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Over 30 years of development, lithium–ion batteries (LIBs) have been well applied
in smart electronics, electric automobiles, and energy storage systems. Emerging
Li–sulfur, metal–air, and all-solid-state batteries also demonstrate great promise for
highly efficient energy storage systems. Nanotechnology-enabled materials played
very important roles during these batteries’ development and are promising in dri-
ving higher-performance batteries.

7.1 Nanomaterials in Li–ion batteries
In 1991, Sony released the first commercial LIB, which has achieved a large-scale
application in smart electronics, electric vehicles, and power stations due to the ad-
vantages of high energy, stable working voltage, wide operating range, and good
stability. Nanomaterials have made vital contributions with the updating technology
requirements for the improved performance of LIBs.

7.1.1 Avoid side reactions on the electrode
As a material most used in anode of LIBs, energy storage is accomplished by inter-
calating lithium ions into the graphite interlayer: 6 C + xLi+ + xe–→ LixC6 (0<x<1),
resulting in the lithium storage capacity of 372 mAh/g. The advantage is that the
graphite crystal structure is maintained during the lithium storage process; thus,
the graphite has good cycle stability. However, side reactions during graphite lithi-
ation limit its further development. For example, graphite undergoes irreversible
side reactions with commonly used organic electrolytes. Although the byprod-
uct does not affect Li+ transfer, it can cause the exfoliation of graphite sheets
and the reduction/decomposition of electrolytes. Therefore, strategies have been
developed to protect the graphite anodes [1]. Nano-coatings are effective ways
to block the side reactions between graphite and electrolyte. Amorphous carbon,
metal/metal oxides, and polymers commonly use nano-coatings. Amorphous car
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bon coating is typically deposited using the organic and polymer as precursors by
thermal vapor deposition (TVD) and high-temperature annealing in an inert atmos-
phere. Constructing a metal or metal oxide coating with a nanoscale thickness onto
the graphite can also effectively reduce side reactions to enhance the rate perfor-
mance of the anode [2–4].

LiNi1−x−yMnxCoyO2 (0 ≤x, y, x+y≤0.5 NMC) is a widely used cathode mate-
rial and can supply about 200 mAh/g capacity [5]. Because of the substantial mix-
ing between the 3d orbit of Ni and the 2p orbit of oxygen, the delithiated Ni-rich
cathode suffers the side reaction in nonaqueous electrolytes that leads to the bat-
tery capacity drop, interface resistance increases, and battery safety decline. Several
protective strategies have been reported to prevent Ni-rich cathodes from adverse
reactions [6,7]. In general, a chemically inert nano-coating can block the side reac-
tions, enabling the cathode to have good cycle stability. The coatings typically con-
sist of various oxides, fluoride, or phosphate with a particle size of 5~20 nm. The
core–shell nanostructure of Ni-rich cores and Mn-rich shells is another good strat-
egy. Compared with the Ni-rich counterpart, the Mn-rich phase has a lower capacity
but better interfacial stability in nonaqueous electrolytes. Core–shell separation dur-
ing cycling due to the lattice characteristic of the materials is a major challenge lim-
iting this strategy. The core–shell structures with the nano-functional full-gradient
have been developed to eliminate the mismatch of the lattice parameters between the
core and shell. The Ni concentration decreases gradually from the inner core to the
outer shell. Meanwhile, the Mn concentration gradually increases [8]. The full-gra-
dient approach through nanotechnology shows that the Ni-rich core has high-energy
density and that the Mn-rich outer layer has high thermal stability. Moreover, the
aligned needle-like nanoparticles assure the cathode has an excellent rate perfor-
mance. In a full cell test, the material with nano-functional full-gradient can deliver
200 mAh/g capacity and good cycling stability.

7.1.2 Improve electron/ion transport path
A good conductive network for electrons and the short distance of ions transport are
necessary conditions for electrode materials with high-rate performance. Nanomate-
rials can shorten the transport of ions and electrons compared to micronized materi-
als.

Nanostructured LiFePO4 has been successfully constructed to pave the way
for its application in hybrid electric vehicles (HEVs) and electric vehicles (EVs).
Because LiFePO4 has significantly higher-power density, longer service life, and
higher safety than LiCoO2, it has been widely used in energy storage systems. Re-
lated studies have confirmed that the polyanionic framework in LiFePO4 restricts
the conductivity. Nanosized LiFePO4 can effectively reduce the electron transport
length. Another factor limiting the kinetic performance of LiFePO4 is the poor per-
colation properties in its one-dimensional diffusion channels. The diffusion coeffi-
cient of Li+ along the (010) direction in one-dimensional channels was obtained by
Ab initio calculations, suggesting that the Fe ions occupation in Li sites (antisite de
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7.1 Nanomaterials in Li–ion batteries 3

fects) can prevent Li+ from hopping through the crystal structure [9]. In addition, the
diffusion of Li+ along the (001) direction is significantly delayed to block Li diffu-
sion, resulting in a large electrochemical polarization and worse rate performance.
Therefore when the LiFePO4 is decreased to a critical value, the number of trapped
Li ions can be significantly reduced.

