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The development of nanotechnology in the past two decades has generated great capability of con-
trolling materials at the nanometer scale and has enabled exciting opportunities to design materials

with desirable electronic, ionic, photonic, and mechanical properties. This development has also

contributed to the advance in energy storage, which is a critical technology in this century. In

this article, we will review how the rational design of nanostructured materials has addressed the

challenges of batteries and electrochemical capacitors and led to high-performance electrochemical
energy storage devices. Four specific material systems will be discussed: i) nanostructured alloy

anodes for Li-batteries, ii) nanostructured sulfur cathodes for Li-batteries, iii) nanoporous open-

framework battery electrodes, and iv) nanostructured electrodes for electrochemical capacitors.

Keywords nanomaterial, energy storage, silicon anode, sulfur cathode, stationary battery,

electrochemical capacitors

PACS numbers 81.05.Rm, 82.45.Yz, 82.47.Aa, 82.47.Uv, 88.85.J]-

Contents
1 Introduction 323
2 Nanostructured high-capacity alloy anodes for
Li-batteries 324
2.1 Opportunities and challenges for alloy
anodes 324
2.2 Solid nano-Si (Ge, Sn) 325
2.3 Hollow and porous nano-Si (Ge, Sn) 327
2.4 Clamped hollow nano-Si (Ge, Sn) 327
3 Nanostructured high-capacity sulfur cathodes for
Li-batteries 330
3.1 Background of lithium-sulfur battery and
problems to be addressed 330
3.2 Sulfur-carbon composite cathode and
amphiphilic surface modification 330
3.3 Monodisperse hollow and yolk-shell sulfur
nanostructures 332
3.4 Lithium sulfide cathode: activation and
bifunctional binder 334
4 Nanoporous Prussian Blue analogues for
stationary energy storage 335
4.1 Prussian Blue analogues (PBAs) 335

4.2 The open framework nanoporous crystal
structure 335

4.3 Electrolyte considerations 337
4.4 PBAs in aqueous electrolyte batteries 337
4.5 Other applications 339
5 Nanostructured electrodes for electrochemical
capacitors 339
5.1 Introduction and basics 339
5.2  Conductive paper, textile, and sponge 339

5.3 Nanostructured hybrid carbon-metal oxide 340
5.4 Nanostructured conducting polymer

hydrogel 341

6 Conclusion and perspective 342
Acknowledgements 343
References 343

1 Introduction

Today’s globally growing efforts towards renewable and
clean energy drive the urgent need for major break-
throughs in energy storage technology, which is criti-
cal in addressing the mismatched supply and demand in
time and space associated with renewable energy sources
[1]. Among various energy storage systems, electrochem-
ical ones, such as rechargeable batteries and electro-
chemical capacitors (ECs), are especially attractive for
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use in portable electronic devices (PEDs), electric ve-
hicles (EVs), and grid-scale energy storage (GSES) [2,
3]. For portable applications such as in PEDs and EVs,
higher volumetric (Wh/L) and gravimetric energy den-
sity (Wh/kg) are required. For stationary applications,
such as GSES, lower capital cost ($/kWh/cycle life) is
the key [4, 5].

The fundamental difference between batteries and ECs
lies in the charge storage mechanism. A typical bat-
tery stores charges in the bulk of the electrodes through
faradaic reactions, whereas a EC stores charges near the
surface (electrochemical double-layer capacitance or re-
dox pseudocapacitance). Hence, batteries have higher
specific energy (Wh/kg), whereas ECs have higher spe-
cific power (W/kg). The former is useful when steady
supply of energy is needed, while the latter finds ap-
plications where a burst of energy or high-frequency
charge/discharge is needed, such as automotive regen-
erative braking and elevator operation.

The goal of higher energy density, faster kinetics,
longer cycle life, improved safety and lower cost has al-
ways driven the development of electrochemical energy
storage devices. Over the past two decades, nanostruc-
tured materials have been successfully applied in elec-
trochemical energy storage devices, thanks to their un-
usual chemical, mechanical, and electrical properties en-
dowed by confining the dimensions and combining the
contribution of bulk and surface properties [6, 7]. This
review covers four aspects of recent research in this area,
most of which coming from our group: i) nanostructured
high-capacity alloy anodes for Li-batteries, ii) nanostruc-
tured high-capacity sulfur cathodes for Li-batteries, iii)
nanoporous open-framework battery electrodes, and iv)
nanostructured electrodes for ECs.

2 Nanostructured high-capacity alloy anodes
for Li-batteries

2.1 Opportunities and challenges for alloy anodes

State-of-the-art Li-ion batteries are composed of lithium
metal oxide or phosphate cathodes and graphite anodes.
To increase their energy density, electrode materials with
higher capacity are needed. The graphite anode currently
used in many devices today has a theoretical capacity
of 372 mAh/g. Alloy anodes such as Si, Ge, and Sn
offer much higher capacity. In particular, silicon has a
theoretical capacity of 4200 mAh/g [8], more than ten
times higher than graphite (Table 1). By simply replac-
ing graphite with silicon, the full cell gravimetric energy
density could have a 40% increase. This increase would
be much higher if the conventional cathode is replaced by
sulfur or oxygen-based cathodes [9]. The volumetric ca-
pacity of lithiated silicon, though severely expanded, still
reaches 2370 mAh/cm?, three times higher than lithiated
graphite (Table 1). In addition to the higher capacity,
the working potential of alloy anodes is slightly higher
than graphite (Table 1), making the plating of lithium
metal less likely to happen, thus improving the overal
battery safety. Therefore, alloy anodes are promising for
next generation Li-ion, Li-S, and Li-O5 batteries.

