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Abstract: Developing cost-effective electroactive materials for advanced energy devices is vital for
the sustainable development of electrochemical energy conversion/storage systems. To reduce
the fabrication cost of electroactive materials (electrocatalysts and electrodes), growing attention
has been paid to low-cost precursors. Recently, mining and metallurgical waste has been used to
design electroactive materials, which shows great economic and environmental benefits. Herein,
current achievements in the applications of mining and metallurgical waste-derived electroactive
materials in sustainable energy conversion/storage fields (batteries, supercapacitors, fuel cells,
and small-molecule electro-conversion) are comprehensively analyzed. The waste-to-materials
conversion methods and materials” structure—performance relationships are emphasized. In addition,
perspectives related to the further development and applications of waste-derived high-performance
electroactive materials are pointed out.

Keywords: waste utilization; electrocatalysts; green chemistry; batteries; supercapacitors; fuel cells;
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1. Introduction

The global mining and metallurgical industries which provide raw materials for
diverse sectors play a critical role in the development of our modern society. Mining
and metallurgical activities are highly pollution-intensive, and gaseous, solid, and liquid
pollutants are generally produced from the related processing systems [1]. In particular,
mining and metallurgical wastes, like metallurgical slags, mine tailings/gangues, ore
residues, electroplating sludge, red mud, and metal-rich wastewater/leachates, can pose a
serious stress on the surrounding water and soil environments due to their huge amounts
and complex physicochemical properties [2—4]. As reported, over 7 billion tons of mine
tailings are generated yearly, globally, and 19 billion solid tailings will be accumulated by
2025 [5]. In this context, rationally handling mining and metallurgical waste is an urgent
mission. Current studies suggest that mining and metallurgical waste can be directly used
as construction materials [4], and physical beneficiation process and hydrometallurgical
and pyrometallurgical methods also have been employed in the recycling/reuse of mining
and metallurgical waste [6]. Importantly, most current mining and metallurgical waste is
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rich in metals, and the utilization of such valuable components in mining and metallurgical
waste has become a hotspot due to the potential environmental and economic benefits.

Researchers find that general elements (e.g., Fe, Cu, V, Ni, Co, Sn, Ti, Mn, and Si) in
most mining and metallurgical waste are widely employed in the design of electroactive
materials for advanced energy applications [7-11]. For example, Ni-based materials are ex-
tensively used in supercapacitors [12,13], and Fe/Ni/Co-based materials are active for the
electrodes of batteries [14,15] and water splitting [16,17]. In this context, using mining and
metallurgical waste precursors to develop electroactive materials can significantly promote
the utilization of hazardous waste, lessen the negative eco-impacts of waste, and cut the
cost of electroactive materials. Following the circular economy principle, diverse mining
and metallurgical wastes have been recently employed for constructing effective electroac-
tive materials for sustainable energy storage/conversion systems, including rechargeable
batteries [18], supercapacitors [19], fuel cells [20], water electrolysis [21], and other small-
molecule conversions [22]. For example, Liu and coauthors found that red mud could be
used as an efficient anode material for Li-ion batteries (a high discharge/charge capacity
of 1668.1 mAh-g~! at 0.1 A-g~! after 200 cycles) via an acid pretreatment-hydrothermal
process method [23]. By integrating these waste-based materials into advanced electro-
chemical applications, the “waste-to-value” practice significantly promotes the sustainable
development of energy systems. However, a comprehensive review on the recent ad-
vances in the utilization of mining and metallurgical waste-based electroactive materials in
electrochemical energy applications remains unavailable.

Herein, we thoroughly analyze current achievements in the applications of mining
and metallurgical waste-derived electroactive materials in sustainable energy conver-
sion/storage fields, e.g., batteries, supercapacitors, fuel cells, and small-molecule electro-
conversion. We emphasize the strategies for performance optimization of electroactive
materials, and materials’ structure-performance relationships are also illustrated. In addi-
tion, perspectives in the rapidly developing field are presented for guiding future circular
economy-driven sustainable energy applications.

2. Mining and Metallurgical Waste-Based Electroactive Materials for Advanced
Energy Applications

Electrochemical energy storage and conversion techniques are highly important to
replace current fossil-fuel-based energy systems, with the ambitious goal to decarbonize
the global energy sector. Currently, rechargeable batteries, supercapacitors, fuel cells, and
energy-related electro-conversion of small-molecule (e.g., CO,, H,O, and NH3) systems
have shown practical applications on a large scale. To reduce the system running costs,
many efforts have been made to use low-cost electrodes and electrocatalysts. Mining and
metallurgical waste-based materials have thus been widely applied in these advanced
energy systems in recent years, as shown in Table 1. In this section, the utilization of
mining and metallurgical waste-based electroactive materials in advanced energy systems
is discussed, and methods to improve the material performance are emphasized.

Table 1. A summary of representative mining and metallurgical waste-based electroactive materials
for advanced energy applications.

Material

Waste Synthesis Method Application Performance

Si/TiSi, [24]

NiFe2 04 [25]

Mesoporous silicon
[26]

Ti-bearing blast

Induction Reversible capacity: 530 mAh g1

melting-mechanical LIBs ! 1
furnace slag ball milling (after 200 cycles at 0.8 A-g™")
Electroplating Hydrothermal LIBs Reversible capacity:
sludge process-acid washing 316.94 mAh-g~! (at 0.5 A-g~1)
Acid leaching- . . 1
Iron slag magnesiothermic LIBs Reversible capacity: 1566 mAh g

o1
reaction (after 30 cyclesat1 A-g™")
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Table 1. Cont.