7.1.3 Inhibit electrode cracking and powdering
The intercalation-type materials such as graphite have small volume changes
(<10%) since the lattice characteristic is not changed during the lithium ions interca-
lation. The alloy-type materials generally own a significantly larger Li ions storage
capacity than the graphite anode. As the typical alloy anode, silicon has a capacity
of 3579 mAh/g for Li ions storage; however, Si suffers a large volume change of
420% during (de)lithiation causing the rapid capacity loss of LIBs. The mechanical
stress resulting from volumetric change is the vital factor limiting the application of
alloy-type anode material of Ge and Sn by 260% and P by 300% in the volumetric
changes (Fig. 7.1A) [10]. The mechanical stress induced by these significant volume
changes results in mechanical failures, such as material fracture, pulverization, and
separation from the current collectors, significantly shortening the cycle life.

Nanomaterials can alleviate volume expansion and resist the mechanical failure
of the electrode. The critical fracture size of electrode materials depends on the ma

FIGURE 7.1
(A) Cracking and fracture of alloy-type active particles over lithiation/delithiation cycling [10].
Copyright 2017, Reproduced with permission of American Chemical Society. (B) Voltage ver-
sus capacity for cathodic and anodic materials. (C) The voltage windows for electrolyte stabil-
ity and the formed SEI.
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terial’s lithiation mechanism, physical properties, and volumetric change ratio. The
mechanism of stress generation, particle mechanical failure, and the reasonable size
of Si particles were systematically studied by TEM. A particle smaller than 150 nm
can accommodate the strain caused by lithiation to avoid particle cracking or pulver-
ization [11].

One-dimensional silicon nanomaterials (Si nanowires, Si nanotubes) have better
structural stability due to their good mechanical properties [12,13]. Since the reac-
tion occurs at the interface between the electrode and electrolyte, one-dimensional
nanomaterials can increase the electrochemical reaction sites due to the larger spe-
cific surface area. In terms of mass transport, the axial one-dimensional nanomateri-
als facilitate the transfer of ions to enhance the reaction kinetics. Furthermore, nan-
otubes are more efficient in alleviating volumetric stress than nanowires owing to
the hollow space of the inner tube.

7.1.4 Generation of stable solid electrolyte interfaces
Since the electrochemical working voltage of the anode is lower than the voltage
that the organic carbonate solvent in common organic electrolytes is reduced (about
1.0 V vs Li+/Li), the electrolyte undergoes a reduction reaction during the charging
to produce a solid electrolyte interlayer (SEI) is on the surface of anode materials
(Fig. 7.1B and C) [14]. Although SEI is a Li+ conductor relative to electronic insu-
lation, the growth of SEI consumes electrolytes and hinders the migration of ions
and electrons. Therefore a stable SEI layer is highly expected for the rate capability
and stability of the anode. Unfortunately, stable SEI films are not easy to obtain in
high-capacity lithium and silicon anodes.

The extremely low reduction potential of metallic lithium leads to the inevitable
reaction between itself and the electrolyte, and the heterogeneous SEI is easily bro-
ken during the charge–discharge cycles [15]. The stable SEI film is necessary for
improving the electrochemical reversibility and stability of the lithium metal anode.
The current research mainly focuses on electrolyte optimization and artificial nano
SEI construction. Compared with electrolyte optimization, artificial nano SEI con-
struction can more efficiently improve the long-cycle performance of lithium anode.
An SEI film with a specific composition can be formed through the reaction between
metallic lithium and an initiator. It was found that reactive gases can passivate the
negative electrode to a certain extent. Freon can also react with graphene compos-
ite and metal lithium anode to form an effective LiF interface. With the continuous
exploration of the compositional structure of SEI, a lithiophilic/lithiphobic gradi-
ent interface layer (ZnO/CNT-CNT) can better realize the lithium deposition under
the protective layer, thereby ensuring the ultra-long cycling of lithium metal anodes
[16].

Another example of an unstable SEI is the silicon anode, which ruptures and
restructures due to repeated volume changes. The disadvantages of unstable SEI
mainly cause the low capacity and power reduction of LIBs. Therefore Wu et al.
[17] designed an SEI around silicon nanotubes because the hollow space of nan
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7.2 Nanomaterials in Li–S batteries 5

otubes can provide the necessary voids to accommodate the volume expansion. Re-
cently, to inhibit the volumetric expansion of Si lithiation, the tough TiO2, SiC, SiOx,
and TiOx were used as shells to protect structural Si during cycles [18–21].