The research on alloy anodes, in fact, started more
than four decades ago [10, 11]. The main challenge
that hinders their practical application is their colos-
sal volume change upon cycling [12-14], which is not a
problem for conventional graphite anodes (Table 1). Fun-
damentally different from the intercalation mechanism
of graphite, alloy anode materials (A) break A-A covalent

Table 1 Comparison of the theoretical capacity, volume change, and potential of various anode materials.

Materials Li C LigTi5O12 Si Ge Sn
Density (g/cm?) 0.53 2.25 3.5 2.3 5.3 7.3
Lithiated phase Li LiCg Li7Ti5O12 Lig 4Si Lig 4Ge Lig 4Sn
Density of lithiated phase (g/cm?) 0.53 2.20 3.65 1.18 2.04 2.56
(ICDD PDF card number) (00-001-1131) (00-034-1320) (00-049-0207) (01-077-2882) (00-017-0402) (00-018-0753)
Theoretical specific capacity in delithiated [ 372 175 4200 1620 993
state (mAh/g)

Theoretical specific capacity in lithiated 3860 339 168 2010 1140 790
state (mAh/g)

Theoretical volumetric capacity in delithi- [ 837 613 9660 8600 7250
ated state (mAh/cm?)

Theoretical volumetric capacity in lithiated 2050 747 614 2370 2330 2020
state (mAh/cm?)

Volume change (%) () 12 1 410 370 260
Potential versus Li/Lit (V) 0 0.05 1.6 0.4 0.5 0.6
Notes:

1. Theoretical volumetric capacity = Theoretical specific capacity x Density
2. Volume change (%) = (Volume of lithiated phase + Volume of delithiated phase —1) x 100
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or metallic bonds, and form Li-A bonds. While this
mechanism increases the number of Li that can be stored,
it also results in colossal volume change of the host mate-
rial. Silicon, for example, has a volume expansion as high
as 410% upon lithiation, which causes a series of prob-
lems, including: i) material fracture and loss of active
material during cycling [15, 16]; ii) electrode-level frac-
ture and loss of electrical contact over the thickness of
electrodes [17]; iii) unstable solid-electrolyte interphase
(SEI) and its excessive formation [18]. These issues com-
bined cause rapid capacity fading [19].

Starting from our pioneering work on Si nanowire an-
odes [20], rational structure design at the nanoscale has
been successful in addressing the challenges of alloy an-
odes in the past several years [21]. By correlating nanos-
tructure with function, we categorize the development
into three generations: i) solid nano-Si (Ge, Sn), ii) hol-
low and porous nano-Si (Ge, Sn), and iii) clamped hol-
low nano-Si (Ge, Sn). Below we will review each of these
categories, trying to summarize the underlying design
principles.

2.2 Solid nano-Si (Ge, Sn)

In an early attempt to address the problems of silicon
anodes, our group reported the nanowire anode design
[Fig. 1(a)] [20] which shows three distinct advantages.
First, unlike thick films and micron-sized particles, the
diameters of the Si nanowires (Si NWs) are small (~100
nm), which enable the facile relaxation of the strain
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built up during Li insertion. Moreover, there are suf-
ficient nanoscale empty spaces between Si NWs to ac-
commodate their volume expansion. Second, the Si NWs
are directly grown on stainless steel foil substrate via
chemical vapor deposition (CVD), which guarantees a
robust electrical and mechanical contact with the sub-
strate. Third, the Si NWs form continuous 1D electron
transport pathways across the thickness of the electrode,
which allows all the Si materials to be electrochemically
active, without the need of carbon additives or polymer
binders. This is in contrast to the inefficient hopping of
electrons between particles in traditional slurry-coated
battery electrodes. These features result in significantly
improved performance compared to previous studies: Si
NW anode achieved initial delithiation capacity as high
as 3124 mAh/g. Little capacity fading was observed over
10 cycles [Figs. 1(b) and (c)], which suggests the absence
of active materials loss. The NW morphology preserves
after cycling, without cracking, which further confirms
the facile strain relaxation by the small diameter of NWs
[Figs. 1(d) and (e)]. Later, we also demonstrated that Si
NWs can be prepared by a more scalable supercritical
fluid-liquid—solid method [22]. Ge and SnOs NW anodes
have been later reported [23, 24].

