs enthalpy of exothermal and endothermal
reactions. Under elevated temperatures, exothermal reactions get less favorable while endothermal
reactions get more favorable. Moreover, oxidation of CHz to CHz0O could lead to the formation of
large amounts of CO and failure of carbon deposition, which is paradoxical to the results in this
work. Hence, direct dehydrogenation from CHs to CH. should be the exclusive route in this work.
With the further progressing of the dehydrogenation process, the energy needed by the cleavage of
the C-H bond increased. As shown in Fig. 7b, the energy needed by the dissociation reaction from
CH. and CH to CH and C, respectively, was as high as 1.47 eV and 2.41 eV due to the
thermodynamic stability of CH2 and CH. In the last two steps of the dehydrogenation process, the
formation of the H-H bond and H> desorption is exothermic by -2.99 eV and -0.27 eV, which is
thermodynamic favorable. By comparison with the DFT calculation results in the literaturel®l, the

Co/MnO catalyst designed in this work is an active catalyst in the catalytic conversion of CHa.

3.4 Electrochemical performance of the resulting CNCs

To explore the potential application of CNCs as LIB anode, the resulting CNCs after the catalytic
reaction were selectively tested. Fig. 8a presents the extended cycling performance as an anode for
lithium-ion batteries of the CNCs catalyzed with Cat.-CoMn; at a temperature of 800 °C at the pre-
catalyst to plastic weight ratio of 1:20. The initial discharge capacity of the CNCs can reach up to
770.1 mAh-g! and maintain a reversible capacity of 522.4 mAh-g* after 100 cycles, which
outperforms the commercial carbon-based anodes such as graphite used for LIB 64661, Besides, the
coulombic efficiency of the prepared anode has always been kept above 95% after the first 6 cycles.
The remarkable cycling performance is attributed to the unique network structure and elemental

composition of the CNCs, making them a potential candidate for the high-performance anodes in



lithium-ion batteries. The cyclic voltammograms tests of the CNCs are shown in Fig. 8b. During
the initial discharge process, the first anodic peak appeared at ~0.62 V corresponds to the
conversion of Co?* to metallic Co and Mn?* to metallic Mn®"¢8], While the second anodic peak at
~0.19 V represents the formation of the solid-electrolyte interface (SEI) films on the surface of the
materialst®). Besides, the third anodic peak close to 0 is related to the insertion of lithium ions into
carbon nanotubes!**®°l. During the charging process, there are three oxidation peaks. The first one
at ~0.26 V is attributed to the delithiation of the carbon nanotubel**%%, whereas the second one at
~1.27 V and the third one at ~2 V are related to the oxidation of Co and Mn to Co?* and Mn?",
respectively®”81. An obviously shifted anodic peak at ~0.5 V from the second cycle on is discussed
to be attributed to the electrode polarization!®® 7721, However, all CV curves mostly overlap from
the third cycle indicating that the electrode structure and reversible electrochemical reaction tend

to be stable!®”l. Therefore, the CNCs exhibit excellent extended cycling performance as mentioned

before.
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4. Conclusion

In this work, 3D porous CoxMns xO4 spinel smart pre-catalysts that can self-convert into the
targeted active site-rich Co/MnO catalysts were successfully developed via a multiscale designed
strategy and employed for the conversion of waste plastic to CNCs and H». The targeted Co/MnO
catalysts were formed in situ by reduction of CoxMns xO4 spinels via the hydrocarbons decomposed
from the waste plastic. Due to the excellent catalytic activity towards hydrocarbon dissociation and
active-site rich structure, the smart pre-catalysts derived Co/MnO catalysts exhibited excellent
catalytic performance in relation to carbon and H; yield. The catalytic performance of Co/MnO
catalysts varied with the change of catalytic reaction temperature and composition. At a
temperature of 800 °C, the Cat-CoMn catalyst exhibited the best catalytic performance among all
prepared catalysts (e.g., Cat.-Coi1Mn;, Cat.-Co15Mny s, Cat.-Co2Mny, and Cat.-Co25Mngs,). When
the weight ratio of pre-catalyst (Co2MnQs) to plastic weight ratio is 1:14, the carbon and H yield
can reach as high as 41 wt.% and 36 mmol-g™*, while the specific carbon and H; yield reached
unprecedented high values of 7.48 g5a and 634 mmol- gpia-gtcar, Which is more than one order
of magnitude higher than reported in literature. DFT calculations indicated that the Co/MnO
catalyst exhibited excellent activity in CH4 dissociation. The resulting CNCs exhibit excellent
discharge capability and extended cycling performance when they were used as a LIB anode. This
work developed an innovative route for the design of advanced catalysts for the conversion of

plastic waste via the pyrolysis-catalysis method.
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