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The pursuit of carbon neutrality in today’'s world has led to the development of environmentally friendly,
sustainable energy sources. The conversion of waste into wealth in electrocatalysis and energy conversion
and storage not only mitigates environmental pressure but also provides valuable electrode materials for
the energy crisis with comprehensive economic benefits. Herein, a comprehensive review of the recent
advances in transforming spent materials into highly active species in energy related fields is presented,
focusing on versatile waste sources, synthetic strategies, structural properties, electrochemical perform-
ances, and applications in clean sustainable energy fields. Firstly, we provide a brief description and dis-
cussion of the synthetic methods employed in the transformation of waste. Secondly, waste materials
containing precious metals, carbon sources, heteroatoms, and interlinked structures that are treated using
different synthetic strategies for reutilization in various electrocatalysis are systematically discussed.
Thirdly, by taking full advantage of the rich porosity, high surface area, multiple electron transport channel
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and high conductivity, these spent materials are substantially employed as highly efficient materials in
energy conversion and storage systems which are classified into various types of batteries and super-
capacitors. Finally, the challenges and prospects for green and sustainable resources in the burgeoning

rsc.li/greenchem field of waste to wealth utilization in energy conversion and storage are proposed.
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1. Introduction

The pursuit of clean renewable energy sources has stimulated
the growing demand for energy materials. Electrocatalytic reac-
tions involving the hydrogen evolution reaction (HER), the
oxygen evolution reaction (OER), the oxygen reduction reaction
(ORR), the carbon dioxide reduction reaction (CO,RR) and the
nitrogen reduction reaction (NRR) are important chemical
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conversion processes for the production of clean sustainable
energy.'® More importantly, various secondary rechargeable
batteries including lithium-ion batteries (LIBs), lithium-sulfur
batteries (LSBs), lithium-oxygen batteries (LOBs), sodium-ion
batteries (SIBs), potassium-ion batteries (KIBs), zinc-ion bat-
teries (ZIBs), zinc-air batteries (ZABs), and supercapacitors
also play a crucial role in electrochemical energy storage
systems.””” Notably, the key substances for electrocatalysis and
energy conversion and storage systems rely heavily on active
precious metals, valuable transition metals and diverse struc-
ture substrate materials. The prices of all these materials have
risen dramatically over the past decade, and therefore it is
necessary to identify widely available highly efficient electroca-
talysts and key electrode materials that are suitable for low-cost
production.® Due to the ever-growing consumption of natural
resources and the huge production of waste, transforming
waste that contains abundant renewable resources into wealth
has aroused tremendous attention.’ Differing from the tra-
ditional waste disposal methods through dumping, or
burning, rational direct conversion of waste into electrocata-
lysts and important electrode materials could minimize waste
emissions and pollution problems as well as improve resource
utilization.'®**

Recently, extensive research has been devoted to exploring
the direct conversion of a wide range of waste containing rich
valuable metals and elements through reasonable chemical
and physical treatment."*™™* Spent batteries are rich in active
metals (Li, Ni, Co and Mn) which can be selectively utilized as
active sites for electrocatalysts and electrode materials in
energy storage systems.'>'® Waste graphite in spent batteries
can be used as substrates for electrocatalysts and electrode
materials in energy storage systems after treatment or complex-
ing with other materials."’*° Biomass features diverse mor-
phologies and heteroatoms serve as an ideal source for the
production of different dimentional carbonaceou materials
through hydrothermal and carbonization processes with the
assistance of activation.’®>> Therefore, naturally abundant
biomass-derived carbonaceous materials are widely used as
carrier materials due to their tunable porosity, rich surface
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chemistry, and fast ion/electron transport.”*** In addition,
valuable metals and substances in municipal sludge, waste
plastics and spent catalysts can be used to prepare various
electrocatalysts and electrode materials through leaching,
electrochemical deposition, and hydrothermal and other
means.”>?® Moreover, municipal sludge contains a large
number of organic compounds and a rich source of carbon,
which can be used as a carbon skeleton for the preparation of
self-doped heteroatom electrocatalysts.?”*® Plastic mainly con-
sists of polymers that can be used as available carbon precur-
sors for the manufacture of carbon substrate of electrocatalyst
in a cost-effective manner.>>>° Even industrial waste materials
such as copper in waste wire, steel wire in waste tires, silicon
in waste photovoltaic materials, various metals in waste circuit
boards, and valuable metals and elements in solid or liquid

contribute to a large market prospect for
25,31-33

wastes
reutilization.

To date, a few reviews have been published on the utiliz-
ation of biomass derived electrocatalysts in energy storage that
focus on the synthetic strategies and functionalization.”**3> A
review was recently published on the design of electrocatalysts
from waste and natural materials.*® Some reviews mainly focus
on the metal recovery process of waste in an industrial field.*®
The direct preparation of key materials in both electrocatalysis
and energy storage from comprehensive waste materials such
as waste batteries, biomass, municipal sludge, plastics, elec-
tronic waste, spent catalysts, and other wastes remains
challenging.

Herein, we aim to provide a comprehensive review based on
the direct use of waste in electrocatalysis (HER, OER, ORR,
CO,RR and NRR) and energy storage (LIBs, LSBs, LOBs, SIBs,
KIBs, ZIBs, ZABs and supercapacitors) with emphasis on versa-
tile waste sources, synthetic strategies as well as the electro-
chemical performance, as shown in Fig. 1. Firstly, we summar-
ize and discuss the advantages and disadvantages of various
methods including calcination, hydrothermal, wet chemical
and ball milling methods for the conversion of waste to valu-
able materials in electrocatalysis and energy storage. Secondly,
we systematically review the current advancement of direct
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Fig. 1 Schematic illustration of the direct conversion of waste for electrocatalysis and energy storage.

utilization of waste in electrocatalysis, emphasizing on the
synthetic procedure and electrochemical performance by
using waste batteries, biomass, e-waste, plastics and munici-
pal sludge containing various valuable species. Thirdly, we
describe the synthetic strategies and electrochemical pro-
perties of various electrode materials for energy storage
devices derived from waste batteries, biomass and silicon
containing waste (photovoltaic materials, waste glass).

Finally, the challenges and prospects of transforming versa-
tile waste materials into clean sustainable energy are sum-
marized. This review summarizes the direct utilization of
waste as key materials for electrocatalysts and energy storage
systems from green and sustainable resources, which acceler-
ates the development of clean energy and prompts carbon
neutrality.
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2. Synthetic methods

Waste materials come from a wide range of sources with
different compositions and morphologies. Depending on the
active specie, component, structure, and morphology of waste
materials, diverse synthetic methods have been developed.
This section summarizes the various synthetic methods of
direct utilization of waste materials, which is shown in
Table 1.

2.1. Calcination method

Calcination method refers to the process of treating solid raw
materials at temperatures typically ranging from several hun-
dreds to thousand degrees Celsius under a controlled atmo-
sphere, and this process alters the atomic or molecular struc-
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Table 1 Synthetic methods for the conversion of waste to wealth.

Method Waste source Available material New material Application
Calcination Spent battery Graphite, Co, Fe, Ni, Mn Mn;0, OER
CoFe/C,'"° LigNil/gcol,_gMnl/g)o2 133 ORR
TRGNs-MoS, *** LIBs
Supercapacitors
Biomass Corn stover*® Porous activated carbon HER
Onion peels” OER
Red dates™** ORR
Tobacco stems'*® CO,RR
Reed'” LIBs
Apples'®® LOBs
Nori'® LSBs
Wood sawdust'’ SIBs
Bagasse®”’ KIBs
Plastic PET® Activated carbon HER
PE''® ORR
pU'* LSBs
ps>*® Supercapacitors
Sludge Municipal sludge®'*> Porous carbon CO,RR
Electroplating sludge'*® CuCr,0, NRR
Worn-out tires Stainless steel wires®! MOoNi,/SSW HER
Waste catalyst Ni%® NAICNTSs-c50 OER
Industrial waste Glass microfiber filter'®* Si NPs LIBs
Engine oil**" Porous activated carbon Supercapacitors
Hydrothermal LIBs Mn, Co MnCo,0, **° Supercapacitors
Biomass Babassu coconut’?*? Ag@C CO,RR
Waste corn stover>'? CNR/HTC/CFs Supercapacitors
Waste catalyst Graphitic carbon®® MoS,@GC OER
V202 V10022.5-12H,0 ZIBs
Plastic PET®! ZnO@NMC HER
Sludge Digested sludge'*’ NPC CO,RR
Wet-chemical Spent battery LiFePO, "® Ni-LiFePO, OER
LiNi, 6C00.2Mng .0, **° LiNiy 6C00.,Mn .0 LIBs
LiNi;_,_,Mn,Co,0, ** NiMnCo-AC ZABs
Scrap copper wires 2 NiCoP/SCW HER
Cu-Sn bronze Cu, Sn'*’ CuyeSn CO,RR
Waste catalyst CasSi, *** Siloxene sheets Supercapacitors
Ball milling Spent battery Graphite™ Functional interlayer LSBs
Circuit boards Cu, Sn, Fe, Al, Ag, Ni'?® Ultrafine/nanocrystalline powder CO,RR
Industrial waste Si'®” Si/CNTs/C LIBs

tural changes that in turn affect their physical and chemical
properties. The calcination method can quickly process large
amounts of waste by extracting metals such as nickel, cobalt,
iron, and lithium, which were then used in electrocatalysis
and secondary batteries. By adjusting the calcination tempera-
ture, time, and atmosphere, biomass, plastics, and sludge con-
taining the organic substancescan be completely decomposed,
achieving precise control of the porosity and surface area of
the carbon material.'**> However, the calcination method not
only requires a large amount of energy consumption but also
produces harmful gases and undesired impurities, which can
lead to impure carbon materials and requires additional treat-
ment for purification.”®

2.2. Hydrothermal method

The hydrothermal method features with the synthesis of nano-
materials in aqueous solutions or organic solvents at moderate
temperatures in an autoclave. The enhanced activity of water
(or organic solvent) molecules under high temperature and
pressure conditions can promote the chemical reaction. It can
be used to prepare fine powders with small particle size,
uniform distribution, and complete crystal grain by adjusting

This journal is © The Royal Society of Chemistry 2023

the reaction conditions without producing harmful gases or
pollutants.®! Hydrothermal method is widely used in the fields
of recycling waste batteries, biomass, plastics, and sludge.
However, the reaction yield is comparatively low owing to the
high pressure and extended reaction time.

2.3. Wet-chemical method

The wet-chemical method is performed based on chemical
reactions including acid-base leaching, chemical precipitation,
and electrochemical deposition under mild conditions. It is
usually combined with calcination and ball milling for extrac-
tion, separation, or loading of metals from waste.”® The reac-
tion conditions and chemical reagents greatly affect the utiliz-
ation efficiency of the active substance. The synthetic method
for different waste materials and target substances largely
depended on the use of strong acids and bases, which compli-
cate the post-treatment procedure and exert large pressure on
the environment.

2.4. Ball milling method

The ball milling method utilizes the high-speed rotation of a
ball mill to drive the rotating cylinder, while the grinding balls

Green Chem., 2023, 25, 3816-3846 | 3819
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inside the cylinder collide, shear, and friction with the
materials, enabling the formation of the material’s crystal
structure and surface chemistry, which can be used for large-
scale production in an environmentally friendly manner."”®
Compared with the calcination method, hydrothermal
method, and wet chemical method, ball milling results in a
wider particle size distribution (nanometer to micrometer
range) and longer preparation time. The ball milling method
may not be applicable for waste materials with unstable chemi-
cal components, since the active species will lose activity."?