Material Waste Synthesis Method Application Performance
Acid leaching- e 1 .
MoO,@coal gangue 2 Initial discharge capacity:
[27] Coal gangue hydrothermal LOBs 9748 mAh-g
process
Multi-doped Roasting—carbothermic Capacity: 117 mAhog_1 (at
LiFePO, /C [28] Steel slag reduction LIBs 0.15A-g7 1)
. Roasting-leaching— . —1
Cation-intercalated . 3 Capability: 317 mAh g~ (after
V,05-nH,0 [29] Vanadium slag hydrothermal AZIBs 4000 cycles at 20 A-g—)
process
Vanadium Alkali Capacitance: 151.5 F-g~ ! at
Fe, O3 [19] titanomagnetite fusion-hydrothermal Supercapacitors 1A g*1 (NiCo(O)S/ /Fe, O3
tailings process—pyrolysis ASC %)
Metal-doped . . . Capacitance: 135 F-g~! at
carbon [30] Metallurgical slag Pyrolysis Supercapacitors 05A-g~!
N Electroless nickel . . Energy density: 11.5 W-h-kg™!,
3-Ni(OH), [31] plating bath Precipitation Supercapacitors power density: 207.5 W-kgfl
Nickel-containing . _
Amorphous . . Capacitance: 599.8 C-g ! at
Ni(HCO3), [12] electroplating Hydrothermal method Supercapacitors 1Ag-1
sludge
Barium
slag-derived Barium slag Precipitation-heating DC-SOFCs ° Power: 249 mW-cm 2
catalyst [32]
Goethite [20] Mining mud Precipitation MFCs © Power: 17.1 W-m~2 at 20 Q
Sn@N/P-doped Electroplating . 7 FE 8 for HCOOH: 87.93% at
carbon [22] sludge Annealing CO2RR —1.05V vs. RHE?
CuPb . Chemical extraction— FE for CO: 41.1% at —1.05 V vs.
electrocatalyst [33] Fayalite slag electrodeposition CO:RR RHE
Metal-doped Electroplating S 10 Ammonia yield:
CuCryOy [34] sludge Calcination N2RR 159 ug-h*1 mgflcat
- Ammonia yield: 0.16 mmol cm 2
11 Y
Red mud [35] Red mud Ball milling NO3RR h-1 at —0.73 V vs. RHE
. Hydrometallurgical . 12 1710 13: 199 mV,, Tafel slope:
FeNiCuSnB [21] wastewater Boriding OER 53.98 mV-dec—1

Note: 1 LIBs: lithium-ion batteries; 2 LOBs: Li-O, batteries; 3> AZIBs: aqueous Zn-ion batteries; 4 ASC: asymmetric
supercapacitor; 5 DC-SOFCs: direct carbon solid oxide fuel cells; ® MFCs: microbial fuel cells; 7 CO,RR: CO,
reduction reaction; ® FE: Faradic efficiency; * RHE: reversible hydrogen electrode; ' N,RR: N, reduction reaction;
11 NO3;RR: NO;~ reduction reaction; > OER: oxygen evolution reaction; '3 719: overpotential at the current
density of 10 mA cm 2.

2.1. Batteries
2.1.1. Anode Materials

Rechargeable batteries with eco-friendliness, high energy density, and long cycling
stability have already been extensively employed in portable electronics, electric vehicles,
and grid energy storage [36,37]. In batteries, electrodes (anodes and cathodes) are critical
components that govern the working performance [38,39]. For anodes, materials with high
energy density, high power density, and good cycling stability are required. Anodes based
on carbon group elements (C, Si, and Sn) and transition metal (e.g., Fe and Ni) oxides
have been successfully developed from mining and metallurgical waste. Carbon materials,
like graphene and its analogues, are traditional anode materials for rechargeable batteries,
especially LIBs. However, the relatively low Li* transfer efficiency limits their practical
applications. To address this problem, studies have focused on composite materials. For
instance, starting from graphite tailings and coking coal, Fu and coauthors developed a
carbon-based composite by one-step pyrolysis [40]. With a lamellar structure, enhanced
isotropy, and rich N and S dopants, the composite has a high Li* diffusion coefficient
(6.26 x 10719-171 x 1071 cm?-s~1) under the charging state.