7.2 Nanomaterials in Li–S batteries
Lithium-sulfur (Li–S) battery was investigated since the 1960s. Since the commer-
cialization of LIBs, no breakthroughs have been made in solving the fatal problems
facing Li–S batteries for many years. Since 2009, it has got more concerns as an ex-
cellent candidate for the next generation of high-efficiency electrical energy storage
technologies after the revolutionary technology of Li–S battery with improved per-
formance [22]. By matching the sulfur cathode and lithium anode (theoretical capac-
ity of 1675 mAh/g and 3840 mAh/g, respectively), the Li–S battery affords a high
theoretical energy density and voltage platform. Therefore the battery can obtain a
discharge capacity of 2–3 times larger than the commercial LIB and meet a driving
range of over 500 km for electric vehicles (Fig. 7.2A) [23]. Moreover, the low cost
of active materials provides Li–S batteries with economic and environmental advan-
tages, making them extremely attractive for the energy storage fields [24].

Li–S battery consists of an electrode, electrolyte, and separator. Reaction inter-
mediates polysulfides (Li2Sx, 2≤x≤8) exhibit high solubility in polar nonprotic me-
dia, while S8 and Li2S have low electron conductivity as electrode reaction materi-
als [27]. During discharging, the sulfur molecule initially reacts with lithium ions to
form polysulfide (Li2Sx, 2≤x≤8) and is converted into Li2S at the end of complete
discharge (Fig. 7.2B).

During the conversion from sulfur to Li2S, the formation of the soluble poly-
sulfide intermediate Li2Sx (2≤x≤8) can attribute to a capacity of 418 mAh/g, while
1254 mAh/g is related to the Li2S formation. The overall reaction is represented be-
low [24]:

Although the Li–S battery reaction exhibits a 2-plateau discharge voltage curve,
the actual battery reaction process is more complex. Therefore the cathode and an-
ode of the battery still face several challenges.

Polysulfide shuttle effect. The solubility polysulfides (Li2Sx, 4≤x≤8) can dif-
fuse to the anode to form insolubility polysulfides, which reduce the precipitation of
Li2S on the cathode surface at the end of discharge. The shuttle effect of polysulfides
is essentially an internal short circuit that leads to the loss of active material (Fig.
7.2C) [25].

Low conductivity and large volumetric expansion. The electronic and ionic
insulating properties of S8 and Li2S lead to low cathode utilization. During the dis-
charging process, the generated Li2S leads to the passivation of the cathode host,
which limits the battery’s capacity. In addition, the volume change of more than
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FIGURE 7.2
(A) Scheme of Li–S battery [23]. Copyright 2014, Reproduced with permission of American
Chemical Society. (B) The compendium of polysulfide composition and evolution in Li–S bat-
tery [24]. Copyright 2018, Reproduced with permission of Wiley-VCH. (C) Summary of degra-
dation mechanisms [25]. Copyright 2015, Reproduced with permission of Royal Society of
Chemistry. (D) Schematic of the volumetric expansion and polysulfide dissolution process
[26].

- Copyright 2013, Reproduced with permission of Nature Publishing Group.

80% for sulfur due to the density difference between S8 and Li2S (2.03 and 1.66 g/
cm3) can lead to fragmentation and structural cracking at the electrode level (Fig.
7.2D) [26].

Therefore nanoscale engineering has been widely investigated for high-perfor-
mance Li–S systems to solve problems of the Li–S battery mentioned above.

7.2.1 Nanomaterials in the sulfur composite cathode
7.2.1.1 Carbon/sulfur composite cathode
To solve the problems of insulating sulfur, volume expansion, and the shuttle ef-
fect of polysulfides, carbon/sulfur composite cathodes have been developed. Differ-
ent structured carbonaceous nanomaterials, for example, graphene [28], carbon nan-
otubes [29], mesoporous carbons [22], and hollow carbon nanospheres [30], with a
high electric conductivity and porous structure, can serve as excellent cathode host.

Nanomaterials in batteries
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Several studies have been reported that graphene oxide (GO) is a suitable host for
sulfur accommodation. The presence of epoxy and hydroxyl groups in GO promotes
the immobilization of sulfur, thus preventing its dissolution. Recently, graphene/sul-
fur composites as cathodes have been synthesized and tested in Li–S batteries. They
exhibit better capacity, Coulombic efficiency, and cycling stability performance.

The graphene/sulfur composites have faster ion diffusion and higher electrical
conductivity than the pure sulfur cathode. Qiu and coworkers reported a nanocom-
posite cathode that sulfur is wrapped inside the heteroatom-doped graphene host
(NG). The X-ray spectroscopic analysis and DFT calculation imply the N functional
groups in the NG host can form strong chemical bonds with polysulfides. Therefore
with a 60 wt.% sulfur loading, the cathode could provide outstanding performance
and an ultralow capacity decay rate[31].

The unique hollow nanostructures of CNTs make it easy to provide fast three-di-
mensional electron pathways and serve as a buffer zone for the sulfur host during the
discharge/charge volume expansion. Ahn et al. synthesized a well-dispersed MW-
CNT/sulfur cathode by precipitation method, and sulfur was infiltrated into the hol-
low channel of MWCNTs [29]. The composite nanomaterial exhibited a high sulfur
content of 80 wt.% with 1300 mAh/g specific capacity. However, a rather rapid de-
crease in capacity was obtained over 30 cycles, with 854 mAh/g observed. These
results indicated a rather limited effect of pure CNTs for polysulfide trapping.