3. Waste to wealth in electrocatalysis

Electrocatalysts used in the HER, OER, ORR, CO,RR, and NRR
typically require noble and transition metals such as Pt, Ru,
Co, Ni, Cu and Fe as active components, to enhance the
activity and selectivity of electrochemical reaction. For
example, Pt, Ru, Ni, Co and Fe in waste materials show suit-
able adsorption energy for hydrogen and oxygen, which is par-
ticularly suitable for the HER, OER and ORR.'**>°> The Cu in
the waste material has moderate binding energy for key reac-
tion intermediates during the electroreduction of CO, and
N,.**'® In addition, carbon-containing waste materials such
as biomass, sludge, and plastics can be converted into carbon
materials with large specific surface area and rich pore chan-
nels, providing sufficient catalytic sites and ion transport
channels.*®**®® This part reviews the application progress of
versatile types of waste materials in the field of the HER, OER,
ORR, CO,RR, and NRR.

A)
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3.1. Hydrogen evolution reaction (HER)

Electrochemical water splitting has been proven to be a prom-
ising route to produce H,.*” Pt, Ru, and Pd are ideal electroca-
talysts for water splitting. However, their high cost and scarcity
hinder large-scale production.’® Metals in waste (such as
nickel, cobalt, and manganese) if not used will cause severe
environmental pollution.*® Thus, the conversion of waste to
electrocatalyst has attracted much attention in emerging
renewable energy technologies.® This section provides an over-
view of eco-designed HER catalysts and highlights representa-
tive strategies.

Electronic waste for HER electrocatalysts. Engineering HER
electrocatalysts from electronic-waste and spent LIBs has been
extensively investigated by using various approaches. As shown
in Fig. 2A, by using scrap copper wires (SCWs), nickel cobalt
phosphide (NiCoP), a bifunctional electrocatalyst can be pre-
pared through a simple electrodeposition approach. Due to
the close electrical connection between NiCoP and copper
wires, fast mass transport and enhanced charge transfer can
be expected, synergistically providing an integrated nonnoble
electrocatalyst with an overpotential of 178 mV at 10 mA cm™>
in KOH solution.”> Many spent LIBs normally contain rich Ni,
Co, and Mn, which can be regarded as valuable metals and
recovered for further utilization. For example, Liu et al. utilized
Co from spent LIBs to synthesize a three-dimensional sea
urchin-type cobalt nitride bifunctional electrocatalyst (CoN-Gr-
2) through a hydrothermal process (Fig. 2B). Benefiting from
the high conductivity, large specific surface area and sea-
urchin-like structure, CoN-Gr-2 exhibits exposed active sites,
superior mass transfer and electron transfer efficiency, delie-
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Fig. 2 (A) Schematic illustration of the electrode fabrication from scrap copper wires.2> Reprinted with permission. Copyright 2018, Wiley-VCH. (B)
Schematic for the complete processes of recycling Co in LIBs and the controllable preparation of tiny CoN tightly coupled 3D sea-urchin-like
CoN-Gr-2.%° Reprinted with permission. Copyright 2021, Elsevier. (C) HER LSV curves of the N/NMCO, NMC-AC, and Pt/C electrocatalysts. (D) The
HER catalytic stability tested at 10 mA cm™2.*! Reprinted with permission. Copyright 2022, Springer.
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vering a low overpotential of 128.9 mV in the HER, comparable
to commercial 20 wt% Pt/C."° Apart from the hydrothermal
process, Zheng et al. presented an ultrafast carbothermal
shock (CTS) to regenerate cathode materials from spent LIBs
into versatile electrocatalysts. The commercial cathode,
LiNiy gMn, ;Co,,0, (NMC), was treated by the CTS process to
produce the Ni/Ni-Co-Mn-O, (N/NMCO) composite. The
resulting N/NMCO exhibits a small size distribution and
increased number of active sites, which accelerate mass trans-
fer, suggesting a low overpotential of 112 mV for the HER
(Fig. 2C). Moreover, N/NMCO exhibits excellent stability with
almost no degradation after 70 h (Fig. 2D).**

Waste biomass for HER electrocatalysts. As an abundant
renewable carbon source, biomass serves as an alternative to
expensive commerical available chemicals and materials.** In
recent years, biomass-derived carbon have attracted much
attention because of their low cost, environmental friendli-
ness, and diverse structures.*>** Expanding the application of
biomass based carbon materials as precious metal substitutes
in electrocatalysts is a promising and convenient way.**> Xiao
et al. prepared a watermelon peel-derived Mo,C/C electrocata-
lyst for HER through a pyrolysis procedure (Fig. 3A). The ligno-
cellulosic carbon fiber of watermelon peels forms a porous
structure and tends to expose more active sites, which favours
mass transfer and prompts electrochemical performance.
Therefore, benefiting from unique pore size and large surface
area, the watermelon fabricated Mo,C/C electrocatalyst exhibits
excellent HER performance with an overpotential of 133 mV at
10 mA cm2.%¢

Moreover, heteroatom doping can promote the electronic
environment, increase the electronic conductivity and lower
the Gibbs free energy of hydrogen adsorption, thereby boost-
ing the electrocatalytic performance.’”” By using waste silk
fabric, a self-supporting nitrogen-doped carbon electrocatalyst
with a porous three-dimensional (3D) structure through KCl
activation was constructed. It showed an overpotential of
336.33 mV and a Tafel slope of 311 mV dec™" at a current
density of 10 mA ¢cm™?, while the unactivated carbon showed
an overpotential of 504.66 mV and a Tafel slope of 531 mV
dec™.*® The doping of metallic elements is also beneficial for
improving the performance of the HER electrocatalyst. For
example, porous nickel/nickel oxide-nitrogen-doped carbon
(Ni/NiO-NC) nanosheet composites were constructed directly
from waste corn stalks (CSs) via impregnation and calcination
strategies (Fig. 3B). The Ni/NiO and N self-doped carbon
endow them with an active site, excellent electron/mass trans-
fer, and large specific surface area, and finally contributes to
excellent HER activity. The optimal Ni/NiO-NC nanosheets
showed an overpotential of 179 mV at 10 mV cm™2 and a Tafel
slope of 111 mV dec™ in 1.0 M KOH media.*® Waste carrots
containing phosphorus act as carbon precursor to achieve Ni
deposition in a sustainable way. The presence of phosphorus
and Ni nanoparticles enable a high conductivity and active
site, thereby offering HER performance.’® In addition, pomelo
peel (PP) derived porous carbon was also successfully devel-
oped as a self-supporting electrocatalyst (Co@PPDC) after

This journal is © The Royal Society of Chemistry 2023
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incorporation of Co nanoparticles. It showed nearly 100% fara-
daic efficiency and 1.56 mmol h™" H, productivity at 265 mV
within 12 h.?" Hong et al. recently reported the nitrogen-doped
biomass carbon fiber (NBCF) supported nickel nanoparticle
electrocatalyst from natural cattail spikes via an in situ growth
process. Due to the interaction between the distinctive Ni
nanoparticles and NBCF microstructure, the Ni-N bonds
formed in NBCFs enhanced the corrosion resistance and
lowered the electron transfer resistance, thereby boosting the
activity and stability of the electrocatalyst.>® Lotus leaf was also
employed as a carbon precursor with the assistance of metal to
fabricate large surface area and layered Co/MoO,@N doped
carbon nanosheets (CMO@NC) for the HER.>?

Graphene, graphene nanocages, or spongy graphene are
one of the most promising carbonaceous HER electrocatalysts
because of their large porosity, high surface area, and excel-
lent electrical conductivity.”>*® Biomass derived graphene
provides an economical and feasible strategy for the large-
scale production of high-quality graphene.”” Using rice hulls
as carbon precursors, corrugated graphene (RH-CG) can be
synthesized by KOH activation at 600-700 °C (Fig. 3C). The
mesoporous RH-CG with a high graphitization degree
demonstrated a low overpotential of 9 mV at 10 mA cm™>
(Fig. 3D), a Tafel slope of 31 mV dec™" (Fig. 3E).>* He et al
chose waste grapefruit peels to synthesize nitrogen-doped
graphitized carbon substrates (NiFe@NC/NGC) via impreg-
nation. When evaluated as HER electrocatalysts in alkaline
media, the as-prepared electrocatalyst delivered an overpoten-
tial of 190 mV at 20 mA cm 2. The NiFe alloy can transfer
electrons, decrease the Gibbs free energy of hydrogen
adsorption, and enhance the electrocatalytic activity, result-
ing in high HER performance.”® In the above-mentioned
studies, biomass-based carbon materials that act as both
substrate and active materials in HER due to their structural
characteristics and intrinsic activity.”®

Other wastes for HER electrocatalysts. Waste plastic is one
kind of solid wastes that cause environmental pollution.
Hence, it is imperative to develop novel approaches to deal
with these wastes effectively and transform them into valuable
materials.®® By using waste PET plastic and MOF-5, nitrogen-
doped mesoporous carbon functionalized zinc oxide
(ZnO@NMC) nanocomposites can be prepared by solvo-
thermal method (Fig. 4A). Carbonization leads to a large and
dense cubic collapse of mesoporous structure with a high
specific surface area and meso-porosity, which provides
enough active sites for enhanced activity of HER in 0.5 M KOH
solution (overpotential = 0.39 V (1), Tafel slope = 108 mV
dec™).°" Superecritical carbon dioxide (sc-CO,) features low
price, low viscosity, nontoxicity, and simple separation in
attaining supercritical conditions that are widely used. In the
sc-CO, system, polyethylene (PE) wastes degraded to produce
CNTs with superior structure at comparatively lower tempera-
ture. Finally, the electrocatalyst treated after Pd modification
showed an overpotential of 36 mV (Fig. 4B) and a Tafel slope
of 43 mV dec™" (Fig. 4C), competing with commercial Pt/C.**
In addition, combining molybdenum carbide carbon with

Green Chem., 2023, 25, 3816-3846 | 3821
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Fig. 3 (A) Schematic illustration of the fabrication process of the prepared electrocatalyst.46 Reprinted with permission. Copyright 2021, Elsevier. (B)
Schematic illustration of the formation of a porous Ni/NiO NC nanosheet composite.*® Reprinted with permission. Copyright 2022, American
Chemical Society. (C) Schematic representation of the experimental procedures for the synthesis of the RH-CG nanosheets via the KOH activation
method using the biomass red-rice husks. (D) LSV polarization curves for the RH-CG-600 and RH-CG-700 electrodes. (E) Tafel slope curves of the
RH-CG-600 and RH-CG-700 electrodes.>* Reprinted with permission. Copyright 2022, Elsevier.

waste plastic-derived carbon to form carbon nanocomposites
(MoC/Mo,C) can also be used for the HER.*

Apart from waste PET plastic, scrap stainless steel wires
(SSWs) from damaged tires, cemented carbides and organic
liquid waste can also be used to construct HER electrocatalysts.
Jothi et al. integrated SSWs with highly active MoNi, to form
MOoNi,/SSW nanocomposites through thermal decomposition
(Fig. 4D), which significantly decreases the energy barrier
associated with the Volmer step and accelerates the HER kine-
tics due to the synergistic effect between Ni and Mo species.
Therefore, MoNi,/SSW exhibited remarkable HER performance
with a low activation energy (E, = 16.338 k] mol™"), low overpo-
tential of 77 mV (200 mA cm™?) and good stability over
150 h.*" Han et al. employed recycled tungsten carbide-cobalt
cemented carbides to fabricate a cobalt phosphide (Co,P) elec-
trocatalyst through a powder metallurgy method. The newly

3822 | Green Chem., 2023, 25, 3816-3846

formed Co,P reduces the activation barrier and reinforces HER
performance.®® In order to reduce the current barrier, organic
liquid waste derived vertical graphene nanosheets (VGNSs)
were introduced (Fig. 4E). VGNSs are effective in modulating
the Schottky barrier contact to increase the HER activity
because the heterojunctions possess a low contact resistance
and intrinsically good electrical conductivity. The incorpor-
ation of MoS, into VGNS led to a dramatically reduced energy
gap between the Fermi level and the conduction band
minimum (CBM) of MoS,, offering prominent HER activity
with a reduction of overpotential by 50 mV and a Tafel slope of
38 mV dec™'.®® In addition, industrial waste contains large
amounts of metals can be used as a metal precursor to form a
NiCoMn layered triple hydroxide (LTH) with a hierarchical
nanoflower structure by the electrodeposition method. The
electrocatalyst exhibited high activity for both OER and HER