Si anodes have the merit of higher theoretical specific capacity than graphite (4200 vs.
372 mAh-g~!), and thus growing attention has been paid to developing earth-abundant
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Si-based anode materials [41,42]. Current efforts emphasize the nanostructure design
and composite construction. Chun and coauthors fabricated a highly mesoporous silicon
(Porous-Sigjag) from waste iron slag (Figure 1a) [26]. The scanning electron microscopy
(SEM) images show that Porous-Sigj,g possesses a rough surface and consists of intercon-
nected nanoparticles with small size (<30 nm) (Figure 1b,c), and it has a specific surface area
(SSA) of 438 m?-g~!. Also, rich pores can be identified in the structure. These structural
properties benefit the exposure of a large electroactive surface area and strengthen the
resistance to structural deformation during the charge/discharge process. As such, Porous-
Sislag exhibits higher rate capability and cycle stability than commercial Si-based analogues
(Figure 1d,e). Si-based composites from mining and metallurgical waste also show high
performance as anodes for LIBs, such as waste vermiculite-derived Si/C [43], coal gangue-
based hierarchical porous C/SiOx [44], and blast furnace slag-derived Si/TiSip [24]. The
combination of two components can not only enhance the electrochemical activities but also
alleviate volume change of anodes during cycling. Sn-based materials are also promising
anodes for practical batteries for their relatively high theoretical capacity (992 mAh-g~!)
and good operating safety [45]. Rich in Sn, electroplating sludge can be converted into
the Sn@C composite via a bacteria-involved process (Figure 1f) [46]. In the rod-shaped
Sn@C composite, Sn nanoparticles are evenly distributed on the carbon without obvious
agglomeration (Figure 1g—i). Further electrochemical tests indicate that the Sn@C composite
has a Coulombic efficiency (CE) of 70.3% and a high reversible capacity of 297 mAh-g~! at
10 A-g~! (Figure 1j). Also, the Sn@C composite exhibits a good long-term cyclic stability
for 1500 cycles at 1 A-g~! (Figure 1k).

Earth-abundant transition metal-based oxide (TMO) materials have high theoreti-
cal capacities of 600-1200 mAh g’l, as the anode materials of LIBs [47]. Together with
their good thermal/chemical stability, facile preparation, and low cost [48], mining and
metallurgical waste-derived TMOs are favorable choices for anode materials. By a facile
chemical precipitation process, a-Fe,O3 nanoparticles can be obtained from the leaching
liquor of tin ore tailings [18]. Interestingly, the choice of precipitants has a prominent
impact on the electrochemical performance of x-Fe,O3 products. Compared with sodium
hydroxide and ammonia, the utilization of sodium carbonate leads to a more active anode
material, which may be due to the formation of interconnected structures. The optimal
one shows a high reversible discharge capacity over 1100 mAh-g~! after 300 cycles at
0.5 A-g~!. Further analysis suggests that pseudocapacitance largely contributes to Li*
storage in «-Fe;Os3. y-Fe;O3 also exhibits good electrochemical performance as an LIB
anode material. Suryawanshi et al. extracted a composite oxide material (y-Fe;O3; ma-
jor phase with inter-dispersed Ti/Si/ Al oxides) from red mud via a magnetic separation
process (Figure 2a) [49]. The full cell assembled with the y-Fe;O3 anode and LiMn;O4
cathode has high power capability, good capacity retention, and long-term cyclability
features, as displayed in Figure 2b,c. It has been found that y-Fe,Oj3 is responsible for
the high activities, while those inactive oxides (Fe,TiOy, SiO;, and Al,O3) could help to
sustain the stability of the anode by alleviating the electrode volume expansion during
the charge/discharge process. The critical role of such inactive components in anodes is
also supported by Liu and coworkers, who developed a x-Fe,O3 phase-dominant anode
material from red mud with an acid pretreatment-hydrothermal method [23]. To enhance
the electrochemical performance of monometal oxides, introducing a second active metal
to form mixed metal oxides is recommended. Weng et al. constructed a NiFe,O4 anode
material from electroplating sludge with a two-step hydrothermal treatment-acid-washing
method (Figure 2d) [25]. The X-ray diffraction (XRD) pattern of the final product shows a
high proportion of NiFe,O4 phase (Figure 2e), and little amounts of other metal (e.g., Cu
and Cr) oxides also exist in the solid. The NiFe,O4 product is in the form of nano-spherical
particles with a small diameter (<100 nm) (Figure 2f). Interestingly, the NiFe,O,4 anode has
a CE of 67.81%, and it exhibits a high reversible capacity of 513.15 mAh-g~! at 0.1 A-g~!
(Figure 2g,h). Although the Fe precursor is additionally added for the formation of Ni-Fe
oxides, this study provides a feasible way to utilize multi-metal complex waste.
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Figure 1. (a) Scheme of the synthesis of Porous-Sig|,; from waste iron slag. (b,c) SEM images
of Porous-Sigj,g. (d) Cycling properties of C-Si-micro, C-Si-nano, and C-Porous-Sigj,g at 1 A-gl.
(e) Long-term cycling performance and CE of C-Porous-Sigjag at 1 A-g~1. Reprinted with permission
from ref. [26]. Copyright 2015 Royal Society of Chemistry. (f) Schematic of the fabrication process of
Sn@C from tin-plating sludge. (g) SEM image of Sn@C. (h) Transmission electron microscopy (TEM)
and (i) high-resolution TEM images of Sn@C. (j) Specific discharge capacity of Sn@C from 0.1 to
10 A-g~ L. (k) Cyclic performance of Sn@C as the anode of LIB at 1 A-g~!. Reprinted with permission
from ref. [46]. Copyright 2019 American Chemical Society.