It has been noticed, however, that the Si NW an-
odes experience capacity decay after 20 cycles of deep
charge/discharge. We carried out solid-electrolyte in-
terphase (SEI) [25], electrochemical impedance spec-
troscopy (EIS) [26], structural change [27], phase change
[28] and porosity evolution [29] studies on Si NW anodes
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Fig. 1 (a) Schematic of morphological changes that occur in Si during electrochemical cycling. Due to the colossal volume
change during cycling, Si films and particles tend to fracture during cycling. Much of the material loses contact with the current
collector, resulting in capacity decay. Si NWs grown directly on the current collector do not break into smaller particles after
cycling. Rather, facile strain relaxation in the NWs allows them to increase in diameter and length without breaking. (b) The
voltage profiles for the Si NWs cycled at different rates. (¢) Capacity versus cycle number for the Si NWs at the C/20 rate. (d,
e) Scanning electron microscopy (SEM) images of Si NWs before (d) and after (e) cycling. Reproduced with permission [20],

Copyright (© 2008 Nature Publishing Group.
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to identify the fading mechanism. Instead of cracking,
the NWs become porous after cycling. Also, due to the
higher surface area, electrolyte side-reactions and SEI
formation on the NW surfaces are significant. In ad-
dition, the NWs decrease in mechanical strength upon
cycling, which causes them to agglomerate. To extend
the cycle life, our group designed carbon-silicon core-
shell nanowires [30], in which amorphous silicon was
coated onto carbon nanofibers (CNFs) to form a core-
shell structure [Figs. 2(a) and (b)]. Since carbon has a
much smaller capacity compared to silicon, the carbon
core experiences less structural stress or damage during
cycling and functions as a mechanical support and an ef-
ficient electron conducting pathway [Figs. 2(c) and (d)].
The resulted core-shell nanowires have a high capacity
of ~2000 mAh/g and improved cycle life compared to Si
NWs [Fig. 2(e)]. Using these core-shell nanowires, high
mass loading and an area capacity of ~4 mAh/cm? were
obtained, which are comparable to commercial battery
values. Similar works have been done using silicon CVD
coating on various inert nanostructured backbones in-
cluding crystalline Si with controlled lithiation potential,
Ni metal, metal carbide and metal silicide [31-35].

The surface coating of carbon [36, 37], copper [38],
TiN [39] or conducting polymer [40], has also been found
effective to prolong the cycle life of nano-Si. The coat-
ing has all or some of the following functions: i) en-
hances the electrical conductivity, ii) improves the me-
chanical integrity of the nanostructures, and iii) modi-
fies the electrode/electrolyte interface [41]. The poly (3,
4-ethylenedioxythiophene) (PEDOT) coated Si NW an-
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ode, for example, can achieve 80% capacity retention af-
ter 100 cycles [40].

0D nanoparticles (NPs) are also capable of releasing
the strain and prevent fracture. However, different from
1D NWs, maintaining the conductive pathway between
particles over cycling is a challenge. The expansion and
contraction of NPs results in dramatic shuffling and loss
of electrical pathways. Since the conducting surfaces of
the electrode exposed to the electrolyte is covered by
insulating SEI after cycling, it is unlikely that the lost
active material will reconnect electrically. Therefore, it
is important not to lose the original electrical contact.
Several approaches have been developed to realize this
idea, such as inorganic glue [42], NPs embedded in NW
forest [43], composite hierarchical structures [44, 45], and
advanced polymer binders that strongly bind to Si NPs
[46-48]. For example, we recently incorporated a con-
ducting polymer hydrogel into Si NP-based anodes [49]:
the polyaniline hydrogel is polymerized in-situ, resulting
in a well-connected 3D network consisting of Si NPs con-
formally coated by the conducting polymer [Figs. 3(a)—
(¢)]. Such a hierarchical hydrogel framework provides a
continuous conductive polyaniline network, which binds
with the Si surface through either the crosslinker hydro-
gen bonding with phytic acid or the electrostatic interac-
tion with the positively charged polymer. Moreover, the
pores in the network allow to accommodate the volume
expansion of Si. Such composite anode achieved 5000 cy-
cles with over 90% capacity retention at a current density

of 6.0 A/g [Fig. 3(d)].

Coulombic efficiency

Fig. 2 (a, b) Schematic of Si CVD coating onto bare CNFs (a) to make C-Si core-shell NWs (b). (¢, d) Transmission
electron microscopy (TEM) and selected area electron diffraction (SAED) patterns (inset) of a bare CNF (c) and a C-Si core-
shell NW (d). (e) Lithiation (red) and delithiation (green) capacity and Coulombic efficiency (CE, blue) versus cycle number
for a half cell cycled between 0.1-1 V. Reproduced with permission [30], Copyright © 2009 American Chemical Society.
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Fig. 3 (a) Schematic illustration of 3D porous Si NP/conductive polymer hydrogel composite electrodes. Each Si NP
is coated by conductive polymer and is further connected to the highly porous hydrogel framework. (b) A TEM image
showing the Si NPs (blue arrow) are coated with a uniform polyaniline (PAni) layer (red arrow). (c) SEM images of a Si
NP-PAni composite electrode at low (left) and high (right) magnifications. The blue arrow indicates a Si NP while the red
arrow shows the PAni hydrogel network. (d) Lithiation/delithiation capacity and CE of Si NP-PAni electrode cycled at
current density of 6.0 A/g for 5000 cycles. Reproduced with permission [49], Copyright (© 2013 Nature Publishing Group.