This journal is © The Royal Society of Chemistry 2023
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permission. Copyright 2020, Elsevier. (B) Polarization curves of Pd@Ni-
CNTs (7.5 wt%) during the 5000th cycle, and the Ni-CNTs and Pt/C 20%
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and Ni-CNTs.%2 Reprinted with permission. Copyright 2018, Wiley-VCH.
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worn-out tires.>* Reprinted with permission. Copyright 2020, Wiley-
VCH. (E) Schematic illustration for the synthesis of VGNS and VGNS/
MoS,.6° Reprinted with permission. Copyright 2018, Wiley-VCH.

due to its hierarchical structure and high metal content of
67.33%. The H, production rate is 2.23 mg h™" at 1.8 V.°®

3.2. Oxygen evolution reaction (OER)

As a crucial half-reaction in the process of water splitting, the
OER is the bottleneck in the electrochemical water splitting
because of its multi-electron transfer and sluggish reaction
kinetics.®”’°® Compared to two-electron transfer of HER, OER
follows a four-electron proton reaction which requires more
energy (a higher overpotential) to overcome the kinetic energy
barrier.®®’® Therefore, the development of high efficiency and
low cost OER electrocatalysts is important to drive water split-
ting.”" Traditional highly active OER electrocatalysts such as
carbon-supported noble metals and RuO, or IrO,, are exces-
sively costly and unstable under anodic (charging) con-

This journal is © The Royal Society of Chemistry 2023
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ditions.”> Consequently, the use of waste and naturally abun-
dant sources to produce eco-designed electrocatalysts has
attracted tremendous attention. This section highlights the
representative OER electrocatalysts from spent batteries,
biomass, and other waste materials.

Spent batteries for OER catalysts. Critical valuable metals
such as Co, Mn, Ni and Li can be extracted from waste cath-
odes of spent LIBs.”® For example, Co from spent LIBs can be
converted into Co(OH),, which then participate in the syn-
thesis of high-temperature (HT) LiCoO, with the aid of
Li,CO;.”* Electrochemical conversion of metal-containing
solid wastes can also produce high-performance electrocata-
lysts.”> Huang et al. exfoliated spent cathode materials of
LiCoO, with strong Li-O interplanar bonding to produce
CoOOH nanosheets through a positive bias driven exfoliation
strategy. The nanosheets displayed an overpotential of 301 mV
at 10 mA cm > and a Tafel slope of 53.8 mV dec™ (Fig. 5A).”°
The spent LiCoO, cathode material was also transformed into
graded porous CooSg/Coz0, heterojunctions using a combi-
nation of conventional hydrometallurgy and calcination sulfi-
dation. The combination of graded porosity and hetero-
structure promoted OER performance, exhibiting an overpo-
tential of 274 mV at 10 mA cm > and a Tafel slope of
48.7 mV.”” In addition, LiFePO, in spent batteries can also be
regenerated into efficient electrocatalysts, successfully achiev-
ing the functional transformation from battery electrode
materials to electrocatalysts. Cui et al. adopted a wetness
impregnation method to transfer spent LiFePO, into a high-
performance NiFe oxy/hydroxide OER electrocatalyst. The
addition of a nickel promoter and in situ transformation sub-
stantially increase the electrochemically active area and con-
ductivity as well as synergistically enhance the intrinsic
activity, realizing desirable OER performance (overpotential of
285 mV at 10 mA cm > and Tafel slope of 45 mV dec™"
(Fig. 5B).”® Similarly, Niy sMng 3C0,.,0,, which is prepared by
removing lithium from spent batteries through mechanochem-
ical activation, acts as an efficient OER electrocatalyst.>®
Moreover, Chen and co-workers employed a one-pot boroniza-
tion procedure that directly transforms spent LiNiCoMnO, bat-
teries into mixed metal boride (NiCoMnB) materials as
effective OER electrocatalysts. The spent batteries underwent a
series of standard procedures to produce the brownish lea-
chate, followed by chemical reduction with NaBH, to yield the
final product. The optimized electrocatalyst exhibited out-
standing OER performance, and the overpotential can reach
up to 372 mV even at a high current density of 500 mA cm™>
(Fig. 5C).”°

Different from the above method of delithiation in spent
batteries, Lv et al. developed a green recovery method of
delithiation driven by a direct current electric field to generate
OER electrocatalysts (Fig. 5D). Due to the exfoliation effect, Li"
are delithiated from the original layered cathode material,
resulting in a lamellar structure of delithiated
Li; _sNij 5C09,Mn, 30, electrode materialswith high specific
surface area and large total pore volume, which was verified to
display excellent OER performance with an overpotential of

Green Chem., 2023, 25, 3816-3846 | 3823
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Fig. 5 (A) Schematic illustration of the in situ positive-bias driven exfoliation of LiCoO, into CoOOOH.”® Reprinted with permission. Copyright 2022,
The Royal Society of Chemistry. (B) Schematic illustration of the entire regeneration route of spent LiFePO,.”® Reprinted with permission. Copyright
2021, Springer. (C) Schematic illustration on the synthesis of magnetic NCMB OER electrocatalysts from the spent LIB leachate via a facile boriding
process.”® Reprinted with permission. Copyright 2021, The Royal Society of Chemistry. (D) Schematic illustration of the electric field driven de-lithia-
tion process for recycling the ternary LiNi,Co,Mn,O, electrode materials. (E) Polarization curves at 20 mA cm™2. (F) Long-term chronopotentio-
metric stability of Lig 4Nig.sC0g.2Mng 30, and LiNip sCog2Mng 30, at 20 mA cm—28° Reprinted with permission. Copyright 2021, Elsevier.

236 mV at 20 mA cm™ > (Fig. 5E), a Tafel slope of 66 mV dec™",
and an exceptional durability of over 80 h (Fig. 5F).%° Besides,
spent zinc-carbon batteries are also valuable sources. Rifat
Farzana et al. established a sustainable route for the fabrica-
tion of manganese oxide (Mn;0,) from spent Zn-C batteries
under alkaline conditions, which was utilized as a electrocata-
lyst for the OER.®!

Biomass for OER electrocatalysts. Biomass is a kind of sus-
tainable and economical material for preparing OER electroca-
talyst.®” Biomass based carbon will substantially increase the
electrical conductivity and OER performance.*> The metal/
heteroatom doping tunes the electronic property and offers
various metal-carrier interactions which ensure a superior
performance.*® Li and co-authors described a straight-
forward method for converting agricultural cornstalks into

3824 | Green Chem., 2023, 25, 3816-3846

bifunctional ORR/OER electrocatalysts doped with Co, Fe, B,
and N through hydrothermal reactions and carbonization pro-
cedures. The abundant hydrophilic groups (e.g:, hydroxyl
groups) in the native corn stalks’ hierarchically porous struc-
tures allows them to combine transition metals (e.g., Co, Fe,
Zn) and heteroatoms (e.g., B, N) in a hydrothermal reaction.
The pyrolysis and evaporation of Zn>" under high temperature
carbonization promoted the formation of a porous structure,
thus increasing the specific surface area by 941.44 m> ¢~' and
preventing the aggregation of adjacent transition metals. In
addition, the synergistic effect of N, B, Fe and Co doping in
layered porous carbon further improves the activity and stabi-
lity of the OER electrocatalyst (Fig. 6A). The material carbo-
nized at 800 °C showed a lowest overpotential of 383 mV at a
current density of 10 mA cm™> and a Tafel slope of 100.92 mV

This journal is © The Royal Society of Chemistry 2023
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Subsequently, waste corn stalks (CSs) was used as a
multifunctional template for the fabrication of nickel/nickel
oxide-nitrogen self-doped carbon (Ni/NiO-NC) nanosheets for
HER and OER electrocatalysts by the impregnation—calcination
technique.”® Moreover, Lu and co-workers embedded boron
and nitrogen into silk for the preparation of carbon aerogels,
and then integrated them with nanoscale nickel-cobalt-iron
alloy to prepare a nitrogen co-doped/biomass-derived 3D
carbon aerogel OER electrocatalyst (Fig. 6B). Due to the
increased number of active sites and enhanced electron trans-
port, BN/CA-NiCoFe-600 delivered an overpotential of 321 mV
at a current density of 10 mA cm™> (Fig. 6C) and good stability
(Fig. 6D).*”

In addition, electrocatalyst with multi-dimensional struc-
tures can increase the number of active sites.*®* Pei and co-

This journal is © The Royal Society of Chemistry 2023

authors developed a 3D porous carbon/cobalt silicate (C/
C0,Si0,4) from bamboo leaves as a substrate for nickel oxide
(NiO,) species to prepare a NiO,/C/Co,Si0, electrocatalyst. As
depicted in Fig. 6E, the bamboo leaves were carbonized to
form 3D carriers, which were treated by hydrothermal method
in the presence of Co”>', followed by precipitation of NiO,
nanoparticles on the surface of 3D C/Co,SiO, to produce NiO,/
C/C0,Si0,. The NiO,/C/Co0,Si0, has a significant electrochemi-
cally active surface area, thus exhibiting a low overpotential of
355 mV at 10 mA cm~> and a small Tafel slope of 40 mV
dec™.%° By using spent tea leaves (STLs) as template and sus-
tainable carbon source, Alexander Béhr et al. created a variety
of cobalt-based nanoparticles supported on activated carbon
(Fig. 6F). Typically, the material was treated with either H,O,,
ethanol vapor, or H, to selectively adjust the crystal structure

Green Chem., 2023, 25, 3816-3846 | 3825
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and oxidation state of the cobalt (including Co;0,, CoO, and
Co). The ethanol vapor treatment produces the most efficient
electrocatalyst, exhibiting high stability for 10 h at 10 mA cm™>
and the mass activity of Co reaches up to 2.9 A mg™".°" The
STLs can also be fabricated as trifunctional electrocatalysts via
a carbothermal reduction strategy, and cobalt nanoparticles
are evenly distributed in porous carbon networks.’>

By using waste grapefruit peels as the carbon source, He
et al. constructed nitrogen-doped carbon-encapsulated NiFe
alloys and nitrogen-doped graphitized carbon substrate
(NiFe@NC/NGC) composites via the impregnation-pyrolysis
strategy at different temperatures and Ni/Fe ratios.”® Waste
onion peels were transformed into core-shell Fe;C@N-doped
carbon as a reliable OER electrocatalyst.”® In conclusion,
natural carbon sources obtained from biomass are economical
and eco-friendly materials for creating high-quality composite
electrocatalysts.’® The preparation of efficient OER electrocata-
lysts from waste biomass is a good choice depending on
different synthesis approaches.

Other wastes for OER electrocatalysts. In addition, spent cat-
alysts with rare precious metal, and waste electronics with
available precious metals and plastic, can also be fully
explored for value added utilization.”®°” As for spent catalysts,
Muhammad Awais Khan et al. reused waste methane reform-
ing catalysts to develop bifunctional electrocatalysts by in situ
deposition of MoS, on waste catalysts (Fig. 7A). At 25 mA cm™?,
the as obtained MoS,@CNF and MoS,@GC achieved excellent
OER performance with overpotential of 154 mV (Fig. 7B) and
Tafel slopes of 71 mV dec™, respectively.”® Meanwhile,
MoS,@CNF and MoS,@GC clearly indicate good electro-
chemical stability (Fig. 7C). Under air atmosphere, the impreg-
nated spent methane reforming catalyst (NAICNTs-750) con-
taining Ni and other transition metals is calcined to regenerate
new NAICNTs-750, which can be used for OER (Fig. 7D). The
novel NALCNTs-750 contains multi-walled carbon nanotubes
supported on nickel nanoparticles and porous aluminaexhibits
excellent electrochemical activity (370 mV overpotential at
10 mA cm > and a Tafel slope of 119 mV dec').”
Additionally, e-waste contains valuable metals, such as Li, Ag,
Au, W, Se, Te, Ni can also be regarded as active species of
electrocatalysts."*°

3.3. Oxygen reduction reaction (ORR)

The ORR is the core of many fuel cells which holds an impor-
tant role in the fields of electrocatalysis and metal-air
batteries.'®* ' The ORR produces an electrical potential
when molecular oxygen is electrochemically reduced by four
protons and electrons to generate water.'® However, the slug-
gish ORR activity and the high price of platinum group metal
electrocatalysts greatly limited their large-scaleapplication.'®
Waste derived ORR electrocatalysts are gradually becoming a
substitute for traditional precious electrocatalysts.'*®
Accordingly, recent studies have provided different approaches
to develop economical and green strategies by converting
hazardous wastes into valuable ORR electrocatalysts for energy
applications.’®” The following are the research advances in

3826 | Green Chem., 2023, 25, 3816-3846
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recent years to make full use of spent batteries, waste biomass,
and waste plastics to synthesize ORR electrocatalysts.