2.1.2. Cathode Materials

Cathode materials are an essential part of rechargeable batteries, and cathode materials
with high electrochemical performance, low cost, and good working stability are necessary
for the development of practical battery systems [50]. The design of cathode materials
is closely related to the battery type. For example, LiFePO, and LiNij_x—yCoxMnyO,
(NCM) are the most widely studied cathode materials for LIBs, and they have already been
commercialized in diverse energy devices [51]. To meet the growing demand of critical
metals in LiFePO4 and NCM, a series of metal-rich mining and metallurgical wastes have
been used to fabricate these cathode materials. Steel slag [28], titanium dioxide slag [52],
Fe-P waste slag [53], chelate slag [54], vanadium-bearing slag FeSO4-7H,O [55], waste
slag [56,57], extracted vanadium residue [58], and lithium extraction slag [59] are favorable
precursors for LiFePO, /NCM-based cathode materials. For instance, Yang et al. developed
a phosphoric acid mixture selective leaching technique to selectively remove impurity
elements (e.g., Mn, Cu, and Ni) from lithium extraction slag, and the recovered FePOy (R-
FePOy) can be directly used as a battery-grade cathode material [59]. Of note, the cost of R-
FePOy is significantly lower than that of the commercial counterpart (USD 1.35 vs. 2 kg™1),
indicating the huge economic benefit of reusing waste to construct cathode materials.
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Figure 2. (a) [llustration of the extraction of y-Fe;O3 from red mud. (b) Rate performance of the
LiMn;yO4 /v-FepOs full cell and (c) long cycling performance of the LiMn, Oy /y-Fe, O3 full-cell at
1A g_l. Reprinted with permission from ref. [49]. Copyright 2016 John Wiley and Sons. (d) Scheme
of the preparation of NiFe,O, nanoparticles from Ni-plating sludge. (e) XRD pattern and (f) SEM
image of final products after acid-washing treatment. (g) Specific discharge capacity evolution at
different charge /discharge rates. (h) Charge/discharge voltage results of NiFe;O4 from 0.1to 5 A-g~!
Reprinted with permission from ref. [25]. Copyright 2020 Elsevier.

However, LiFePO4 and NCM have some disadvantages as cathode materials, such
as low conductivity and mediocre activity. To overcome these limitations, waste-derived
metal-doped LiFePO, and LiFePO4/NCM-based composites have gained interest [58].
Starting from FeSO,-7H,O waste slag, Wu and coworkers developed a Ti-doped LiFePO,
material by a precipitation—ambient temperature reduction method [56]. In the Ti-doped
LiFePOy, Ti atoms occupy the Li site, leading to cation-deficient solid solution. The waste-
derived Ti-doped LiFePOy cathode can deliver a capacity of 161 mAh-g~! at 0.1 C and
also exhibits high cycling stability at 2 C. Integrating waste-derived LiFePOy4 with a highly
conductive carbon material would significantly improve the performance of cathode mate-
rials. Using Fe-P waste slag and glucose as precursors, Kang et al. designed a LiFePO,/C
composite [53]. The LiFePO,/C with 5.9 wt % carbon has the lowest internal resistance
and thus shows improved reaction activity, power capability, and reversibility, as well
as decreased polarization degree. Combining the beneficial effects of metal doping and
carbon introduction, the preparation of multi-doped LiFePO,/C from steel slag has been
performed [28]. Compared with bare LiFePO,/C, the presence of Mn, V, and Cr dopants
contributes to lower capacity degradation with increasing charge/discharge current density
because of improved electrochemical reactivity.

Aside from the LIBs, a group of mining and metallurgical waste-based cathode materi-
als have been successfully applied to AZIBs, Li-S batteries (LSBs), and LOBs. AZIBs with
high safety and low cost are emerging energy storage devices, and My V,05-nH,O (M = Mg,
Ca, Al, etc.) has attracted growing interest as a cathode material [60,61]. In 2022, Chen
and coauthors converted vanadium slag into multi-ion (Fe, Mg, and Ti) pre-intercalated
V,05-nHpO (M VO) via an oxidation—acidification-hydrothermal process (Figure 3a) [29].
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pouch cell, and Figure 3e suggests that the pouch cell has high rate capability with low
polarization at the low temperature of —20 °C. LSBs are promising secondary batteries
for their large theoretical energy density (2600 Wh-kg~!) and high theoretical capacity
(1675 mAh-g_l) [62]. Nevertheless, the electrochemical reaction kinetics and shuttle effect
of lithium polysulfides (LiPSs) need further improvements, and robust cathode materials
are highly required. Using an electroplating sludge precursor, a nano-FesC@N,P co-doped
porous carbon (Fe3C@NPC) material has been designed [63]. Benefiting from the main
exposed active Fe3C (220) crystal plane, large SSA, and hierarchically porous spherical struc-
ture, the Fe3C@NPC cathode material exhibits a high reversible capacity (>570 mAh-g~! at
1 C, after 500 cycles) and a high reversible CE (over 99%).
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Figure 3. (a) Illustration of the synthesis of ion-intercalated V,05-nH,O (M,VO). (b) SEM and
(c) TEM images of My VO. (d) Charge/discharge curves of M, VO from 0.2 to 50 A~g_1. (e) Rate
performance of flexible Zn/Mx VO pouch cell. Reprinted with permission from ref. [29]. Copyright
2022 Royal Society of Chemistry. (f) Scheme of the fabrication of MoO,@coal gangue. (g) SEM image
of MoO,@coal gangue. (h) Scheme of LOBs. (i) Discharge/charge cycling profiles of MoO,@coal
gangue-based LOBs at 100 mA g‘1 (cut-off capacity: 1000 mAh- g_l). Reprinted with permission
from ref. [27]. Copyright 2023 John Wiley and Sons.