Although there has been extensive research on carbon materials as sulfur hosts,
the synthesis costs still hinder the widespread use of graphene and CNTs in the cath-
ode. Instead, low-cost biomass-derived porous carbon materials with moderate elec-
tronic conductivity are more practical as host materials. Ji and coworkers first en-
capsulated sulfur in ordered mesoporous carbon by a melting-diffusion method [22].
The composites could provide enough space to relieve the volume expansion of sul-
fur during charging/discharging, which obtained a high discharge capacity of over
1300 mAh/g. Based on this research, a series of porous carbon/sulfur nanocompos-
ites have been studied to boost the performance of Li–S batteries [31–33].

7.2.1.2 Transition metal compounds/sulfur-composited cathodes
Nanostructured transition metal compounds (such as TiO2, Co3O4, CoS2, and MX-
ene) have also been used as potential cathode host materials. Transition metal com-
pounds facilitate polar polysulfide adsorption, resulting in the battery’s high stability
[34]. Moreover, transition metal compounds can improve cathode conductivity and
enhance polysulfides’ redox kinetically.

Transition metal oxides (TMOs) are unsuitable to be directly used as a sulfur
host structure due to their poor porosity and sluggish electron and ion transport.
Therefore varying TMO morphologies are generally used as composited cathodes
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with other highly conductive nanomaterials (such as carbon materials, MXene,
MOF, and conductive polymer) to increase cathode utilization.

Among TMOs, TiO2 was the earliest studied cathode host material due to its
controllable nanostructure and strong polarity. To inhibit the shuttle effect of poly-
sulfide, a series of different structures of TiO2 have been explored as cathode host
materials, such as shells, nanotubes, and nanowires, or through their combination
with tailored carbon structures. Cui et al. synthesized polar TiO2 yolk shell nanos-
tructure as cathode host material (Fig. 7.3A) [26]. The excellent capacity benefits
from sufficient internal space to mitigate the volume expansion of the active mate-
rial during cycling. Moreover, polar Ti-O groups and hydroxyl groups are regarded

FIGURE 7.3
(A) Schematic illustration of S-TiO2 nanostructures [26]. Copyright 2013, Reproduced with
permission of Nature Publishing Group. (B) Schematic illustration of the difference in carbon/
sulfur cathode and CoS2-incorporated carbon/sulfur cathode during charging [36]. Copyright
2016, Reproduced with permission of American Chemical Society. (C) Strategies to address
some issues of Li–S batteries by utilizing cation-selective separators regulating ionic transport
[37].

- Copyright 2021, Reproduced with permission of John Wiley and Sons.
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7.2 Nanomaterials in Li–S batteries 9

to bind with polysulfides in minimizing polysulfide dissolution. The battery exhibits
a high capacity of 1000 mAh/g and a low fade rate of 0.033% over 1000 cycles.
However, sluggish electron transfer and poor electrical conductivity caused a fast
capacity loss at a high rate. Therefore a heterostructure of TiO2 (high absorptivity)
and TiN (high electrical conductivity) was synthesized by Zhou and coworkers [35].

The heterostructure exerted a synergistic effect, allowing rapid diffusion of poly-
sulfide to the conductive carbon surface while improving the deposition of Li2S. The
unique heterostructure achieves an initial discharge capacity of 927 mAh/g and an
ultralow stable capacity retention of 73% during the 2000 cycles.

Transition metal sulfides (TMSs) act as a cathode host additive, with metal ions
sulfur ions, providing a high valence electron density to the metal atoms, which cre-
ates binding sites for extrinsic sorbents polysulfides. For example, TiS2 [38], CoS2
[36], and Co9S8 [39] were added into Li2S6 solution to simulate the adsorption of
Li–S battery intermediate of metal sulfide. The results showed that the electrolyte
turned out to be clearly transparent, indicating the intermediate’s excellent adsorp-
tion capacity. TMS can reduce the decomposition of batteries’ polysulfide, boost-
ing redox kinetics. Recently, nanoscale metal sulfides exhibited desirable electro-
chemical properties such as high capacity, cycling rates, and low redox potential.
Zhang et al. successfully constructed the CoS2/graphene composite cathodes to re-
duce charge transfer resistance, largely amplify electrochemical current response,
and show strong chemical adsorption for polysulfides in Li–S batteries [36]. The
nanoscale CoS2/graphene cathode displayed a high discharge capacity and an ul-
tralow decay rate during long-term cycling. As a mediator, CoS2 promoted the con-
version of the long-chain polysulfides to Li2S and reduced the overpotential of Li2S
nucleation, while Li2S was precipitated on conductive substrate graphene around
CoS2 (Fig. 7.3B).