Spent batteries for ORR electrocatalysts. Converting spent
batteries into ORR electrocatalysts can effectively reduce
chemical consumption and secondary pollution. Graphite
from cathodes of LIBs can be recycled and used to prepare
carbon-based catalysts.'®® Ruan et al. synthesized iron-nitro-
gen-doped carbon-based composites by mixing waste graphite,
Fe,(S0O,);, and polyaniline, followed by pyrolysis to yield an
optimized electrocatalyst, denoted C-PANI-Fe. Using waste
graphite as a substrate, the resulting C-PANI-Fe showed a large
surface area (517.13 m> g™'), a high nitrogen content (61%),
and exhibited an onset potential of 0.91 V and a half-
wave potential of 0.8 V, suggesting a Pt-like ORR activity
(Fig. 8A)." Spent graphite in LIBs could act as a precursor to
prepare nitrogen-doped graphene (NG-Bat) as a valuable
eletrocatalyst for the ORR, exhibiting an onset potential of
0.867 V.'%°

By employing Co and Fe from spent LIBs as metal precur-
sors and sawdust-derived carbon as carbon sources, Jiao et al.
reported the design of a bifunctional CoFe/C catalyst for
efficient OER and ORR. As for the CoFe/C electrocatalyst, due
to the electrostatic attraction between Co®>* and Fe*" and the
hydroxyl groups in the sawdust, the CoFe nanoparticles can be
uniformly dispersed on sawdust-based carbon, exhibiting
excellent electrocatalytic performance with a long stability of
350 h and a large discharge voltage (1.25 V at 10 mA cm?)
(Fig. 8B)."'° The combination of valuable metal oxides from
LIB cathodes (LCO) and anodes (graphite) to prepare a Coz0,/
rGO composite has been proposed and investigated as an ORR

This journal is © The Royal Society of Chemistry 2023
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electrocatalyst, which exhibits good ORR activity with an onset
potential of 0.936 V (Fig. 8C) as well as stability (Fig. 8D)."*!

Biomass for ORR electrocatalysts. Biomass with a versatile
morphology, abundant heteroatoms, and easily available pre-
cursors has become one of the research focuses for ORR.'*
Xie and co-authors presented a scalable approach to prepare
Co, N Co-doped carbon (CoNC) materials from organic-rich
chitosan waste for ORR, yielded a limiting current of ~5.36 mA
em~? and an onset potential of —0.105 V vs. Ag/AgCL'"® Red
dates can be used as a carbon source and g-C3;N, as a sacrifi-
cial template and nitrogen source to fabricate a 3D porous
structure (Fe-N-C) with a nitrogen content of 14.83%, the as
resulted ORR electrocatalyst exhibited a half-wave potential of
—0.05 V.'** Different from the above monometallic electrocata-
lysts, the mixed metal electrocatalysts have better performance
because of their optimized electronic structure and more
active sites. By using tobacco stems as the carbon precursors
and the incorporation of the NiCo alloy and N heteroatom, an
ORR and OER bifunctional electrocatalyst was prepared under
a two-step pyrolysis process. The incorporation eventually
alters the electronic structure, produces abundant active sites
and results in excellent performance competing Pt/C (a start-
ing potential of 0.92 V and a half-wave potential of 0.86 V)
(Fig. 9A)."'®> Moreover, Ahsan et al. reported a carbothermal
reduction method for the synthesis of cobalt-doped porous
carbon (Co@PC) electrocatalysts by directly carbonizing a
mixture of waste tea and cobalt nitrate. By regulating the gath-
ering process of electrons at the defective carbon interface, the
electronic and surface properties of Co@PC can be effectively
adjusted, thereby promoting electron transfer and boosting
the ORR activity. Therefore, Co@PC-7 (700 °C) exhibits a good
ORR performance with an onset potential of 0.946 V and a
half-wave potential of 0.86 V (Fig. 9B).”>

Waste plastic for ORR electrocatalysts. Most plastics are
derived from synthetic polymers, which are difficult to
degrade, causing serious environmental concerns.''®
Developing advanced materials from plastic waste through a
variety of synthetic strategies is an attractive way from an
environmental and financial standpoint.''” For instance, by
using a two-stage pyrolysis and chemical vapor deposition
technique from polyethylene (PE), Andrei Veksha et al. created
a new nanocomposite (CaCr,0,/CNPs) made of a-CaCr,O,
spinel plates connected with carbon nanoplatelets (CNPs)
from mixed polymers yields an overpotential of 0.27 V vs. Ag/
Ag/KCl at 0.06 mA cm > (Fig. 9C)."'® Under a similar strategy,
pyrolysis of waste plastics with FeNi-based catalysts yields
carbon-based bimetallic electrocatalysts (FeNi-OCNTs). Fe-Ni
alloy nanoparticles with a unique structure are wrapped in
FeNi-OCNTs, which enables the catalyst with exceptional ORR
performance, showing a half-wave potential of 0.87 V and an
onset potential of 1.01 V (Fig. 9D).''° Inspired by the above
investigations, an extra highly active single atomic site iron-
nitrogen-carbon (Fe-N-C) electrocatalyst was formed by com-
bining polyurethane (PU) and polyethylene (PE) with the
addition of FeCl; at a high pH value. The Fe-N-C electrocata-
lyst exhibited high catalytic activity with a half wave potential

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 (A) Schematic illustration of the synthetic process of catalysts.**
Reprinted with permission. Copyright 2021, Wiley-VCH. (B) Design of
the CoFe/C catalyst.™® Reprinted with permission. Copyright 2022,
American Chemical Society. (C) ORR polarization curves of all syn-
thesized samples with Pt/C as a benchmark in O,-saturated 1 M KOH
solution at 20 mV s™* at 1600 rpm electrode rotation (inset, Koutecky—
Levich [K-L] plots at 0.636 V vs. RHE). (D) Chronoamperometric
response of the Coz0,4/rGO-2 and Pt/C (30%) catalysts at a constant
potential of 0.836 V vs. RHE.'* Reprinted with permission. Copyright
2023, Elsevier.

range of 0.705-0.722 V."*° Obviously, the use of plastic waste
as a carbon skeleton to obtain an ORR electrocatalyst is an
environmentally and economically beneficial approach.'*

3.4. CO, reduction reaction (CO,RR)

Carbon dioxide (CO,) contributes to global warming and
causes environmental problems.'** Electrochemical reduction
of CO, to available fuels is considered as an effective means to
reduce carbon dioxide emissions due to its high efficiency,
controllable selectivity, easy operation and potential appli-
cation in industrial chemistry.">®> However, the exploitation of
cost effective, highly active electrocatalysts for converting CO,
to high-value-added hydrocarbon energy sources remains
challenging."”'*> This section outlines the use of waste
materials as CO, reduction catalysts.

Industrial waste for CO,RR electrocatalysts. Recycling metals
from industrial waste as electrocatalysts for CO,RR is of great
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Fig. 9 (A) Schematic illustration of the synthesis of NiCo@N-C.'*°
Reprinted with permission. Copyright 2022, Elsevier. (B) Schematic rep-
resentation of the Co@PC electrocatalyst synthesis process.®2 Reprinted
with permission. Copyright 2020, American Chemical Society. (C) ORR
of the respective different surfaces in air or N, saturated 0.1 M KOH.®
Reprinted with permission. Copyright 2019, Elsevier. (D) LSV curves of
FeNi-OCNTSs and of 20% Pt/C in O,-saturated solutions at 5 mV s~ scan
rate and 1600 rpm rotation speed.!’® Reprinted with permission.
Copyright 2020, Elsevier.

significance for environmental protection and resource re-
cycling. Copper (Cu) exhibits moderate binding energy towards
key reaction intermediates during the electroreduction of CO,,
which enables the production of simple reduction products
(C; products) and complex reduction products (C, pro-
ducts).'*® Therefore, it is an important research direction to
transform the copper-containing waste into a valuable electro-
catalyst. By using industrial metallurgical wastes as raw
materials, Yang et al. extracted Cu and lead (Pb) from indus-
trial wastewater by electrodeposition, preparing a series of
copper-lead (Cu,Pb,) materials as CO,RR catalysts.*® It is
found that there is a synergistic effect between Cu and Pb in
the prepared bimetallic electrocatalysts, especially, the Cu"
and Pb>" species that can be reduced to Cu’ and Pb° metal.
The reduced species play an important role in the formation of
CO, which promotes the enhancement of CO selectivity (the
amount of CO formed at —1.05 V vs. RHE is about 4 times that
of pure Cu). In addition, Firschke et al. used waste industrial
Cu-Sn alloy as a raw material through a simple electro-
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chemical method to obtain mesoporous foam as a CO,RR cata-
lyst (Fig. 10A)."*” The special nanostructure of the Cu-Sn foam
surface makes the material exhibit high selectivity for CO (the
faradaic efficiency of CO is >85% at —0.8 V vs. RHE potential)
and great inhibition of the HER (the faradaic efficiency of H,
is about 5%) (Fig. 10B).

Recycling electronic waste that contains large amounts of
metals to prepare a variety of metal catalysts has great econ-
omic benefits. As shown in Fig. 10C, Sharma et al. successfully
recovered several metals from printed circuit boards (PCBs) by
low-temperature grinding and dissolution filtration to prepare
a CO,RR catalyst containing multiple metals by one-step ball
milling. Studies showed that a variety of metal in the electroca-
talyst (large amounts of Cu, Sn, Fe, Al and Ag, and trace
amounts of Pb, Sb, Pd and Cr) enabled the formation of bi-
metallic coordination intermediates, which made the catalyst
selectively generate CO and CH, in alkaline and neutral media
with the CO faradaic efficiency of 84.64%, and the faradaic
efficiency of CH, is 6.29% at —1.2 V vs. Ag/AgCl in a 0.5 M
NaHCO; electrolyte."”® Although the synthesis of CO,RR elec-
trocatalysts from waste materials yielded a lower faradaic
efficiency of CO than Ni-N-C (85%)'*° and monoatomic
iridium (95.6%)."*° The recycling of waste metals as CO,RR
electrocatalysts has great potential for environmental protec-
tion and resource recycling.