LOBs attract great scientific interest for their ultrahigh theoretical energy density
(3500 Wh~kg’1) [64]. The main performance limitation of LOBs is the sluggish electrode
reaction kinetics, namely, the oxygen evolution/reduction at the cathode. Starting from coal
gangue, Sun and coauthors developed an acid—alkali activation process to fabricate an amor-
phous SiCx /SiOx catalyst with abundant functional groups and rich oxygen vacancies [65].
The SiCx /SiOx catalyst involved LOBs and has a high discharge capacity (9156 mAh-g~1)
and boosted cycling stability (>350 h). However, the oxygen evolution/reduction perfor-
mance of the SiCx/SiOx catalyst is unclear. For another coal gangue-derived MoO,@coal
gangue electrocatalyst prepared by an acid leaching-hydrothermal process (Figure 3f,g) [27],
density functional theory (DFT) calculations suggest that the unique amorphous/crystalline
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structure, the synergistic effect between stable SiO, and highly active MoO,, and the regu-
lated LiO, intermediate adsorption altogether contribute to the high performance (a high
initial discharge capacity of 9748 mAh-g~! with a long-term cycling stability > 2200 h;
Figure 3h,i).

The wide applications of mining and metallurgical waste-derived metal oxides, silicon
(oxides), and related composites in rechargeable batteries well demonstrate the feasibility
of developing waste-based electrodes for next-generation low-cost battery systems. The
elaborate control of chemical composition, size, and nanostructure helps to develop high-
performance waste-derived electrode materials, and many of the waste-derived materials
show comparable performances to those prepared from commercial chemicals.

2.2. Supercapacitors

Supercapacitors are widely used as portable power storage devices because of their
high power density and fast charge/discharge process, as well as good cycling stability [66,67].
Low-cost metal-based materials exhibit high charge storage capacities governed by electri-
cal double-layer capacitance and/or pseudocapacitance. Recently, many metal-rich mining
and metallurgical waste-derived metal (hydr)oxides and composite materials have been
investigated for the supercapacitor application.

2.2.1. Metal (Hydr)oxide Materials

The capacitance of metal (hydr)oxides is significantly related to their theoretical-
specific capacitance and nanostructure. Fe/Ni/Co-based (hydr)oxides with high intrinsic
redox activities are widely studied in electrochemistry [68]. These metal elements are also
rich in different mining and metallurgical wastes, giving the opportunity to develop high-
performance electrodes from waste. Chen et al. designed an Fe,O3 material from vanadium
titanomagnetite tailings with the Fe-based metal-organic framework (MOF) as a reaction
intermediate (Figure 4a) [19]. Derived from the MOF precursor, the as-prepared Fe,O3
material has a small particle size and loose porous structure, which contributes to large
SSA and finally benefits the electrolyte/charge transfer. The assembled NiCo(O)S/ /Fe;O3
asymmetric supercapacitor outperforms a series of Fe,O3-based supercapacitors and can
preserve 80.2% capacitance after 7000 cycles at 5 A-g~! (Figure 4b,c). Red mud [69] and
ground-granulated blast furnace slag [70] also show high potential as precursors of Fe;O3
to construct supercapacitors. Nickel bicarbonate is another widely used electrode for
supercapacitors. Hou and coworkers have designed amorphous hollow Ni(HCO3), from
Ni-containing electroplating sludge via a hydrothermal method [12]. Interestingly, the
Ni(HCOs3); spheres self-assemble into a hollow sphere structure, and the surface of the
integrated sphere possesses abundant nanowires. The as-formed structure benefits the full
contact of electrolyte and electrode, and further accelerates the electrochemical reactions.
The optimal sample with ascorbic acid (AA) as the complexing agent shows a better activity
than its analogues, and it can provide a high rate capability of 61.02% at 10 A-g~! and a
good cycling performance (52.09% capacitance retention after 1000 cycles).

Transition metal-based layered double hydroxides (LDHs) synthesized from electro-
plating sludge have been used for supercapacitors [31,71]. The 3-Ni(OH), powder prepared
from a spent electroless nickel plating bath has a high specific capacitance of 332 F-g~!
at 5 mV-s~!, mainly due to the pseudocapacitance property of 3-Ni(OH); [31]. For the
NiFeAl LDHs hydrothermally synthesized from electroplating sludge, the utilization of
urea in the synthesis process leads to decreased particle size and large SSA [71]. In addition,
the presence of the urea-derived -O-C=N group on the NiFeAl LDH surface promotes
electron transfer efficiency and further improves the high supercapacitor performance
(specific capacitance of 1652.20 F-g~! at 0.5 A-g~!, and 46.4% capacitance preserved after
1000 cycles). In this study, the performance is centrally ascribed to active Ni by the authors,
while the role of Fe and Al in the LDHs is unclear.
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Figure 4. (a) Scheme of synthesis of Fe;O3 from vanadium titanomagnetite tailings and its utilization
in asymmetric supercapacitors. (b) Ragone plot of NiCo(O)S/ /Fe,O3 asymmetric supercapacitor
and its counterparts. (c) Long-term cycling profile of NiCo(O)S/ /Fe;O3 asymmetric supercapacitor.
Reprinted with permission from ref. [19]. Copyright 2023 Royal Society of Chemistry.