2.3 Hollow and porous nano-Si (Ge, Sn)

The demonstration of strain relaxation using solid nano-
Si opened up the search for other nanostructures for alloy
anodes, and motivated the synthesis of novel nanostruc-
tured Si, Ge, and Sn. Hollow structures, by definition,
have internal empty spaces, which could effectively ac-
commodate the volume expansion of alloy anodes. In-
deed, this idea has been successfully demonstrated us-
ing Si nanotubes [50, 51], Si hollow nanospheres [52], Ge
nanotubes [53], and SnO2 hollow nanospheres [54, 55]. Si
hollow nanospheres, for example, were fabricated using
Si CVD templated by silica nanospheres and subsequent
silica etching [Figs. 4(a) and (b)] [52]. Simulation shows
that the maximum tensile stress (which can cause frac-
ture) built up in a hollow Si nanosphere is five times
lower than in a solid nanoparticle with an equal volume
of Si. This advantage results in improved cycle life: less
than 8% capacity degradation every hundred cycles for
700 total cycles was demonstrated [Fig. 4(c)]. Si hollow
nanosphere electrodes also show a CE of 99.5% in later
cycles.

An alternative way to introduce internal empty space
is making Si nanoporous [56-62]. One of the meth-
ods to synthesis nanoporous Si is the reduction of
nanoporous silica by Mg at around 650°C [63]. And
various nanoporous silica can be rationally synthesized
via sol-gel process [64, 65]. This relatively low tempera-
ture reaction usually retains the morphology of the sil-

Nian Liu, et al., Front. Phys., 2014, 9(3)

ica counterparts and generates nanoporous Si. Using this
method, recently we and two other groups have indepen-
dently recovered nano-Si from rice husks, a major global
agricultural byproduct with an annual yield of 1.2 million
tons [66], and demonstrated its use as high-performance
Si anode [67-69]. Such scalable, non-CVD production of
nano-Si from sustainable source shows great promise for
real application of Si anodes. Another scalable and facile
method to produce nanoporous Si was recently demon-
strated by disproportionation of SiO microparticles and
subsequent etching of SiOy component. Assisted by a fur-
ther carbon coating, stable cycling (600 cycles at 1200
mAh/g) and high tap density (0.78 g/cm?®) has been
achieved [70].

2.4 Clamped hollow nano-Si (Ge, Sn)

Reducing the feature size of the active materials and
engineering internal empty spaces have been success-
ful in preventing the fracture and extending the cycle
life of alloy anodes from tens to hundreds, by downsiz-
ing the feature size of the active materials in at least
one dimension and creating internal empty spaces. To
move forward from hundreds to thousands of cycles, an-
other emerging challenge needs to be addressed: unstable
solid-electrolyte interphase (SEI). As shown in Fig. 5(a),
the electrolyte decomposes at the surface of anode due to
the low chemical potential and forms a thin SEI during
battery operation [71]. The SEI is electrically insulating
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Fig. 4 (a) Schematic of Si hollow nanosphere synthesis. Silica particles (diameter ~175 nm) are first coated onto a stainless
steel substrate, followed by CVD deposition of Si. The SiOq core is then removed by HF etching. (b) Typical TEM image
and cross-sectional SEM image of Si hollow nanospheres. TEM image shows the hollow Si spheres are interconnected, with
an inner diameter of 175 nm and outer diameter of 200 nm. (c¢) Reversible delithiation capacity (black) and CE (blue) versus
cycle number for a half cell cycled between 0.01-1 V. The capacity degrades 8% per 100 cycles during the 700 total cycles.
Reproduced with permission [52], Copyright (© 2011 American Chemical Society.
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Fig. 5 (a—c) Schematic of SEI formation on Si surfaces. On a solid silicon nanostructure surface (a), SEI forms in the
expanded state during lithiation, and breaks when silicon structures shrink during delithiation, exposing fresh silicon surface
to the electrolyte. In later cycles, new SEI continues to form on the newly exposed silicon surfaces, which finally results in
a very thick SEI layer outside. Similarly, a thick SEI grows outside the silicon nanotube without a mechanical constraining
layer (b), which also has a varying and unstable interface with the electrolyte. Designing a mechanical constraining layer
on the hollow silicon nanotubes (c) can prevent silicon from expanding outside towards the electrolyte during lithiation.
As a result, a thin and stable SEI can be built. (d) Schematic of the fabrication process for DWSINTs. (e, f) SEM
images of DWSINTSs before (e) and after (f) 2000 cycles, showing the tubes coated with a uniform and thin SEI layer.
(g) Lithiation/delithiation capacity and CE of DWSINTs cycled at 12C for 6000 cycles. Reproduced with permission [19],
Copyright (© 2012 Nature Publishing Group.
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but LiT can diffuse through [72]. SEI on conventional
graphite anode is stable because of little volume change
of graphite, but SEI on Si will break when Si contracts
during delithiation, which exposes fresh silicon surfaces
to the electrolyte and forms new SEI [73]. Such repetitive
SEI disintegration and formation leads to a thick SEI on
the surface, which not only consumes the electrolyte but
eventually blocks the LiT diffusion and causes capacity
fading. The accumulative thickening of the SEI deter-
mines that fading due to this mechanism can only be
observed after the initial cycles. Hollow structure alle-
viates but does not solve this problem, because it still
changes in outer dimension [Fig. 5(b)].