7.2.2 Nanomaterials in the separator of Li–S batteries
The introduction of an ion-selective separator design was also proposed as an ex-
cellent strategy to promote good cycling stability and electrochemical reversibility
of Li–S batteries. Advanced Li–S battery separators are designed to produce highly
stable Li–S batteries by (1) restricting polysulfides diffusion to suppress shuttle ef-
fects, (2) reactivating accumulated dead active material species, and (3) limiting the
growth of dendrites enrooting lithium anode (Fig. 7.3C) [37].

The bis((trifluoromethyl)sulfonyl)azanide (TFSI) anion in the electrolyte has a
larger dynamic diameter (7.9 Å) compared to the Li+ ion (~1.52 Å). Based on the
sulfur and lithium radii and S-S bond length, the molecular size of polysulfide is es-
timated to be 14~25 Å, much larger than the Li–ion radius. Due to the difference
in dynamic diameter between the anion and cation, it can selectively transport Li
ions [37]. With a rational design of the pore size, the separator of the Li–S battery
could be given the same function as the molecular sieve, the anions in the electrolyte
would be kept on the cathode side of the separator, and Li+ would be free shuttle on



UN
CO

RR
EC

TE
D

PR
OO

F

10 CHAPTER 7

both sides of separator. To construct an ion-selective separator based on the pore
size effect, the separator modification materials are required to exhibit submi-
cro/nanoporous structures, which include two-dimensional (2D) nanomaterials and
metal-organic frameworks (MOFs). Wang et al. first proposed a 2D Ti3C2Tx-func-
tionalized separator for anchoring polysulfides [40]. The Li–S battery with
Ti3C2Tx-functionalized separator showed a discharge capacity of 550 mAh/g due to
the balance of the blocking of polysulfides and improvement in electron conductiv-
ity. It exhibited a stable cycling performance and high retention at 0.5 C over 500
cycles.

7.3 Nanomaterials in metal–air batteries
The metal–air battery can realize the energy conversion between the chemical en-
ergy and the electricity by redox reaction operating on the electrodes. The perfor-
mance of assembled battery involving rate ability, energy conversion efficiency,
and cycling stability [41], is intensely correlated with the air electrode reaction of
where the electrocatalytic oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) [42]. It involves the oxygen redox reactions occurring in complex
triple-phase interfaces (gaseous oxygen/liquid electrolyte/solid catalyst) [43]. Con-
structing the advanced air electrodes requires the catalysts to get the applicable
kinetic reaction. Nanomaterials or nanostructures play vital effects in developing
high-performance catalysts.

The ORR associated with air-cathode reactions should be described as the fol-
lowing steps [44–46]:

(7.1)

(7.2)

The ORR could proceed through a four-electron (4e) route (7.1) or a two-electron
(2e) route (7.2). Through the 4e pathway, the ORR owns the highest-energy conver-
sion efficiency. However, the 2e pathway can produce the peroxide that causes the
electrode to corrode to degrade battery performance.

The OER pathways are more complex. The elementary steps involve the adsorp-
tion of OH− and O species on active sites (*) and as the reactions of (7.3) and (7.4)
[47]:

(7.3)

(7.4)

The kinetics of oxygen reactions is intrinsically sluggish, which is the major ob-
stacle to developing metal–air batteries. The nanomaterials in exploring the bifunc-
tional catalysts toward ORR and OER are of great significance and have become the
main approaches to improve the performance of metal–air batteries.

Nanomaterials in batteries
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7.3.1 Noble metals and alloys catalysts
Platinum-group metals (PGMs) have been widely researched as the most active cat-
alysts for the ORR, with remarkable electrochemical performance and high stabil-
ity. Pt nanoparticles, atomic clusters, and single atoms uniformly distributed on the
supports with a high surface area have been used as advanced ORR electrocatalysts.
Pt catalysts own excellent catalytic activity and stability. However, high cost and
scarcity seriously limit the applications of Pt catalysts. Therefore extensive efforts
are paying to eliminate the high costs by finding the alternatives such as Pt alloys,
nonnoble metals, or metal-free catalysts.

Pt-based alloys combing Pt metal with another metal are comparably active for
ORR and OER with pure Pt. In Li–O2 cells, the air electrode with PtAu/C catalyst
exhibited the discharge and charge voltage close to Au/C and Pt/C [48] because Au
and Pt atoms around the surface of catalysts can enhance the ORR and OER kinet-
ics.

7.3.2 Transition metal compounds catalysts
Transition metal compounds, including oxides, sulfides, phosphides, and nitrides,
have been explored as ORR/OER catalysts (Fig. 7.4) [49]. The intensive studies
have pronounced that rock–salt-type monoxides such as CoO and NiO could signif-
icantly improve ORR/OER catalytic activities and perform comparably to the noble
metal catalysts [50]. The representative spinel structure of Co3O4 and NiCo2O4 have
been well demonstrated to simultaneously catalyze the ORR and OER due to their
highly electrocatalytic activities.