2.2.2. Composite Materials

Aiming at improving the conductivity and activity of metal (hydr)oxides, some min-
ing and metallurgical waste-derived composite materials have been developed [72,73].
Integrating highly conductive carbon materials (e.g., graphene (oxide) [74-76] and biomass
carbon [30]) with waste-derived metal materials is extensively studied to construct high-
performance electrode materials [77]. For example, Muthukannan et al. prepared an
Fe304/rGO composite via a hydrothermal process from iron ore tailings [74]. With en-
hanced interfacial conductivity and augmented resourceful surface area, the composite
outperforms the corresponding single-component electrode materials.

Alternatively, the combination of two electroactive materials is another way to con-
struct efficient electrode materials for supercapacitors [78]. For instance, Hou and coau-
thors converted nickel-containing electroplating sludge into an Fe, Al dual-doped «-
Ni(OH), /Ni(HCO3); composite for pseudocapacitors [79]. This composite makes full
use of different metal elements (Ni, Fe, and Al) in the electroplating sludge. Interestingly,
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Al and Fe dopants increase the interlayer distance of x-Ni(OH), and thus promote the
diffusion of OH™ and enhance the electrochemical activity of the composite. Additionally,
the «-Ni(OH), /Ni(HCO3), composite with a hierarchical structure offers abundant elec-
troactive sites for the OH™ in the electrolyte and full contact of reactants. Benefiting from
these advantages, the a-Ni(OH), /Ni(HCOj3), composite-based asymmetric supercapacitor
attains a large energy density of over 30 Wh-kg ! at 0.37 kW-kg 1.

As important energy storage devices, supercapacitors hold the promise of efficient
portable power storage. The development of mining and metallurgical waste-derived
electroactive materials largely cuts the fabrication cost of supercapacitors. With rich transi-
tion metals, mining and metallurgical waste can be used to develop materials (e.g., metal
(hydr)oxides and their composites) with high electrical double-layer capacitance and pseu-
docapacitance. Waste-derived nanostructured electroactive materials with high SSAs are
favorable for the supercapacitor application.

2.3. Fuel Cells

Fuel cells are promising eco-friendly devices to convert chemical energy of fuels
into electrical energy, which have been commercialized to supply energy to stationary
and portable facilities [80-82]. Depending on the property of fuels (e.g., carbon, H;, and
methanol) and electrolytes (e.g., polymer electrolytes, solid oxides, molten salts, and
alkalis), diverse fuel cell systems have been developed. In fuel cells, electroactive materials
are important for the system efficiency and capacity. To date, a group of mining and
metallurgical waste-derived electroactive materials have been fabricated for applications in
DC-SOEFCs [83], direct methanol fuel cells (DMFCs) [84], and MFCs [85].

DC-SOFCs can directly convert solid carbon’s chemical energy into electricity via
the electrooxidation reaction [86]. In the anode chamber, the efficiency of the reverse
Boudouard reaction largely governs the performance of DC-SOFCs. As such, designing
cost-effective catalysts for the Boudouard reaction is highly urgent. Recently, strontium
slag [32,83] and steel slag [87] have been used for constructing Boudouard reaction catalysts.
In Han et al.’s study, the application of strontium slag-derived catalysts can improve the
DC-SOFC output from 189 to 248 mW-cm 2 at 850 °C, and the improved system attains
a fuel utilization of 25.6% [83]. However, it is quite challenging to figure out the catalytic
mechanism and the catalytically active site because the strontium slag-derived catalyst is
a mixture of SrCO3, CaCO;3, FepO3, MgO, and Al,Os. For the steel slag—derived catalyst,
Jiao et al. proposed that the main active components were oxides of calcium and iron [87],
but no solid evidence has been provided. To improve the performance of DMFCs, red mud
has been used to modify chitosan-polyvinyl alcohol (PVA) membranes [84]. Note that red
mud enhances the ion exchange capacity, thermal stability, and bound water content of the
composite membrane. The three-component membrane can provide a maximum power
density of 44 mW-cm~2 at 140 mA-cm 2.

MECs are important bioelectrochemical devices for simultaneous energy generation
and wastewater treatment [88]. The power output of MFCs is largely affected by the
electron transfer efficiency, which can be regulated by applying anode materials. Jadhav
et al. found that the application of heat-treated goethite (recovered from mining mud) as
the anode active material could lead to a fivefold increment in power, compared with the
bare stainless-steel anode (17.1 vs. 3.5 W-m~3) [20]. The main reason is that the presence
of goethite promotes the electron transfer efficiency between bacteria and the anode. In
another sediment microbial fuel cell (SMFC), the application of steel slag also increases the
generated power through decreasing the concentration loss during the electron transfer
process from bacteria to anode [85].

Currently, only several studies have focused on mining and metallurgical waste-
derived electroactive materials for fuel cell applications. Most of these waste-derived
materials show a complex composition of metal oxides, and more studies are suggested to
figure out the contributions of different components to electrochemical performance with
quantitative and advanced analytical techniques.
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2.4. Small-Molecule Conversion

Recently, the electrochemical conversion of small molecules (e.g., CO,, H,O, O, and
N») has aroused great research interest due to their critical role in energy conversion
and energy-related carbon neutrality processes [89-93]. Electrocatalysts are critical for
the conversion of small molecules, which can tune the reaction selectivity, reduce the
reaction energy barrier, and accelerate the reaction kinetics [94,95]. In this context, catalysts
with high activity, good stability, and low cost are highly needed. Hitherto, some catalysts
developed from mining and metallurgical waste show promising performance towards CO,
reduction, N, /nitrate reduction, and water oxidation, which are detailed in this section.