Biomass for CO,RR electrocatalysts. Biomass has broad pro-
spects in the field of electrocatalysts because of its low cost,
rich abundance, diverse structure, multi-porosity and tunable
surface chemical properties."”* Yao et al. used cattail as a raw
material to synthesize nitrogen-doped nanoporous carbon
sheets by calcination under NH; gas flow for the CO,RR."*"
After KOH activation and calcination at 900 °C, it was found
that the carbon sheets had a high surface area, multiple pores
and a high pyridine N content, which greatly improved the
activity and selectivity, yielded a high CO selectivity at a low
overpotential (—0.39 V vs. REH, faradaic efficiency of 90%)
(Fig. 11A). Inspired by the tunable surface property of biomass,
Wang et al. reported a highly dispersed Ni-N site embedded in
nitrogen-doped porous carbon materials as a CO,RR electroca-
talyst by using tobacco stem as raw a material, N was intro-
duced by N, airflow calcination, and Ni was introduced by cal-
cination after soaking in nickel(n) acetate tetrahydrate
(Fig. 11B)."** It was found that the free energy of the key inter-
mediate (*COOH) formed on the highly dispersed Ni-N sites is
greatly reduced, and therefore displays a faradaic efficiency of
44.67% (CO) and a current density of 30.96 mA ¢cm™ at an
overpotential of 98 mvV. Similarly, as depicted in Fig. 11C,
Costa et al. synthesized a silver-carbon hybrid (Ag@C) as a
CO,RR electrocatalyst by high-temperature carbonization of
babassu coconut (BM), which was then pulverized and mixed
with silver nitrate solution.”®*® After hydrothermal carboniz-
ation, the silver nanoparticles are attached to the surface of
biomass based carbon nanospheres. As a result, the biomass
derived functionalized carbon sphere acts as a CO,RR electro-
catalyst to generate oxalic acid with a faradaic efficiency of
28.95%.

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 (A) Mesoporous CuioSn foams were obtained by anodic dissolution and cathodic redeposition of Cuj4Sn waste bronze under dynamic
hydrogen bubble template conditions. The bimetallic foam electrode exhibited high CO, electroreduction selectivity. (B) Faradaic efficiency on pris-
tine copper-tin bronze and on copper-tin foam.*?” Reprinted with permission. Copyright 2021, American Chemical Society. (C) Recycling of metal
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reduction to CO, CH, and H,.*?® Reprinted with permission. Copyright 2020, American Chemical Society.
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Fig. 11 (A) Nitrogen-doped nanoporous carbon plate made of renew-
able biomass cattail as a CO, reduction catalyst.'*! Reprinted with per-
mission. Copyright 2019, American Chemical Society. (B) Tobacco stem-
derived nitrogen-containing porous carbon with highly dispersed Ni—N
sites as an efficient electrocatalyst for CO, reduction to CO.1*2
Reprinted with permission. Copyright 2021, The Royal Society of
Chemistry. (C) A novel carbon-silver hybrid material from Baba Su
coconut biomass carbon material coupled with silver was prepared
electrochemically reduced CO, to produce oxalic acid.**®* Reprinted
with permission. Copyright 2020, Elsevier.

This journal is © The Royal Society of Chemistry 2023

Waste sludge for CO,RR electrocatalysts. Metal free electro-
catalysts with low cost and high stability have been favored.
Moreover, the high electronegativity of nitrogen can effectively
change the electronic structure of the carbon skeleton, result-
ing in polarized active sites. Therefore, nitrogen-doped metal-
free carbon is a promising carbon-catalyzed CO, electrocata-
lyst."** Municipal sludge, which is rich in heteroatoms such as
N and P, is an excellent raw material for the preparation of
metal-free carbon. Deng et al. presented a carbonization and
pyrolysis method to transform municipal sewage sludge
directly into nitrogen-doped hierarchical carbon materials,
which was used as a CO,RR electrocatalyst.”® Further studies
showed that the total faradaic efficiency of the three main
organic reduction products (C,Hs;OH, CH;OH and CH,)
reached up to 90.14% and the faradaic efficiency did not
decrease significantly during six consecutive cycles. It is note-
worthy that carbon dots and doped pyridine-N and pyrrole-N
play a vital role in the efficient production of C,HsOH
(Fig. 12A). In addition, to increase the nitrogen-doped active
sites, as shown in Fig. 12B, Qin et al. prepared a nitrogen-
doped porous carbon (NPC-600) as a CO,RR electrocatalyst by
a hydrothermal process, followed by acid leaching using
digested sludge as a raw material and SBA-15 mesoporous
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Fig. 12 (A) Municipal sludge derived carbon dots modified, N-doped
biochar for the electrochemical reduction of carbon dioxide.?®
Reprinted with permission. Copyright 2022, Elsevier. (B) Nitrogen-doped
porous carbon from digested sludge for the electrochemical reduction
of carbon dioxide to formate.?®> Reprinted with permission. Copyright
2018, American Chemical Society.

molecular sieve as a template.”** It was found that the rich
pore structure and rough surface structure can expose more
nitrogen defect active sites. When used for the CO,RR in CO,-
saturated NaHCO;, NPC-600 shows a maximum faradaic
efficiency of formic acid reaching 68% which was lower than
those of Au, Ru, and Ir catalysts (the Ir catalyst for formate
generation was 96%),"*® however, the low prices of NPCs (the
cost per gram of NPC-600 was 0.74 $) make it stand out from
the other electrocatalysts.

3.5. Nitrogen reduction reaction (NRR)

The nitrogen reduction reaction (NRR) is an important
ammonia (NH;) synthesis process in industrial production.™’
The electrochemical NRR has been recognized as a green and
sustainable alternative to traditional synthetic processes for
NH; synthesis."*®**° Current electrocatalysts focus on selective
NH; production and high faradaic efficiency due to the high
stability of N, and HER competition."*® Recycling waste as
NRR electrocatalysts is of great significance in environmental
protection and energy conservation.*! This section discusses
the use of waste sludge as an electrocatalyst for the NRR con-
sidering the effective strategy, morphology, and NRR
performance.

Conversion of sludge and municipal sludge containing a
large number of active materials is a feasible way to prepare
NRR electrocatalysts. Deng et al. used municipal sludge as a
raw material to prepare multiple heteroatom co-doped porous
carbon for the NRR by calcination and pickling under N,
atmosphere."** The sludge contains a large number of hetero-
atoms (O, N, P, S), and pickling endows the material with more
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pores, thus resulted in high activity for NRR with an NH; yield
of 35.76 pg h™ mg™" cat in 0.1 mol L ! HCI solution at —0.7 V
(vs. RHE), and a faradaic efficiency of 7.79% (Fig. 13A). Zhang
et al. prepared two types of electroplating sludge precipitated
from chromium and copper electroplating wastewater by
washing, ball milling and calcination, followed by alkali treat-
ment to obtain a CuCr,0, octahedral spinel-like NRR electro-
catalyst."*® They found out that the electrocatalyst has a high
specific surface area (18.9 m”> g™') and abundant oxygen
vacancies, resulting in higher NRR catalytic activity with an
NH; yield of 15.9 pg h™" mg™" cat, which is comparable to
those of conventional catalysts (Fe,O5: 15.9 pg h™" mg™" cat;
TiO,: 15.1 pg h™ mg™" cat) (Fig. 13B), and the faradaic
efficiency reaches a maximum of 0.9% at —0.83 V.

Directly converting waste into NRR electrocatalysts in the
NRR meets the requirement of sustainable development of
clean energy. However, the lithium-mediated method relies on
the formation of lithium nitride at the cathode of an electro-
chemical cell, and this intermediate reacts with a proton
source to produce ammonia, which is recognized as the most
promising reaction for improving the ammonia yield and has
a promising application in waste utilization."**"*>

In general, in the field of electrocatalysis, biomass, spent
batteries, waste plastics, sludge and waste e-waste can be con-
verted into electrocatalysts by calcination, hydrothermal and
wet chemical methods. Biomass and waste plastics can be con-
verted into porous carbon, but the pyrolysis process
generates large amounts of tar and organic molecular gases,
which destroy the pore channels of the carbon material and
require additional purification, thereby complexifying the pro-
cedure. While for electrocatalysts, metal active sites are necess-
ary to improve the activity and selectivity. Spent batteries
rich in Ni, Co, Mn, and Fe active metals can be used in electro-
catalysis alone or as complexes. The lack of a unified synthetic
route for recycling spent LIBs increases the difficulty of re-
cycling. Sludge contains a large amount of metallic and non-
metallic elements, which can be extracted as active sites for
electrocatalysts or pyrolyzed into heteroatom-doped carbon
materials. However, the composition of sludge is complex
and contains a large amount of organic matter, heavy
metals, pathogens, etc. Their reuse requires adequate treat-
ment and safety measures. The recycling of waste materials in
electrocatalysis is promising, and the various metals and
carbon materials contained in the waste materials are necess-
ary to improve the electrocatalytic activity and selectivity, but
the purification and treatment of pollutants needs to be
solved.

4. Waste to wealth in energy storage

As an attractive energy storage technology, LIBs, LSBs, LOBs,
SIBs, KIBs, ZIBs, ZABs, and supercapacitors are experiencing
unprecedented rapid development.'*®'*” Waste containing
active metals and carbonaceous materials provides an energy
conservative and eco-friendly way for the preparation of elec-

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3gc00323j

Published on 27 April 2023. Downloaded on 4/22/2026 3:38:02 PM.

Green Chemistry

Fig. 13

View Article Online

Tutorial Review

B) N 20 . -
’ aOH — NH, yield rate (ugh ™' mg”,,,)
Crsludge | | | Cu sludge " 15.9
o0000® | cooe@® 12
00000 | 00000 ’
CY X ) NRR 8t
00000
s . 4
N,
Sludge-derived CuCr,0,  Pure reagent-derived CuCr,0,

~ .Y Calcination @ 0 @ °
e
oe ... Q00 A f

XD ’
—> O9® i CllCl'20 )i

Deionized water Seperation

Stirring

Extra metal doping Oxygen vacancy

(A) Municipal sludge-derived porous carbon co-doped with multiple heteroatoms effectively electrocatalytically reduces N, to ammonia

under certain environmental conditions.'#? Reprinted with permission. Copyright 2022, Elsevier. (B) Chromium and copper plating wastewater is syn-
thesized into electrocatalysts by three different methods, including water washing, ball milling and alkali treatment before calcination.*** Reprinted

with permission. Copyright 2022, Elsevier.

trode materials for energy storage. For example, Li, Co, Ni and
Mn serve as active species to form cathode materials with high
electrical conductivity and stability in secondary batteries."*®
Si-containing waste can be converted into Si nanomaterials to
replace conventional graphite anodes. Biomass and plastic
derived porous carbon with a large specific surface area act as
anode materials or surface coatings of cathode. Depending on
the type, composition, structure, and morphology of the waste,
diverse applications from waste have been developed.’* This
part reviews the progress of versatile types of waste materials
in the field of LIBs, LSBs, LOBs, SIBs, KIBs, ZIBs, ZABs and
supercapacitors.

4.1. Lithium-ion batteries (LIBs)

Spent batteries for LIBs. Capacity degradation is inevitable
in the life of LIBs, in which the deterioration of cathode per-
formance arises from the deactivation of active materials."*’
While the deactivation of the anode is mainly due to the
partial dissolution of an active substance or electrolyte solvent
oxidation during the cycling/storage process, resulting in
capacity decline."®® Spent LIBs containing various kinds of
transition metals (such as Li, Ni, Co, and Mn) and graphite
can be effectively regenerated for energy storage, which can
solve the problem of metal scarcity and environmental
pollution.”"**> For example, spent LIBs were dissolved in
oxalic acid in which the transition metal was precipitated and
deposited on the waste Li(Ni;;3C04/3Mn;,3)0, (NCM) cathode
surface. The addition of a small amount of Li,CO; to
unreacted NCM under calcination can directly fabricate new
submicrometer-sized NCM cathodes while maintains the
optimal element ratio (Fig. 14A). The regenerated NCM elec-
trode delivers an initial specific discharge capacity of 168 mA
h g at 0.2 C and an excellent capacity retention of 91.5%
after 150 cycles (Fig. 14B).">

The spent LiFeO, was treated by microwave and chemical
lithiation to produce new LiFeO,. It is noted that the newly
produced LiFeO, shows the same olivine structure as the orig-

This journal is © The Royal Society of Chemistry 2023

inal one with a preserved carbon layer, enabling the regener-
ated electrode with a comparable performance compared to
the fresh one. When applied to LIBs, it produces a reversible
capacity of 145 mA h g™" at 1 C and even reaches up to 107 mA
h g™" at 10 C, while the capacity retention is kept at 96% at 5 C
after 300 cycles.">* Moreover, a simple and economic way is to
treat the waste LiNi, 4C0,,Mn, .0, cathode through ammonia
leaching, co-precipitation combined with a solid phase reac-
tion to produce regenerated LiNiy Cog,Mn,,0,. The recycled
cathode displays an initial discharge capacity of 178.4 mA h
g ' at 0.1 C and a capacity retention of 92.1% at 0.5 C after 100
cycles.”> Through a closed cycle system, lithium species can
be recycled from lithium graphite and converted into Li,CO;
after absorbing CO,, which was used for the direct regener-
ation of LiCoO, and LiNiysMn,;C00,0,. The regenerated
LiCoO, delivers a capacity of 130 mA h g™, while the degraded
graphite yields a capacity of 370 mA h g™!, comparable to
those of commercial LIBs."