TMSs have been promising as their good activity toward OER/ORR and simple
preparation approaches. When it is in the oxidation process, the metal oxide/hydrox-
ide species can be produced on the surface of TMS to contribute to the electrocat-
alytic activity of OER/ORR [51]. The recent results suggested that introducing the
transition metal phosphide (TMP) into the TMS can chemically strengthen the bond-
ing to improve the durability of the catalysts. The improved performance could arise
from the 3p orbital lone pair electrons and free 3d orbitals of metal phosphorus [52].
Most transition metal compounds, including TMOs, hydro(oxy)oxides, and sulfides,
are either insulators or semiconductors; intrinsically, as a consequence, considerable
efforts have been devoted to solving the interfacial energy barriers due to the poor
electron conductivity and the increased overpotential, which hampers energy con-
version efficiency. The crucial challenges in boosting electrocatalysis performance
are to accelerate electron transport.

In general, owing to the metallic electron transport behavior of transition metal
nitrides (TMNs), it can accelerate the charge transfer between the catalysts and the
supports. In addition, TMNs are interstitial compounds or alloys with a face-cen-
tered cubic arrangement of metal atoms. The introduction of nitride atoms into the
parent metals can result into the expanding of lattice parameter. Since the good
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FIGURE 7.4
Schematic of intensely researched transition metal oxide catalysts for oxygen reduction reac-
tion or oxygen evolution reaction [49].

- Copyright 2019, Reproduced with permission of the Royal Society of Chemistry.

ability arising from the intrinsic electron transport and the activity, it is promising to
choose TMNs as electrocatalysts for metal–air batteries [53]. TMNs own a variety
of valence states to supply the flexibility to tune electronic structure. Therefore some
TMNs have been explored to be used as the bifunctional or even the multifunctional
catalysts, which are beneficial to increase the specific energy of the rechargeable
metal–air batteries [54]. Furthermore, TMNs have shown the high chemically and
structurally durability during the ORR process.

7.3.3 Metal-free carbon-based catalysts
Carbon materials have excellent flexibility, high shape conformability, and electri-
cal conductivity are considered commercially available substrate for the gas diffu-
sion layers of metal–air batteries. Compared with conventional powdery counter-
parts, the self-supported carbon structure has many intrinsic advantages. The hy-
drophilic carbon supports can grow the catalysts directly to avoid the addition of

Nanomaterials in batteries
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7.3 Nanomaterials in metal–air batteries 13

any ancillary additive, which exhibited high catalysis performance for the ORR and
OER. The substrate materials can rivet and disperse catalysts, thus providing low in-
terfacial contact resistance and high accessibility of multiphase active sites. In this
regard, Liu’s group [55] prepared a graphene containing rich edges and the oxy-
genated species on carbon cloth substrate (Fig. 7.5A). The obtained catalyst via
in-situ Ar plasma treatment can be used as bifunctional OER/ORR electrode. Ma
et al. reported a flexible self-supported g-C3N4 catalysts with phosphorus doping,
which can reversibly catalyze ORR and OER [56]. Similarly, metal-free catalyst of
the P-doped g-C3N4 growing on carbon fiber paper (PCN-CFP) with a large area
(10 × 15 cm in size) and high flexibility (Fig. 7.5B), was fabricated, where P-doped
g-C3N4 directly grew on the CFP to produce a flower-like porous frameworks (Fig.
7.5C). Dual doping of elementary N and P enabled the mass and charge transfer, the
3D CFP framework with a flower-like nanostructure enlarged the active surface ar-
eas. Therefore the PCN-CFP toward both ORR/OER exhibited the superior activity,
stability, and reversibility over its powdery counterpart. The integrated electrodes
are easier to realize accessibility of active sites and to decrease contact resistance
without additional nonconductive binder. These advantages favor boosting perfor-
mance of Zn–air batteries.

The defects in carbon materials could bring the electrolytic activity for ORR/
OER, the electronic configuration modulation by tuning the defects in carbon can
optimize the adsorption energy of intermediates during ORR/OER. Zhang and
coworkers prepared the topological defects-enriched graphenes using the sticky rice
and melamine as carbon precursors and MgO as templates. The experimental study
and theoretical simulations consistently found that the adjacent defects of pentagon
and heptagon (C5+C7) contribute to the prominent ORR and OER activity rather
than N-doping sites [57] (Fig. 7.6A,B). Besides the defects formed around carbon
materials, heteroatoms doping is a significant route to enable the catalytic activity
of carbon materials, since it can efficiently tune the local electronic structure and

FIGURE 7.5
(A) In-situ exfoliation for preparation of the edge-rich and oxygen-functionalized graphene/car-
bon fiber electrode [55]. Copyright 2017, Reproduced with permission of John Wiley and Sons.
(B, C) SEM images and (inset in panel A) photograph of P-doped g-C3N4 growing on CFP
(PCN-CFP) [56].

- Copyright 2016, Reproduced with permission of Elsevier.
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FIGURE 7.6
(A) Schematic illustration of graphene nanoribbon with different N-doped species or topologi-
cal defects. (B) Volcano plots of ORR and OER overpotential concerning adsorption energy of
OH* [57]. Copyright 2016, Reproduced with permission of John Wiley and Sons. (C) TEM im-
ages of N-doped porous carbon [59].