2.4.1. Materials for CO, Reduction

Electrochemical reduction of CO; to value-added fuels and chemicals is an important
route to utilize the excess greenhouse gases. The reduction products are highly catalyst-
dependent, and Sn, Cu, Ag-based catalysts are extensively studied. Zhong et al. developed
a Sn@NPC catalyst (Sn nanoparticles loaded on N, P co-doped carbon) from Sn electroplat-
ing sludge [22]. The Sn@NPC catalyst exhibits a high FE (87.93%) for HCOOH at 1.05 V vs.
RHE. DFT calculations suggest that SN@NPC can improve the adsorption of CO,/*OCHO
and the desorption of *HCOOH, leading to promoted performance. Using fayalite slags
as the metal precursor, Yang and coauthors designed a series of copper—lead catalysts
with varying Cu/Pb ratios for CO; reduction (Figure 5a) [33]. It is interesting to find a
volcano-shape relationship between product selectivity toward CO and HCOOH and the
Cu/Pb ratio of catalysts (Figure 5b,c). To attain a high FE for the CO product, Cug.goPb1.q0
is preferred. Further in situ analysis suggests that the optimized Pb amount can effectively
improve the reducibility of Pb?* and Cu!* species in pristine catalysts to metallic Pb and
Cu (Figure 5d), thereby boosting the CO selectivity by synergistic effects of Pb? and Cu’.

CO; reduction in microbial electrolysis cells (MECs) has also been investigated. In
MEC:s, potential can be generated at bioanodes by organic substrates, and less power is
needed for cathodic CO; reduction than in conventional electrolytic cells [96]. Yuan et al.
developed a pyrolysis process to convert electroplating sludge into an active catalyst for
CO; reduction in a MEC [97]. The sludge-derived catalyst can promote the CO,-to-methane
conversion with a production rate of ~42 mmol-h~!-m~2. However, the multiple phases
(e.g., FeNi, CuNi, CuFeS, NiO, Cu;0O, and Ni(OH);) in the catalyst make it quite difficult to
investigate the CO; reduction mechanism on an atomic scale.

2.4.2. Materials for N, /Nitrate Reduction

Electrocatalytic Nj /nitrate-to-ammonia conversion has become a promising process to
produce green ammonia, which is a high-density energy carrier. To obtain a high ammonia
yield and selectivity at lower cost, efforts have been made to design electrocatalysts from
mining and metallurgical waste. With a Cu, Cr-containing electroplating sludge precursor,
Zhang et al. designed CuCr,O4-dominated phase catalysts for N, reduction [34]. Under am-
bient conditions, the electroplating sludge-derived catalyst shows a higher ammonia yield
than the counterpart synthesized from pure reagents (15.9 vs. 9.8 pug-h~!-mg~1c,). The
reason should be the high amounts of Fe, Mg dopants, as well as the rich oxygen vacancy
in the sludge-derived catalyst. In another study, four electroplating sludge samples have
been used to synthesize ZnCr,O4, CuCr,Oy4, and NiCr, Oy catalysts for N, reduction [98].
Among the three catalysts, CuCr,O, shows a higher NHj yield of 8.86 ug-h~1-mg !4
(—0.9 V vs. RHE), with an FE of 0.57%. The authors also pointed out the beneficial role of
metal dopants and oxygen vacancy in the N, adsorption and reduction processes.

Compared with N, reduction, nitrate-to-ammonia conversion is easier because the
breaking of polar N-O bonds is more feasible than the splitting of inert N=N [99]. Recently,
Xu et al. directly used red mud for nitrate reduction [35]. The red mud catalyst has a
complex phase property, and Fe;O3, AIO(OH), CaCO3, katoite, and cancrinite can be
identified. The authors suggested that Fe,O3 (mass ratio of 29.2%) is the active phase for
nitrate reduction. At —0.73 V vs. RHE, the catalyst shows a high NH3 generation rate of
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Figure 5. (a) Illustration of fabrication of Cu-Pb catalysts from fayalite slags. (b) FE and (c) production
rates of main products for Cu-Pb catalysts at —1.05 V vs. RHE. (d) Scheme of the in situ reconstruction
of Cu-Pb catalysts during CO, reduction. Reprinted with permission from ref. [33]. Copyright 2022
John Wiley and Sons.