Our group recently reported a double-walled silicon
nanotube (DWSINT) anode structure to solve this prob-
lem [19]. Different from a simple Si nanotube, DWSINT
has a mechanical clamping layer on the outer surface
[Fig. 5(c)], which forces the Si to expand towards the
empty spaces inside upon lithiation, thus leaving the
SEI outside stable and thin. To synthesize DWSiNT's
[Fig. 5(d)], polymer nanofibres (green) were first made
by electrospinning. The polymer fibres were then car-
bonized and coated with silicon (blue) by CVD. By heat-

ing the sample in air at 500°C, the inner carbon tem-
plates (black) were selectively removed, leaving contin-
uous silicon tubes with a SiO, mechanical constraining
layer (red). These tubes have extremely high aspect ra-
tios, so the electrolyte does not leak into the hollow re-
gions. Furthermore, the SiO, layer is Li* permeable, so
the Si inside can still react while being clamped. The
DWSiNTs have superior performance as anode. First, af-
ter as many as 2000 cycles, the SEI is still thin (~110 nm)
and stable [Figs. 5(e) and (f)], which is not the case for
solid and unclamped hollow nano-Si. Second, the DWS-
iNTs can cycle over 6000 times in half cells (12C, 600
mAh/g Si+SiO,) while retaining more than 85% of their
initial capacity [Fig. 5(g)], which is a big step forward.
It has been noted that the SiO, layer caused ~30% ir-
reversible capacity in the first cycle, which could be ad-
dressed by performing prelithiation [74]. Apart from the
structure design of the electrode, the unstable SEI prob-
lem can also be tackled by modification of the electrolyte
[75, 76].

Other examples of clamped hollow nanostructures
have been demonstrated for alloy anodes [78-83]. For
example, our group has reported the novel “yolk-shell”
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Fig. 6 (a) Schematic of the yolk-shell design. For a conventional slurry coated Si NP electrode (top), SEI on the surface of
the Si NPs ruptures and reforms upon each Si NP during cycling, resulting in the excessive growth of SEI and failure of the
battery. The expansion of each Si NP also disrupts the microstructure of the electrode. For the novel SiQvoid@QC electrode
(middle and bottom), the void space between each Si NP and the carbon coating layer allows the Si to expand without
rupturing the coating layer, which ensures that a stable and thin SEI layer forms on the outer surface of the carbon. This

mechanism also stabilizes the microstructure of the electrode.

(b) Reversible delithiation capacity and CE of Si@void@C

cycled at 1C for 1000 cycles. (c) In situ TEM characterization of Si@Qvoid@QC expansion during electrochemical lithiation.
The schematic of the device is shown on the left. The Si particles are observed to expand within the outer carbon shell.
Scale bar: 200 nm. Reproduced with permission [77], Copyright (© 2012 American Chemical Society.
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alloy anode [Fig. 6(a)], in which commercially available
Si NPs are completely sealed inside conformal, thin, self-
supporting carbon shells, with rationally designed void
space between the core and the shell [77]. The well-
defined void space allows the Si NPs to expand freely
without breaking the outer carbon shell, therefore sta-
bilizing the SEI on the shell surface. Since the individ-
ual yolk-shell particles now internally accommodate the
volume expansion of Si, the whole electrode will be sta-
bilized as well and will not experience the shuffling and
structural change as in the bare Si NP electrode. Hence,
high capacity (2800 mAh/g at C/10), long cycle life
(1000 cycles with 74% capacity retention), and high CE
(99.84%) have been realized in this yolk-shell structured
Si anode [Fig. 6(b)]. The successful design and fabrica-
tion is also confirmed by in situ TEM observation [84,
85] of our yolk-shell anode during lithiation [Fig. 6(c)].
The results show that Li indeed penetrates through the
carbon shell and reacts with the Si core. And the Si core
expanded inside the carbon shell without rupturing it.

The yolk-shell anode is attractive not only because it
addresses the unstable SEI problem, but also because of
its scalable/bulk fabrication process. And commercial Si
NPs are the source, so no silane CVD was needed. More-
over, since the final product is in the form of powder,
it is fully compatible with the slurry-coating industry
manufacturing process.