Graphite serves as a commercial anode in LIBs with long
cycling stability and high electrical conductivity.'® Xiao et al.
found that waste LIB anodes enable the volatilization of the
binder and electrolyte in the spent graphite rapidly under the
microwave field, which can simply realize the separation of
spent graphite (Fig. 14C). Moreover, microwave radiation con-
verted the lithium remaining in the waste graphite to Li,CO;
in the subsequent process. After water immersion and heating,
the regenerated graphite (RG) shows high purity and ordered
layered structures, thereby delivering an initial discharge
capacity of 435.2 mA h g* at 0.1 C and a Coulomb efficiency
of 80.6%. In addition, the regenerated graphite showed excel-
lent cycling performance at 0.5 C, and the capacity retention
rate was 96.6% after 100 cycles, comparable to that of commer-
cial graphite (CG) (97.1%) (Fig. 14D).">® Using spent graphite
as the core and asphalt as the coating carbon source, Xiao
et al. prepared asphalt carbon@graphite composites by
impregnation and pyrolysis treatment (Fig. 14E). High temp-
erature treatment and asphalt coating not only improve the

Green Chem., 2023, 25, 3816-3846 | 3831
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(A) Illustration of the regeneration process of spent NCM materials with oxalic acid leaching and calcination. (B) Cycling performances at

0.2C (inset shows the charge/discharge curves of OA-10 at different cycles).*>® Reprinted with permission. Copyright 2018, American Chemical
Society. (C) Flowchart of recycling of the spent LIB anode. (D) Rate capabilities of RG and CG electrodes at different current densities.*>® Reprinted
with permission. Copyright 2022, Elsevier. (E) Schematic diagram of coating asphalt on the spent graphite anode.’®” Reprinted with permission.

Copyright 2022, Springer.

degree of graphitization, but also shape a smooth surface mor-
phology of spent graphite. Therefore, the as prepared material
leads to a high specific capacity of up to 403 mAh g™ at 0.1 C
along with a capacity retention of 97.8% at 0.1 C over 110
cycles, comparable to those of fresh graphite electrodes.">”

Besides, spent graphite can be combined with silicon to
produce carbon coated silicon treated T-SGT/Si@C which can
effectively reduce the volume expansion to form a porous
structure when used as an anode. The as-prepared anode dis-
plays a capacity of 434.1 mA h g”" at 500 mA g™ and a capacity
retention of 92.47% after 300 cycles.'>® Recycling waste carbon
residue (WCR) from waste LIBs also has an important impact
on both economic and environmental benefits.'>® Using stan-
nous chloride (SnCl,) as the reducing agent, Zhu et al. pre-
pared high-performance nano-Sn/G@C composite anodes with
a sandwich structure by carbothermic reduction, taking advan-
tage of the defect characteristics of the WCR surface with
severe oxidation and porous structure. Because nano-Sn has
an atomically dispersed structure, it is important to maintain
the structural integrity. As a result, the material exhibits good
cycling performance as an anode with a reversible capacity of
607.6 mA h g~ after 500 cycles.'®°

Silicon waste for LIBs. Owing to its outstanding specific
capacity and rich abundance, silicon has become a substitute
material for graphite anodes, and has been extensively studied
in LIBs.'®" However, their practical application is hampered by

3832 | Green Chem., 2023, 25, 3816-3846

substantial volume expansion and deterioration of the elec-
trode structure during cycling with suppressed electrochemical
performance.'® Industrial waste contains a large amount of
silicon that can be recycled for high value-added materials.'®®
Waste glass microfiber filters (GFs) can be used as the best
silica resource for nanostructured silicon synthesis. Using GF
as a silicon precursor and a carbon coated hard template,
Kang et al. prepared a silicon/carbon composite suspension
electrode with a fibrous yolk-shell structure using magnesium
thermal reduction and carbon coating processes (Fig. 15A).
The conductive carbon shell acted as a framework and con-
fined the silicon nanoparticles to form a yolk-shell structure
to control the volume expansion of silicon nanoparticles (Si
NPs), showing a high capacity of 2.2 mA h em™ after 150
cycles.'® Similarly, by utilizing waste micron-scale silicon
wafers as precursors and adding sucrose carbon coating
materials, low-cost carbon-coated SiNPs (Si@C) can be easily
produced by high-energy mechanical milling (HEMM). The
nanostructure and voids of the carbon-coated SiNPs enhanced
the electrochemical performance, providing a high specific
capacity of 948 mA h g™" at 0.5 C and after 500 cycles when
used as an anode."®?

The waste photovoltaic material with silicon is also an ideal
material for silicon anode preparation.'® Xian et al. used an
improved silver-assisted chemical etching process to treat the

raw photovoltaic silicon cutting waste to prepare a porous

This journal is © The Royal Society of Chemistry 2023
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Fig. 15 (A) Preparation process diagram of the GF-C30/Si suspended
electrode.®* Reprinted with permission. Copyright 2020, Elsevier. (B)
Fabrication of the Si@SiO,/Nano-Ag composite.®> Reprinted with per-
mission. Copyright 2021, Elsevier. (C) An overall illustration of a typical
recovery and conversion process. (D) Long-term cycling performance at
0.5 C.1¥7 Reprinted with permission. Copyright 2022, Elsevier.

Si@SiO, nanosilver composite with nano/micropores and a
natural SiO, layered structure (Fig. 15B). The lamellar structure
of nano/micropores and the natural SiO, layer solves the
volume expansion of Si, while the incorporation of Ag nano-
particles greatly improves the conductivity of the composites
and promotes the electron transfer. The reversible capacity
after 500 cycles reaches up to 1409 mA h g*.>*> To effectively
reduce the limitations of deep oxidation and trace impurity
entrainment in the recovery of photovoltaic waste silicon, Lu
et al. proposed an electrothermal shock method that can
directly convert photovoltaic waste silicon into silicon nano-
wire (SINW) electrodes. The SiNWs have an ultra-high area
loading of 4.02 mg cm™>. When used as an adhesive-free
anode for LIBs, it shows a large areal capacity of 3.2 mA h
em ™ after 600 cycles.'®® Wang et al. mixed the nano-silicon
obtained from grinding waste silicon powder with carbon
nanotubes and PVP to prepare core-shell Si/CNTs/C compo-
sites by wet ball milling and high temperature pyrolysis
(Fig. 15C). The core-shell structure effectively alleviates the
volume variation of silicon, ensuring good long-term stability

This journal is © The Royal Society of Chemistry 2023
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and high-capacity retention performance with a capacitance
loss of 0.064% after 500 cycles at 0.5 C (Fig. 15D)."”

Biomass for LIBs. Biomass and its derived composites
benefit from low cost, green synthesis and simple accessibility,
which are widely studied to serve the sustainable development
strategy.”® Intensive research studies have been reported to
investigate the feasibility of converting renewable biomass to
electrode materials.’®® Waste biomass with a high carbon
content, such as Eichhornia crassipes, can be used as an
alternative to conventional graphite anodes to further increase
the battery capacity. Chen et al. converted the floating waste
Eichhornia crassipes into honeycomb biochar as the negative
electrode of LIBs through KOH activation during carboniz-
ation. Among them, the cellular porous structure promotes the
transfer of Li" and the penetration of electrolytes, displaying
an excellent capacity of 229.7 + 0.9 mA h g~ at 3000 mA h g
(Fig. 16A), and a capacity retention of 720 + 30.2 mA h g~ after
200 cycles.*!

Combining biomass-based carbon with other nano-
composites, a highly efficient electrode material can be
expected. Feng et al. made use of the redox reaction between
the outer skin of litchi and KMnO, to generate a large number
of MnO, nanoparticles on its surface, and then added mela-
mine to successfully prepare 3D MnO@NLEFC. The mosaics
of MnO nanoparticles increase the storage capacity of Li", sig-
nificantly increase the carbon layer spacing and carbon dis-
order, and speed up the insertion and withdrawal of Li'.
Therefore, when applied to the anode of LIBs, the material still
has a high reversible capacity of 515.5 mA h g™ after 1000
cycles of 2 A g7'.'% In recent years, silica enriched biomass
materials have been widely used in the preparation of high-per-
formance silicon anodes."”® Su et al. reported the conversion of
maize leaves to silicon anode materials by a simple thermite
reduction reaction. The obtained silicon material inherits the
natural structure of the natural maize leaf and has a high poro-
sity and amorphous/crystal mixture structure, providing a high
capacity of 1200 mA h g~" at a current density of 8 A g™ and
maintaining nearly 100% capacity after long-term cycling.'”*

Bird eggshells contain large amounts of calcium carbonate,
which was reduced to calcium oxide through a thermochemi-
cal reaction and then treated by coating to prepare the nickel-
rich cathode material LiNipgC0p,Mn,;0, (NCMS811)
(Fig. 16B). The CaO layer effectively prevents electrolyte dis-
solution and electrode corrosion. Therefore, the NCM811 elec-
trode coated with enough CaO (especially 1 wt%) has a dis-
charge capacity of 177 mA h g after 50 cycles, and the
capacity retention rate is 92.6%, which is significantly better
than that of bare NCM811 (82.9%)."7> Using waste reeds,
Zhang et al. successfully constructed a beaded lithium
vanadium phosphate/nanofiber carbon (LVP/NC) composite
based on a nanocellulosic framework by the self-assembly
method. After carbonization, a unique structure with LVP
nanoparticles was embedded onto the porous carbon nano-
fibers, and when applied as a cathode for LIBs, a discharge
specific capacity of 131.6 mA h g™, a capacity retention of 90%
at 10 C after 1000 cycles and long-term cycling performance
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(A) Cycling performance and coulombic efficiency.?! Reprinted with permission. Copyright 2021, Springer. (B) Schematic illustration of the

thermochemical conversion process of yielding a bio-derived material from eggshell and its coating over NCM8.172 Reprinted with permission.
Copyright 2019, Elsevier. (C) Schematic illustration of the fabrication process and proposed mechanism of the core—shell LVP@NL nanosphere. (D)
Cycling performances of LVP@glucose and LVP@NL at 0.5C."# Reprinted with permission. Copyright 2022, Elsevier.

can be obtained."”® Lignin from waste reed is also a potential
energy source for cathode materials of batteries. Lu et al
immersed the lignin/cellulose mixture extracted from the
waste reed into ammonia and hydrogen peroxide to obtain
nitrogen-doped lignin, which is then treated with LizV,(PO,);
by self-assembly and carbonization to form a carbon coated
LVP cathode material (carbonized LVP@NL nanospheres)
(Fig. 16C). The carbon layers rich in oxygen-containing func-
tional groups are favorable for promoting Li" kinetic behavior,
therefore, displaying a high initial discharge capacity of
126.9 mA h g" at 0.5 C and maintaining the capacity retention
of 88.9% at 10 C after 1000 cycles (Fig. 16D)."”*

4.2. Lithium-sulfur batteries (LSBs)

With higher theoretical specific capacity (1675 mA h g~') and
energy density (2600 W h kg™'), LSBs are emerging as a new
class of rechargeable batteries.'”*>"'”® The key problems restrict-
ing the application of LSBs are low sulfur utilization, poor
long-term stability, large volumetric expansion, and low cou-
lombic efficiency. Carbon materials with high electrical con-
ductivity and a porous structure can not only improve conduc-
tivity, but also provide volume space for sulfur conversion to
polysulfide.'””"'”® Biomass derived carbon materials with
porous structures and an abundance of surface functional
groups are considered as effective cathode in batteries with