2.4.3. Materials for Water Oxidation

Hydrogen energy is important for the sustainable development of clean energy sys-
tems [100-102]. Water electrolysis is an efficient route to produce high-purity hydrogen
fuel in a sustainable and green manner [103-105]. Compared with the two-electron hydro-
gen evolution reaction (HER) at the cathode part, the four-electron OER is more energy-
demanding and limits the water electrolysis efficiency [106-109]. As such, developing
high-performance OER catalysts is an urgent mission. Recently, some studies have con-
structed catalysts from hydrometallurgical wastewater [21,110]. Chen et al. developed a
boriding method to convert multiple metal ions in hydrometallurgical wastewater into a
series of FeNiCuSnB (FNCSB) catalysts with different element ratios (Figure 6a) [21]. The as-
prepared FNCSB catalyst shows a coral-like interconnected nanostructure, with rich pores
(Figure 6b,c). Compared with the commercial RuO, catalyst, FNCSB catalysts exhibit better
performance towards OER, in terms of 719 and Tafel slope (Figure 6d,e). In particular, the
composition-optimized FNCSB-4 (Fe4.gNisg.4Cug.9Sn1.3B25.10528.5) has a low 7719 of 199 mV
and a Tafel slope of 53.98 mV dec™!, outperforming a group of transition metal-based cata-
lysts (Figure 6f). The same research group also developed an electrodeposition—electrolysis
technique to develop bifunctional NiCoMn layered triple hydroxide electrocatalysts for
hydrogen production from wastewater [111].
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Figure 6. (a) Scheme of the boriding conversion process. (b,c) SEM images of FNCSB-4. (d) Current
densities at 1.50 V vs. RHE and #79, and (e) corresponding Tafel plots of FNCSBs and the RuO,
catalyst. (f) Comparison of OER performance of FNCSB-4 and a group of transitional metal-based
catalysts. Reprinted with permission from ref. [21]. Copyright 2021 Elsevier. (g) Illustration of the
conversion of Ni?* to NiCaFe-LDH catalyst. (h) TEM image of NiCaFe-LDH-30. (i) Linear sweep
voltammetry curves and (j) corresponding Tafel plots of catalysts. (k) DFT calculations of OER free
energy profiles of Ni(OH),, RuO;, and NiCaFe-LDH. Reprinted with permission from ref. [112].
Copyright 2022 John Wiley and Sons.

To make use of Ni?* in electroplating wastewater, Chi et al. used CaFe-LDH as a
mineralizer to develop a NiCaFe-LDH catalyst (Figure 6g) [112]. The optimal NiCaFe-LDH-
30 catalyst has a nanosheet structure, with a mean size of 94 nm (Figure 6h). Electrochemical
tests suggest that NiCaFe-LDH-30 possesses better OER performance (7719 = 248 mV, Tafel
slope = 77 mV dec~!) than Ni(OH), and CaFe-LDH, as well as the RuOj catalyst (Figure 6i,).
The high activities of NiCaFe-LDH are further explained by DFT calculations (Figure 6k).
The OER potential-determining step (PDS) of NiCaFe-LDH is the Step Il with an energy
barrier (AGy) of 1.50 eV, which is lower than that of Ni(OH), (PDS: Step II, AGyy = 2.69 eV)
and RuO; (PDS: Step III, AGyy; = 1.56 eV).

Electrochemistry-driven small-molecule conversion is critical for the decarbonization
of global energy systems, and the development of cost-effective catalysts is urgent. Current
efforts in converting mining and metallurgical waste into nanostructured electrocatalysts
(e.g., metal oxides, hydroxides, alloys, borides, and related composites) would largely
sustain the development of related electrochemical energy conversion processes. As elec-
trocatalytic performance is sensitive to the surface morphology and electronic properties
of catalysts, many studies have emphasized composition regulation and nanostructure
control to obtain high-performance waste-derived catalysts.
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3. Conclusions and Perspectives

In this review, the recent achievements in the application of mining and metallurgical
waste-derived electroactive materials for advanced energy systems (batteries, supercapaci-
tors, fuel cells, and small-molecule conversion) are comprehensively analyzed. The waste-
to-electroactive materials conversion methods, performance, and structure-performance
relationships are well illustrated. In some cases, the waste-derived electroactive materi-
als outperform those synthesized from stored chemicals, suggesting the high potential
of developing waste-based cost-effective materials. Nevertheless, there are some central
challenges that need further exploration.

First, it is important to identify the origin of the electrochemical activity of mining and
metallurgical waste-derived materials, since most mining and metallurgical waste has a
complex composition, with diverse impurities. This feature makes it difficult to investigate
the active sites that are involved in electrochemical reactions. Thus, one should carefully
check the chemical composition and phase structure of waste-derived materials with ad-
vanced techniques (e.g., inductively coupled plasma spectroscopy, TEM, and XRD), which
can provide useful information for the analysis of physicochemical property—performance
relationships.

Second, it is feasible to co-transform mining and metallurgical waste and biowaste
for constructing high-performance carbon-based composite materials, as a main group of
mining and metallurgical waste-derived materials are in the form of metal (hydr)oxides
which have a disadvantage of low conductivity. Via integrating biowaste-derived conduc-
tive carbon, it is foreseeable that low-cost carbon-based hybrids would outperform the
single metal (hydr)oxide counterparts. In addition, biowaste-to-carbon material conversion
also can help to tackle biowaste-related pollution issues.

Third, mining and metallurgical waste-derived materials can be applied in large-scale
industrial applications. Current studies have verified the feasibility of using mining and
metallurgical waste-derived materials in diverse energy systems on a lab scale. To meet
the requirements of industrial applications, it is necessary to develop efficient methods to
realize the large-scale preparation of electroactive materials from mining and metallurgical
waste. Also, testing the activity and stability of these waste-derived materials in industrial
energy devices is crucial for their further applications.
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