3 Nanostructured high-capacity sulfur
cathodes for Li-batteries

3.1 Background of lithium-sulfur battery and problems
to be addressed

Lithium-sulfur (Li-S) batteries can significantly improve
the state-of-the-art battery technologies due to its high
specific energy density and low cost [9]. Sulfur, one of the
most abundant elements on earth, is an exciting cathode
material with a high theoretical specific capacity of 1673
mAh/g. In a Li-S battery, sulfur is reduced to lithium sul-
fide (2Li + S — LisS) at an average potential of around
2.2 V, which results in a specific energy of around 2600
Wh/kg, six times higher than conventional Li-ion bat-
teries based on metal oxide cathodes and graphite an-
odes [86]. Conventional Li-S battery is composed of a
lithium metal anode, a multi-component organic liquid
electrolyte, a porous separator, and a sulfur cathode con-
sisting of micro-sized irregular shaped sulfur particles,
carbon additives and polymer binder. Sulfur is usually in
the form of cyclic octatomic molecules with the chemical
formula Sg. During the discharge/charge process, sulfur
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undergoes a series of structural and morphological trans-
formations, including the formation of electrolyte solu-
ble lithium polysulfides (Li2S,, 4 < 2 < 8) and insoluble
LizSy/LisS [86]. This operation mechanism leads to sev-
eral problems that hinder the successful implementation
of Li-S battery, preventing it from reaching the cycling
performance suitable for portable electronics and electri-
cal vehicles.

The poor cycle life of sulfur cathodes is a multifaceted
issue which can be attributed to the following reasons
[86-91]. i) The highly soluble intermediate lithium poly-
sulfides can diffuse to the lithium anode, where they are
reduced to insoluble LisSs/LisS deposited on the anode
surface, causing active material loss. Same reactions also
occur on the cathode surface, where random deposition
of LiySo/LisS can drastically change the electrode mor-
phology, resulting in inaccessibility of active materials
and electrode degradation. This polysulfide diffusion also
generates an internal redox shuttle, leading to low CE.
ii) Large volume expansion (~80%) occurs when sulfur
is reduced to LisS, causing significant stress in the elec-
trode and aggravating the polysulfides diffusion as well.
iii) Both sulfur and LisS are highly electrically and ion-
ically insulating.

To address the challenges described above, an ideal
structure for sulfur cathode should possess the following
characteristics: 1) a closed structure for efficient polysul-
fides confinement; ii) sufficient empty space to accom-
modate sulfur volumetric expansion (~80%); iii) small
characteristic dimension of the sulfur to allow intimate
contact with the electrically conductive materials and a
short transport pathway for both electrons and lithium
ions; iv) suitable electrolyte additives to passivate the
lithium surface to minimize the shuttle effect. A variety
of strategies have been developed to synthesize sulfur
composites with favorable structures and properties to
improve the cycling stability, specific capacity and CE of
Li-S batteries [92-117]. In the following section we will
review the recent developments on Li-S batteries mainly
based on studies on sulfur cathode in our group.

3.2 Sulfur-carbon composite cathode and amphiphilic
surface modification

Carbon has always been the focus of research as a con-
ductive matrix or substrate to improve the electrochemi-
cal performances of Li-S batteries. Ever since the success-
ful example of using highly ordered mesoporous carbon
to constrain sulfur within its conductive channels in 2009
[92], a variety of carbon-based materials have been stud-
ied, including mesoporous hollow carbon spheres [93, 94],
hollow/porous carbon nanofiber [95-97], activated car-
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bon fiber [98], microporous carbon paper [99], acetylene
black [100], highly porous carbon [101], and graphene
oxide [102]. Our group has successfully designed and
synthesized various nanostructured carbon-based sulfur
composite electrodes to address the challenges associated
with sulfur cathode [103-107]. Engineering the nanoscale
architecture of the carbon matrix can be effective in
achieving the dual goal of attenuating polysulfide disso-
lution and improving the overall electrode conductivity.

One notable structural design from our group is
the hollow carbon nanofiber-encapsulated sulfur cathode
[Fig. 7(a)] which demonstrated high specific capacity of
1400 mAh/g and excellent cycling stability [104]. The
hollow carbon nanofiber arrays were fabricated using an-
odic aluminum oxide (AAO) templates through thermal

(a)

Sulfur
mlusnon

Carbon-coated
AAO template

(b)
(i)

Carbon black

Graphene oxide

(d)

CMK-3/sulfur composite

=

AAO template

PEG-modified
sulfur particle

carbonization of polystyrene. Sulfur was incorporated
into the hollow carbon nanofiber arrays by heating a so-
lution of sulfur in toluene with the carbon-coated AAO
template. The AAO template was then etched away so
that sulfur only coated on the inner wall of the carbon
fibers. The high aspect ratio (200-300 nm in diameter
and 60 wm in length) of the carbon nanofibers provides
effective trapping of polysulfides, and the thin carbon
wall allows rapid transport of lithium ions and electrons.
The hollow structure also provides large space for sul-
fur expansion during cycling. A high specific capacity of
~730 mAh/g was achieved at C/5 rate after 150 cycles
of charge/discharge.