3834 | Green Chem, 2023, 25, 3816-3846

higher specific capacity than conventional graphite
materials.'>*'”° For instance, rice hulls derived carbon was
employed in the lithium metal anode and sulfur cathode in
LSBs. Surface functionalization of rice husk derived carbon
can effectively control lithium deposition, significantly
decrease the nucleation overpotential, and improve the
Coulombic efficiency. On the cathode side, rice husk derived
carbon with a high specific surface area is conducive to limit-
ing sulfur and sulfide. Therefore, the optimized LSBs have
better discharge capacity and cycling stability with a capacity
of 800 mA h™" after 300 cycles.'®°

Biomass can also be transformed into functional scaffolds
to obtaini cathode/anode materials with better performance
and high stability."®" At present, one of the problems of LSBs
is the dissolution and migration of lithium polysulfide to the
anode during cycling (i.e. the “shuttle effect”), which leads to
the loss of active sulfur and the passivation of anode materials,
and causes irreversible serious damage tocapacity of the
battery.'®® Xiao et al. prepared a nitrogen-doped layered
porous carbon (PCKH) from pomelo peels by carbonization
and dual activation with the introduction of urea (Fig. 17A).
The introduction of nitrogen increases the polarity of porous
carbon and strengthens the strong polarity force interaction
between carbon materials and lithium polysulfides, which
effectively inhibits the shuttle effect.'®® Therefore, the PCKH

This journal is © The Royal Society of Chemistry 2023
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fabricated cathode in LSBs yielded an excellent initial capacity
of 1534.6 mA h g~ and a high Coulombic efficiency of over
98% at 300 cycles (Fig. 17B).'** Unlike pomelo peels, which
require the introduction of urea for nitrogen doping, nori, a
naturally abundant alga, contains a large number of heteroa-
tomic functional groups (nitrogen and oxygen) can achieve
self-doping (Fig. 17C). Direct carbonization and subsequent
activation of natural nori can yield activated nori carbon (ANC)
for sulfur cathodes. When applied to LSBs, the nitrogen and
oxygen dual-doped ANC cathode with a sulfur content of
81.2% reveals a good rate capacity over 5 C.'%°

Searching for a green and sustainable strategy for the pro-
duction of scalable and cost effective sources is feasible to
broaden the practical application in energy storage.”"®® Taking
advantage of the spent graphite, Xu and coworkers successfully
exploited a spent graphite-based interlayer for LSB cathode
materials from spent batteries (Fig. 17D). With the transition
metals (such as Ni, Co, Mn) in the cathode material dissolved
into the spent graphite, polysulfide can be adsorbed through
S-TM bonds, improving the conductivity and promoting the
conversion of polysulfide. As a result, the adsorption and cata-
lytic performance of waste graphite on polysulfide are
enhanced, suggesting a high discharge capacity of 968 mA h
g~' and a low decay rate of 0.08% at 1 C after 500 cycles."?
Similarly, Yang et al. use spent graphite directly as a substrate
for cathodes in LSBs. The large number of functional groups
produced by repeated charge and discharge on a spent graph-
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ite surface and various metal elements produced by the dis-
solution of cathode materials can jointly improve the conduc-
tivity of lithium polysulfide (LiPS), effectively promote the
transformation kinetics of LiPS and reduce the shuttle effect
in LSBs. Thus, after 500 cycles, the cathode still has a high
specific capacity of 765 mA h g~ and an average decay rate of
0.006% per cycle at 0.5 C."* In addition, using waste PET
bottles, Pietrzak et al. successfully prepared activated carbon
with a large specific surface area and gradient pore structure
through pyrolysis and K,COj; activation. The gradient carbon
provides a pathway for electron conduction, ensures good elec-
trolyte accessibility, and facilitates the encapsulation of sulfur
types and polysulfide lithium. The new active gradient carbon
is particularly suitable for sulfur cathode in LSBs, showing a
large initial specific discharge capacity of about 829 mA h g™*
at a current rate of 0.05 C, and the capacity retention rate is
86% after 50 cycles of charge and discharge.'®®

4.3. Lithium-oxygen batteries (LOBs)

LOBs have a 10 times higher theoretical energy density (3500
W h kg™') than LIBs, showing great prospects in energy conver-
sion and storage.'®*>'° However, one of the technical chal-
lenges of LOBs is the generation of the non-conductive and in-
soluble discharge product Li,O,, which results in limited
active sites and sluggish kinetics of the charging process.™"
Biomass derived carbon with a high specific surface area
and electrical conductivity could act as a cathode, which favors
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cycles at 0.1 C.*®* Reprinted with permission. Copyright 2020, Elsevier. (C) Synthesis scheme of 3D NC/S and ANC/S hybrids. > Reprinted with per-
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modified separator in Li-S batteries.*®
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the Li,0, decomposition and prompts facile mass transfer.”**>
Li et al. used citrus peel (CMP) as a precursor to prepare acti-
vated carbon and iron-carrying carbon (CMPACs and CMPACs-
Fe) through pyrolysis and KOH activation under nitrogen atmo-
sphere. The introduction of Fe results in a lower overpotential
of the O, electrode during charging and discharging. Thanks
to the porous structure, abundant active sites and high specific
surface area, CMPAC-based LOBs have a high specific capacity
of 7800 mA h g™' and are able to cycle 466 times while
showing a high Coulombic efficiency of 92.5%."* Wang et al.
prepared poplar inflorescences into self-nitrogen-doped acti-
vated carbons (N-PIACs) for LOBs by activation and slow pyroly-
tic carbonization. The 3D cross-linked pore structure of
N-PIACs provides an effective buffer space for O,/Li,0, conver-
sion and improves O, diffusion transfer. The excellent per-
formance is reflected by the specific capacity of the Li/
N-PIACs-O, battery (12060 mA h g™'), which is significantly
higher than that of the original plant waste-based LOBs
(N-PICs)."®* Similarly, Zhu et al. used apples to form N-doped
graded porous active carbons (N-HMACs) through pyrolysis,
and then used a solvothermal method to anchor RuO, nano-
particles on their surfaces to obtain N-HMACs-RuO, materials,
as presented in Fig. 18A. When N-HMACs-RuO, was used
directly as an air cathode for LOBs, the high specific surface
area caused by the gradient porous architecture facilitates the
transport of reactants and the sedimentation of discharge pro-
ducts, achieving a high discharge capacity of 1300 mA h g™*
and excellent long-term cycling stability (215 cycles, over
2000 h) (Fig. 18B)."°

4.4. Other batteries (SIBs, KIBs, ZIBs, and ZABs)

Biomass based carbon possesses ideal open channels which
serves as an ideal anode material for batteries.’®'® For
instance, rubber-wood sawdust was utilized as a source for the
preparation of hierarchical porous hard carbon, which was
then used as an anode material for SIBs (Fig. 19A). The as-syn-
thesized hard carbon reveals a hierarchical porous structure
with a specific surface area of 820 m> g~"'. The presence of
porosity and oxygen functionalities promote the Na-ion
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Cellulose

storage sites."®” In addition, a variety of biomass such as drift-

wood and fruit peels, or marine based shrimp rich in highly
electronegative elements (oxygen, carbon, sulfur and nitrogen)
have also been developed for SIBs.'?72%°

The bagasse biomass waste was utilized to develop a nitro-
gen doped 3D porous carbon material through carbonization
and further treatment with NiCl, and urea, which was used as
an advanced anode material for KIBs (Fig. 19B). The results
show that NiCl, promotes the formation of porous structures
and nitrogen doping allows morphological changes which
enables rapid K" and electron transport. More importantly, the
material exhibits outstanding K' storage performance, with a
reversible capacity of 100.4 mA h g™" at a current density of
200 mA g ' for 400 cycles without significant capacity
decay.>*’ Besides, common biomass such as potato and

B) 50 1200
oot —8—N-HMACs-RuO,
arbonization 45 o g sy N e
Activation
tivatiol s 4.0 —a
< +1000
N-HMACs % 3.5
S +900
& 2 s\
© “
[
= 25 +800
% €
L = T Cutinto slides E 20 R \
> ® o, N < ’ 69 éycles 215 cycles 700
B ’ 1.5 ; i
® : 1600
ot 0 30 60 90 120 150 180 210
O Lo
o 4?‘:\;; = Cycle number

Fig. 18 (A) The synthesis strategy of N-HMACs and the construction of a Li-O, battery with an N-HMAC cathode. (B) Voltage of the terminal dis-
charge and the cycle number.*°® Reprinted with permission. Copyright 2020, Elsevier.

3836 | Green Chem., 2023, 25, 3816-3846

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3gc00323j

Published on 27 April 2023. Downloaded on 4/22/2026 3:38:02 PM.

Green Chemistry

walnut septum are also transfered into anode materials for
KIBS.202’203

Z1Bs and ZABs have received attention because of their non-
flammable, abundant zinc resources (~300 times higher than
lithium).>** The active metals in spent catalysts which are
hazardous waste can be converted to valuable materials for
ZIBs and ZABs. Spent hydrogenation catalysts with vanadium
are easily recovered through hydrothermal treatment to
prepare graded hydrated vanadium oxides (HVOs) as cathode
materials for ZIBs. The layered spherical V;¢0,,512H,0
achieved discharge specific capacity values of 287 mA h g™*
and 238 mA h g7' at 0.2 A g7' and 1 A g7, respectively. In
addition, a high energy density of 106 W h kg™ at a power
density of 3324 W kg™" and a capacity retention of 82% after
3000 cycles at a high density of 10 A g~ can be obtained
(Fig. 20A and B).>® The recovery of NiCoMn from spent bat-
teries has also been transferred to efficient electrode materials
in ZABs. Jiao et al reported the conversion of
LiNi; _,_,Mn,Co,0, (NMC) cathodes of spent LIBs to NiMnCo-
based catalysts for ZAB cathodes using a fast thermal radiation
method. The NiMnCo-AC electrocatalyst in the cathode has a
low voltage gap of 0.72 V for the first three cycles, exhibits a
high power density of 187.7 mW cm > and a long cycling dur-
ation (Fig. 20C and D).>°

4.5. Supercapacitors

Of all the energy storage devices, supercapacitors feature better
cycling stability, high power density, and excellent
conductivity.>**” However, the low energy density of super-
capacitors has severely limited their widespread use, prompt-
ing researchers to develop new electrode materials.>*® The
energy density is proportional to the specific capacitance,
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which differs by electrode materials. Noble metal oxides are
recognized as ideal electrode materials with high specific
capacitance, but their scarcity and high cost limit their wide
application. Biomass-derived carbon with a high specific
surface area, graded porous structure, and hydrophilic surface
functional groups enables excellent electrical conductivity and
pseudocapacity. However, these materials are widely available
in waste, and reusing these waste materials could solve the
problem encountered in the preparation of electrode materials
in supercapacitors.’® Therefore, the following section
describes the reuse of waste to electrode materials for
supercapacitors.