- Adapted with permission. Copyright 2018, Reproduced with permission of John Wiley and Sons.

the charge distribution of adjacent carbon atoms. Nitrogen atom is the extensively
studied heteroatom dopant. For example, the optimized N-doped CNTs electrocat-
alyst was used as air-cathode supply the excellent power density of the Zn–air bat-
tery [58]. The hierarchically porous N-doped carbon can be produced by polymeriz-
ing o-phenylenediamine on silica template and the subsequent carbonization process
and NH3 etching processes (Fig. 7.6C). [59]. As a result, it exhibited an excellent
ORR activity comparable with Pt/C. The metal-free carbon catalyst was obtained by
assembling the N-doped graphene with the retained porosity and applied to Li–O2
batteries [60]. The results demonstrated the superior electrocatalytic performances
compared with the similar samples containing the TMOs or the precious metals.

7.4 Nanomaterials in all-solid-state batteries
Doping inorganic nanoparticles into polymer electrolyte systems is an approach
widely used to optimize performance of solid electrolytes. The reasons of the ex-
cellent performance of polymer solid electrolytes with inorganic fillers are: (1) in-
organic fillers can decrease the crystallinity of polymers to increase the amorphous
phase region, which is benefited for Li+ migration; (2) they increase fast ion transfer
channels near the filler particles; (3) they can also improve the mechanical proper-
ties of polymer electrolytes. Inorganic fillers can be generally divided into inert ma-
terials, ionic conductor fillers, and electronic conductor fillers, among which inert
fillers and ionic conductor fillers are the most studied.

Nanomaterials in batteries
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7.4.1 Nano-inert materials in composite electrolytes
The inert filler mainly promotes the lithium salts dissociated and lowers the crys-
tallinity of the polymer electrolytes through Lewis acid and alkali actions to improve
the ionic conductivity, while it can also increase the thermal stability and the me-
chanical performance of electrolyte. Many types of inert materials including SiO2
[61], Al2O3 [62], TiO2 [63], ZrO2 [64], etc., have been widely used to construct the
composite solid electrolytes of inorganic–organic for solid-state lithium metal bat-
teries, as shown in Fig. 7.7A. The inert nanofillers disarrange the polymer molecules
structure to enhance the ionic conductivity of solid electrolyte at the room tempera-
ture. Lin et al. [65] filled the monodisperse 12 nm ultrafine SiO2 in polyethylene ox-
ide (PEO) through the hydrolysis of ethyl orthosilicate, and thus prepared the in-situ
composite electrolyte PEO-SiO2-LiClO4. Chemical bonds and physical cross-link
with PEO segments increase the amorphous region of PEO and raise the ionic con-
ductivity at 30 °C to 4.4×10−5 S/cm.

In addition, montmorillonite is also one of the main research objects of solid
electrolyte dopants. Doping a small amount of montmorillonite into the Poly(acry-
lonitrile) (PAN)-based membrane is beneficial to form continuous and stable
Li–ions channels and increase ion mobility. He et al. [69] doped a small amount
of organic montmorillonite (OMMT) into PAN-based electrolyte membrane to ob-
tain hybrid solid-state electrolyte membrane. The first discharge specific capacity of
solid LIB at 1 C is larger than pure PAN-based LIBs. The charge transfer resistance
(Rct) and the ion transfer resistance (Rsei) of OMMT-filled PAN become smaller
than the corresponding PAN-based electrolyte membrane. Li et al. [70] reported
the isocyanate-grafted Ti3+ doped TiO2 using oxygen vacancies modified PEO elec-
trolyte membrane. It was found that the oxygen vacancies in material enhance the
interaction between the oxide surface and the anion groups of lithium salts, thereby
changing the mobility of Li+. Other oxides such as MgO and zeolite are often used
as the inert fillers. The hybrid structure formed by the inactive materials filling poly-
mers can achieve the ionic conductivity around the 10−5 S/cm at ambient tempera-
ture.

7.4.2 Nanoscale ionic conductors in composite electrolytes
Inorganic solid electrolytes are brittle and in weak contact with electrodes, result-
ing in high interfacial impedance. Therefore inorganic solid electrolyte systems are
difficult to achieve practical applications. On the other hand, polymer electrolytes
are easily deformed and have low ionic conductivity. It is generally believed that the
two-phase interface between the inorganic active-filler and the polymer matrix has
the higher ionic conductivity. Among the inorganic active-fillers, ionic conductivity
types of garnet type (Garnet), perovskite type (Perovskite), NASICON type and sul-
fide are most widely studied [71].
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FIGURE 7.7
(A) Mechanism diagram of MUSiO2 in-situ graft modification of PEO and the basic mecha-
nisms of Li–ion transfer across different types of composite electrolytes [62,65]. Copyright
2022, Reproduced with permission of American Chemical Society, Copyright 2021, Repro-
duced with permission of Elsevier. (B) Schematic illustration of the ionic conduction pathway
in different regions [66]. Copyright 2019, Reproduced with permission of American Chemical
Society. (C) SEM images of electrospun LLZTO nanowires and physical properties [67]. Copy-
right 2019, Reproduced with permission of American Chemical Society. (D, E) Digital images
and SEM images of the electrolyte surface [68].
- Copyright 2018, Reproduced with permission of Elsevier; Copyright 2021, Reproduced with permission of John Wiley

and Sons.