While hollow carbon nanostructured sulfur cathodes
exhibited superior battery performance, their fabrication

AAD
etching

(iii)

Graphene-wrapped
sulfur particle

Conductive polymer-wrapped
CMK-3/sulfur composite

Fig. 7 (a) Schematic illustration of hollow carbon nanofiber-encapsulated sulfur cathode. Reproduced with permission
[104], Copyright © 2011 American Chemical Society. (b) (i) SEM images of the biotemplates from a Dungeness crab,
demonstrating the nanochannel arrays in crab shell templates. (ii) Structural model of twisted plywood nanochannel arrays in
crab shell templates showing the hollow channels created by removing organic nanofibers in crab shells. (iii) Magnified image
of the black square in (ii), showing the hollow channels arranged parallel to each other to form horizontal planes stacked in a
helicoid fashion. Reproduced with permission [106], Copyright (© 2013 American Chemical Society. (¢) Schematic illustration
of graphene-wrapped sulfur composite. Reproduced with permission [103], Copyright © 2011 American Chemical Society.
(d) Schematic illustration of conductive polymer-coated mesoporous carbon (CMK-3)/sulfur composite. Reproduced with
permission [107], Copyright (© 2011 American Chemical Society.
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often involves expensive starting materials and elaborate
processing. Therefore, low-cost, scalable, and sustainable
nanostructured templates are highly desirable for suc-
cessful implementation of Li-S batteries. Recently our
group demonstrated the use of crab shells consisting of
mineralized chitin-protein fibers as biotemplates to fab-
ricate hollow carbon nanofibers [Fig. 7(b)] [106]. As a
sustainable natural resource, ~0.5 million tons of crab
shell waste are generated every year from ~1.5 million
tons of crab consumption. Crab exoskeletons consist of
mineralized chitin-protein nanofibers containing bioce-
ramic CaCOg3 in a twisted plywood pattern [118-121].
The chitin-protein organic components can be removed
to form pure CaCOg frameworks containing nanochan-
nels with an average diameter of ~70 nm. One piece of
crab shell (15 g) can usually yield about 8 g of nanostruc-
tured CaCOj3. Carbon nanotube arrays were synthesized
after a layer of carbon coating on the CaCO3 frameworks
which can then be dissolved away by acid. After infusing
sulfur into these carbon nanotubes, the resulting sulfur
cathode showed a high initial specific capacity of 1230
mAh/g and good cycling performance (up to 200 cycles
with 60% capacity retention).

Other carbon-based nanostructured sulfur cathodes
that have been developed in our laboratory include
graphene-wrapped poly(ethylene glycol) (PEG)-coated
sulfur particles [Fig. 7(c)] and conductive polymer-
coated mesoporous carbon (CMK-3)/sulfur particles
[Fig. 7(d)] [103, 107]. The strategy of using both carbon-
based materials and polymer coatings in these two de-
signs could provide double protection to trap soluble
polysulfides. Both the graphene-sulfur composite and
the conductive polymer-wrapped CMK-3/sulfur compos-
ite showed high and stable specific capacities up to 600
mAh/g over more than 100 cycles.

When carbon is used as the conductive matrix, rapid
capacity decay of around 20%-30% in the first ten cy-
cles is commonly observed. Although the formation of
lithium polysulfides and their subsequent dissolution in
the electrolyte has been suggested to account for the ca-
pacity decay observed in most Li-S batteries [108-110],
this may not be the sole reason causing capacity de-
cay. In operando transmission X-ray microscopy imaging
on sulfur cathodes (made from commercial sulfur parti-
cles) indicated that dissolution of active materials into
the electrolyte was not as severe as previously expected
[111]. Therefore, mechanistic understanding of the sulfur
cathode reaction from new perspectives is necessary.

In the ez-situ TEM study that was recently done by
our group [105], we observed systematic delamination of
discharged lithium sulfide from the carbon surface after
sulfur lithiation [Fig. 8(a)], resulting in loss of electri-

332

cal contact and capacity decay. To explain this obser-
vation, we carried out ab initio calculations to estimate
the change in binding energy between sulfur and the car-
bon surface during the lithiation process. We found that
there is a significant decrease in the chemical bonding
between the carbon surface and the sulfur species af-
ter lithium reacts with sulfur. The binding energy be-
tween elemental sulfur atom and carbon is around 0.79
eV. The binding energy decreases to around 0.21 eV and
0.29 eV when one and two lithium atoms are added to
the system, respectively [Fig. 8(b)], causing detachment
of lithium sulfide from the carbon surface. The weaken-
ing of binding between the carbon and the discharged
lithium sulfide can be tackled by introducing functional
groups that have strong binding with both the carbon
surface and lithium sulfides. We chose amphiphilic poly-
mer, polyvinylpyrrolidone (PVP) to modify the carbon
surface due to its strong binding with carbon surface
from aqueous solution attributed to the strong thermo-
dynamic driving force in eliminating the hydrophobic in-
terface [122, 123]. Our simulation showed that lithium
atoms in Li,S (0 < = < 2) species can bind to the oxygen
atom in PVP, giving high binding energies of 1.29 and
1.01 eV with LiS and LiyS, respectively [Fig. 8(d)]. The
TEM image of the discharged cathode did not show de-
tachment of lithium sulfide from the carbon surface [Fig.
8(c)]. The modified sulfur cathode achieved stable perfor-
mance of more than 300 cycles of charge/discharge with
80% capacity retention (a reversible capacity of ~650
mAh/g after 300 cycles) [Fig. 8(e)]. This study gave us
important indications on the interfacial effect on the cy-
cling stability of sulfur.