Spent batteries for supercapacitors. Spent batteries with rich
metals have been disposed and cause severe environmental
problems, therefore, transferring the valuable metals to new
electrode materials in an economical way is a critical task.'*
For instance, a cost-effective strategy for fabricating super-
capacitor materials from spent LIBs has been reported by reor-
ganizing cobalt, manganese and graphene in spent batteries
for supercapacitor.>'® Barbieri et al. found out that the
addition of KOH to the cathode solution of spent LIBs could
lead to the recovery of cobalt by chemical and electrochemical
precipitation to obtain Co(OH),, and then subsequent calcina-
tion in air directly produces the final product Co;0,, exhibiting
a specific capacitance of 13.0 F g™' (1.0 mv s )"
Furthermore, graphene is one of the excellent nano-functional
fillers for supercapacitor composite electrodes.>'* Duan et al.
used manganese dioxide from spent battery powder as an
oxidant and graphene oxide as a 2D conductive carrier, fol-
lowed by chemical oxidation polymerization with aniline and
reduction with hydrazine hydrate to construct ternary compo-
sites (reduced graphene oxide/graphite nanoparticles/polyani-

D) NiMnCo recycling

Mixed NiMnCo Activated carbon
solution (AC)

Rapid synthesis of NiMnCo-AC catalyst

NiMnCo-AC precursor NiMnCo-AC catalyst

NiMnCo
nanoparticles

(A) Schematic diagram of the fabrication process of hydrated vanadium oxides derived from spent hydrogenation catalysts. (B) Cycling per-

formance at 0.2 A g~ and 1 A g~.2%° Reprinted with permission. Copyright 2022, Elsevier. (C) The initial three charge—discharge curves of ZABs at a

current density of 10 mA cm™2. (D) Schematic of the fabrication process
Copyright 2022, PANS.
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line) as electrode materials for supercapacitors (Fig. 21A).
Because of the strong n-n interaction between the three
materials, the electrodes exhibited a capacitance of 421 F g™*
and a capacitance retention of 106.6% after 10 000 cycles.*"?

Recycling graphite from spent batteries is also one of the
hot spots. Natarajan et al. regenerated 3D-MnCo,0, (MCO)
spheres from spent LIBs via the hydrothermal technique and
converted anode graphite into reduced graphene oxide (rGO)
by a facile Hummers acid oxidation method (Fig. 21B). The
microsphere shape of MCO avoids self-aggregation after long-
term cycling while rGO enables the high conductivity of the
composite, and therefore, the composite based supercapacitor
exhibits an operational voltage of 1.8 V and a large energy
density of ~23.9 W h kg™" at 450 W kg™ " with 8000 cycles
(Fig. 21C).>!* In addition, Kishore et al. converted graphite in
spent batteries into graphene nanosheets by acid leaching and
calcination treatment, which was subsequently treated with
MoS, to produce a nanocomplex. Due to the abundance of
MoS, active sites and high conductivity of graphene
nanosheets, the prepared composite electrode displayed a
specific capacitance of 415 F g* (Fig. 21D).>"*

3838 | Green Chem., 2023, 25, 3816-3846
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Biomass for supercapacitors. The preparation of high-per-
formance supercapacitors from biomass-derived carbon can
overcome high manufacturing costs.*'?"” Biomass-derived
carbon materials usually contain a large number of hydroxyl,
carbonyl and carboxyl oxygen-containing functional groups,
which can be applied in supercapacitors to prevent the oxi-
dation of carbon and improve the cycling stability.'*?
Moreover, biomass-derived carbon materials have good micro-
porosity and enhanced electrical conductivity.”***'® Li et al.
prepared 3D layered porous carbon nanosheets by direct calci-
nation of forestry waste bark and CuBr, (Fig. 22A). The copper
salt has an activation effect and retains the original structure
of biomass with a specific surface area up to 2396 m> g~
Therefore, it shows excellent capacity as a supercapacitor with
a specific capacitance of 345.9 F ¢~ " at 0.5 A ¢~ and a superior
capacitance retention of 98.3% after 10 000 charge/discharge
cycles.”’”® KOH is one of the commonly used activators for
biomass-derived carbon, which has strong pore-forming
ability.>*" Kapok flower containing oxygen functional groups
was treated by carbonization and KOH activation to prepare
porous activated carbon with a specific surface area of
1904.1 cm® g~ ". The large specific surface area and excellent
porosity enable a specific capacitance of 286.8 Fg™ ' at 1 A g™*
and a capacitance retention of up to 97.4% after 5000
cycles.”*

In addition, waste corn stover powder was utilized to
prepare hydrothermal carbon (HTC) layers on carbon fibers
(CFs) by a hydrothermal reaction. Then, the gas generated
from the pyrolysis of waste corn stover was introduced to gene-
rate carbon nanorods (CNRs) to form CNR/HTC/CFs by a gas-
phase growth process (Fig. 22B). The presence of hollow frac-
tures induces a high specific surface area and exhibits a high
specific capacitance of 269.47 F g'.*'° Moreover, Subhani
et al. converted chicken claws into interconnected porous col-
lagen sponge by freeze-drying, and then coated with graphene
nanosheets to obtain 3D porous carbon (Fig. 22C). The porous
structure has a high specific surface area and increased ion
diffusion channels, resulting in a specific capacitance of 365 F
¢! and excellent capacity retention of 97% after 10 000 cycles
(Fig. 22D).>*® This section shows that waste natural plant
wastes (e.g., bark, corn stover) with large specific surface areas
can be utilized as activated carbon by simple carbonization
and activation methods which play an important role in the
capacitance and stability of supercapacitors.

Other wastes for supercapacitors. Industrial waste contains
valuable metals or precursors can be transferred into electrode
materials for supercapacitors through different synthetic strat-
egies. Considering electrical cable wires are composed of
copper and aluminum, Nagaraju et al. employed discarded
cables to prepare nickel oxide nanosheet grafted carbon nano-
tube coupled copper oxide nanowire arrays (NiO
NSs@CNTs@CuO NWAs) by the wet-chemical method
(Fig. 23A). Due to the vertical alignment of CuO NWAs and
CNTs, the electrical conductivity was enhanced, and the acces-
sible area for electrolyte penetration was increased, and there-
fore, the solid-state fiber-based hybrid supercapacitor as the

This journal is © The Royal Society of Chemistry 2023
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positive electrode delivered the energy densities of 26.32 W h
kg™ and 1218.33 W kg™ *.***

Spent catalysts with valuable metals can be utilized as elec-
trode materials, which reduce environmental pollution and
shows excellent economic benefits.>*® Krishnamoorthy et al.
effectively reused waste carbon-deposited siloxane/nickel cata-
lysts by removing the Ca atoms and oxidizing the silicon layer
present in CaSi, to form 2D siloxene sheets as electrodes for
supercapacitors. Because of the high surface area, the super-
capacitors prepared from spent catalysts delivered a high
capacity of 24.65 F g7', an energy density of 30.81 W h kg™,
and a power density of 15625 W kg™ (Fig. 23B).>*° Lim et al.
proposed a strategy to transfer spent catalysts to Cu-loaded
activated carbon fibers (Cu/ACFs) by chemical deposition,
which deactivates Cu to CuO (CuO/ACF) during the process of
nitric oxide removal. The spent catalysts were screened for
direct application as electrode materials for supercapacitors
with a specific capacitance of 74.7 F g~* at 10 mA cm™>.**’

Moreover, the explosive amount of waste plastic caused
serious environmental pollution due to the difficulty in degra-
dation, and direct utilization could solve the conundrum.!
For example, Zhang et al successfully prepared activated
carbon by pressure pyrolysis and post-activation from waste
PET materials. The activated materials displayed a specific
surface area of 2683 m” g™' and rich surface functional

This journal is © The Royal Society of Chemistry 2023

groups. When used as supercapacitor electrodes, the specific
capacitance reached a value of 325 F g~'.?*® Besides, Ma et al.
proposed a strategy by using Fe,O; particles as a template and
catalyst to transfer polystyrene (PS) to 3D hierarchical porous
carbon under KOH activation (Fig. 23C). The template and
KOH activation can generate well-balanced micro-, meso-, and
macroporous structures, resulting in a high specific surface
area (2100 m” g'). The synergistic effects contribute to a
specific capacitance of 284.1 F g”" at 0.5A g', an energy
density of 19.2 W h kg™, a power density of 200.7 W kg™ " as
well as good rate performance and cycling stability
(Fig. 23D).>*°

Besides, the increasing consumption of automobiles will
generate a large amount of waste oil, which can be converted
into activated carbon.**° Kaipannan et al successfully pre-
pared porous activated carbon/ZnS composites (ACZS) by cal-
cining waste engine oil under Ar atmosphere and acid treat-
ment. The as-resulted ACZS displayed a surface area of
1020 m* g~' and multiple micropores and mesopores, and
delivered a specific capacitance of 240 F g™" at 1 A ¢ " and a
capacity retention of 95% after 10 000 cycles.”*"

In the field of waste to wealth in energy storage, spent bat-
teries, biomass, silicon and plastics are the main available
waste materials. The cathode in waste LIBs contains active
metal which can be reutilized through calcination and wet

Green Chem., 2023, 25, 3816-3846 | 3839
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chemical treatment to construct electrocatalysts and electrode
materials. Biomass, plastic and anode of spent batteries can
be converted into large specific surface area and porous
carbon materials by calcination and microwave irradiation.
However, the synthesis of biomass and plastic derived carbon
is still on the laboratory scale and needs to be further explored
in large scale production. Silicon from waste glass and waste
photovoltaic panels can be converted into nanosilicon for elec-
trodes in LIBs, but the preparation requires high-precision
equipment and strictly controlled parameters. In face of
growing demands for energy storage systems, the waste to trea-
sure strategy provides a sustainable and economical way to
develop highly efficient electrode materials.

5. Conclusion

Transforming waste into electrocatalysts and electrode
materials is of vital importance to achieve carbon neutrality.
This review classifies and summarizes the recent advances in
the conversion and application of waste materials in green sus-

3840 | Green Chem., 2023, 25, 3816-3846

tainable energy, emphasizing on the waste category and reutili-
zation strategies, especially highlighting the recent progress in
electrocatalysis applications (HER, OER, ORR, CO,RR and
NRR) and energy conversion and storage systems (LIBs, LSBs,
LOBs, SIBs, KIBs, ZIBs, ZABs and supercapacitors).

The direct conversion to electrocatalysts and energy storage
materials can be performed either from waste materials alone
or in combination with other commercial components. We
note that spent batteries rich in active metallics are widely
used as excellent HER, OER and ORR electrocatalysts, while
spent graphite is easily transformed into a carbon material as
a substrate for electrocatalysts and electrode anode materials
in batteries and supercapacitors. Biomass derived carbon has
the advantages of low cost, green synthesis, easy accessibility,
and compliance with sustainable development strategies,
which can alleviate the huge demand for synthetic carbon
materials. The direct transformation of biomass by pyrolysis,
hydrothermal methods, and carbonization in the presence of
an activator led to the realization of porous structures and
abundant surface functional groups, resulting in an increased
electron transfer rate and enhanced specific capacity. Plastic

This journal is © The Royal Society of Chemistry 2023
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waste with synthetic polymers and municipal sludge rich in
heteroatoms (P, N and S) are used as a cost-effective and
readily available precursor for the preparation of carbon sub-
strates for electrocatalysts. Industrial wastewater rich in reac-
tive metals (Cu and Pb) favours the CO,RR. In addition, a large
number of metals (large amounts of Si, Ni, Cu, Sn, Fe, Al and
Ag and trace amounts of Pb, Sb, Pd and Cr) in industrial
treated waste catalysts can be employed to prepare various elec-
trocatalysts and electrode materials.

Although waste utilization is promising in terms of environ-
mental protection and sustainable development, there are still
some drawbacks and challenges that hinder practical appli-
cations. Firstly, spent batteries are complex in composition
and contain unknown impurity elements and compounds. To
improve the product quality, additional treatment is usually
required to remove the impurity elements, which complicate
the treatment. Secondly, compared to commercially available
carbon, biomass based carbon lacks flexibility and is difficult
to complex with a wide range of functional materials to further
improve the electrochemical performance. Thirdly, the syn-
thetic strategy and characterization technique are highly sensi-
tive to varied waste sources from different locations, and there-
fore, a stable waste source, reduced cost and contamination
issues are required for the industrial production of these waste
to wealth materials.

In summary, the “Waste to Wealth” strategy could directly
convert waste materials into electrocatalysts and energy storage
materials in an eco-friendly and energy conservation manner.
It not only provides a straightforward way to solve the energy
and environmental crisis by reducing undesirable waste
hazards to the environment, but also paves a new way for the
large-scale production of electrocatalysts and electrode
materials for electrocatalysis and energy storage.
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