Active-filler filled electrolyte has more complex and special ionic conductive be-
havior. First, active-filler itself can transport Li+. Second, the two-phase interface
formed by the active filler and the polymer has a space formed by the defect reac-
tion of Li+ migration to the crystal surface. The continuous space charge region is
also the transport path of Li+, as shown in Fig. 7.7B. Therefore active fillers can

Nanomaterials in batteries
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significantly improve the ionic conductivity of solid electrolytes more than inert
fillers.

Zhang et al. doped different proportions of Li0.33La0.57TiO3 (LLTO) in the
PEO electrolyte to increase its physical properties and ionic conductivity and with-
stand voltage stability window. Doping an appropriate proportion of nano-ceramic
fillers with ionic conductivity in PEO can improve the performance of PEO-based
solid electrolyte membrane, making it more stable and transporting more lithium
ions compared with the solid polymer electrolyte without LLTO, the good dis-
persion of LLTO particles in the PEO matrix can generate Li–ion transfer chan-
nels near the particles to enhance the Li-ion transport [66,67]. Similarly, when 20
wt.% Li6.75La3Zr1.75Ta0.25O12 (LLZTO) was introduced into PAN-based solid elec-
trolyte, the obtained electrolyte exhibited the higher ionic conductivity, the with-
stand voltage stability window reached 4.9 V, suggesting that the doping of LLZTO
can increase the Li+ migration number and cycling stability of the solid electrolyte.
LLZTO is also helpful in improving the interaction between the PAN matrix and
lithium ions to increase the amount of dissolved lithium ions [72], as shown in Fig.
7.7C.

7.4.3 Nanometer electronic conductor in composite electrolytes
Electronic conductivity is generally minimized as an electrolyte since most attention
has been focused on improving solid electrolyte ion transfer rate. Therefore the ap-
plication of electronic conductors in solid electrolytes is considerably rare. In sev-
eral recent years, it was discovered that in-situ modification of the electrode–elec-
trolyte interface with electron conductors to ensure electron homogeneity at the elec-
trode–electrolyte interface could achieve good interfacial contact and long-lasting
battery cycles.

Zheng et al. [68] designed the in-situ growth of nano-sized “flower”-like con-
ductive polythiophene particles at the electrode–electrolyte interface, intertwined
with PEO to form a mixed ion–electron transfer interface layer (Fig. 7.7D). Coinci-
dentally, as an electronic nanofiller, the GOs were added into Solid Polymer Elec-
trolytes (SPEs) at different ratios. When the GO content is 1.0 wt.%, the ionic con-
ductivity of the composite electrolyte is raised to 4.0 × 10−4 S/cm (Fig. 7.7E).

7.5 Summary and outlook
With the market needs for long-range electric automobiles and large-scale energy
storage stations, high-energy-density batteries have been attracted more attention.
Nanomaterials and nanotechnologies have significantly affected the development of
electrode materials for conventional LIBs and new battery systems with potential
applications (Li–S batteries, metal–air batteries, and all-solid-state batteries).

LIBs face many challenges, such as side reactions, slow kinetic rates, structural
damage, and unstable surface Solid Electrolyte Interphase (SEI), which will affect
the ability of electrode materials from electronic conductivity, and Li+ diffusivity to
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obtain the optimal electrochemical performance. Li–S batteries encountered the
polysulfide shuttle effect, low conductivity, and large volumetric expansion. The
novel material/active material holding sulfur, nanotechnology on the electrode, de-
sign of multifunctional separators, and the fundamental reaction mechanism have
been widely concerned. The precious catalysts with high-cost and scarcity for
metal–air batteries have seriously limited their applications. Designing and devel-
oping nonnoble metal catalysts with high activity by nanotechnologies have been
demonstrated as effective means to boost the ORR/OER of metal–air batteries. Solid
electrolytes are critical in the development of all solid batteries. To enhance the ion
conductivity and to improve the mechanical stability of solid electrolytes, the ap-
plication of inert and active nanomaterials in the solid electrolytes can improve the
charge-discharge, rate, and stability performance of all-solid-state batteries.

Here, we briefly overviewed and discussed nanomaterials’ advantages in solving
the above problems. Meanwhile, the challenges such as the high-cost and complex
multistep processing by utilizing nanomaterials in batteries have to be considered.
Exploring novel nanomaterials, designing rational nanostructure, and getting good
compatibility with electrode materials would be the possible routes to apply nano-
materials in batteries shortly.
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