3.3 Monodisperse hollow and yolk-shell sulfur
nanostructures

While encapsulating nanostructured sulfur to attenuate
polysulfides dissolution and increasing the electrode con-
ductivity have been the major areas of research for im-
proving the Li-S battery performance, large volume ex-
pansion of sulfur is also a huge problem. Conventional
core-shell sulfur nanostructures are not effective in trap-
ping polysulfides, because the volume expansion of the
sulfur core caused the protective layer to crack and frac-
ture, aggravating the polysulfides dissolution. Engineer-
ing hollow space into sulfur nanostructures with coatings
can effectively address this problem. In addition, for the
fabrication of most carbon-based sulfur composites, sul-
fur needs to be melted and infused into the conductive
matrix. Therefore, sulfur precipitation on the outer sur-
face of the host matrix cannot be avoided. Additional
processes are necessary to remove the inhomogeneously

Nian Liu, et al., Front. Phys., 2014, 9(3)



REVIEW ARTICLE

(a)

OLi
(e) .

5 00 ©C ON OH

O

1.01 eV
(e) < 1000

@ — [ 1.0 2
= ——— [=
é 800 eSS 0.8 -2
<. 600 %
£ - 0.6 é
=
§ 400 = Coulombic efficiency [ 04 §
2 200 s Modified electrode E]
35 ® Unmodification electrode 02 8
: 0 50 100 150 200 250 300

Cycle number

Fig. 8 (a) TEM image of the hollow carbon nanofiber encapsulated sulfur cathode (left) before discharge and (right) after
fully discharge to 1.7 V. (b) First-principles calculations showing the interaction between the carbon surface and S, LiS,
and LisS. The numbers represent the bond lengths between the sulfur atoms and the carbon surface in each case. The insets
show the top views of the molecular configurations. (c) left: TEM image of the sulfur cathode after functionalization with
polymer and infusion of sulfur. right: TEM image of the sulfur cathode after fully discharge. (d) Schematic showing the
interaction between PVP and carbon surface, and first-principles calculation showing the interaction between the discharge
products and the functional group on the polymer. (e) Comparison of cycling performance at C/2 with and without the
PVP modification. Reproduced with permission [105], Copyright (© 2013 American Chemical Society.

deposited sulfur [90, 104, 110]. This also leads to great
variation in battery performance even with similar elec-
trode structure and composition [103, 108, 114]. Tap-
ping into the wet chemistry of nanoparticle synthesis
offers great opportunities in manipulating the size and
morphology of sulfur particles and thus provides un-
precedented control over the electrode architecture from
nanoscale to macroscale.

To realize a sulfur cathode that addresses all the above
mentioned problems simultaneously, our group recently
successfully demonstrated two rational designs of sul-
fur nanostructured cathode with tunable nanoscale mor-
phology: monodisperse sulfur-TiO; yolk-shell nanoparti-
cles and polymer-encapsulated hollow sulfur nanospheres
[112, 113]. For the yolk-shell design [Fig. 9(a)], monodis-
perse solid sulfur nanoparticles were used as starting

Nian Liu, et al., Front. Phys., 2014, 9(3)

materials for the subsequent TiO5 coating to form a core-
shell nanostructure. Then the yolk-shell structures were
fabricated by partially dissolving sulfur using toluene
to create empty space between the sulfur core and the
shell [Fig. 9(b)]. This internal void space can accommo-
date the volume expansion of sulfur without breaking
the TiOg shell to greatly minimize the polysulfides dis-
solution. A similar concept was demonstrated for the
polymer-encapsulated hollow sulfur nanospheres, while
their fabrication was realized in a single-step, scalable,
environmentally benign, room-temperature approach
[Figs. 9(d)—(f)]. This represents a great advantage over
the synthesis of sulfur-carbon composites and meso-
porous oxides additives (mesoporous oxides were proved
to be able to trap polysulfides) [89, 108, 114], which
usually involves high-temperature process and highly
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Fig. 9 (a) Schematic of the synthetic process that involves coating of sulfur with TiO2 to form sulfur-TiOg2 core-shell
nanostructures, followed by partial dissolution of sulfur in toluene to achieve the yolk-shell morphology. (b) TEM image
of as-synthesized sulfur-TiOs yolk-shell nanostructures. (c¢) Charge/discharge capacity and CE of sulfur-TiO2 yolk-shell
nanostructures over 1000 cycles at C/2. Reproduced with permission [112], Copyright (© 2013 Nature Publishing Group.
(d) A Schematic showing the structure of PVP-encapsulated sulfur nanosphere with empty space inside and the inward
expansion during lithiation for the accommodation of volume change and the confinement of polysulfides by the shell.
(e) The fabrication process of PVP-encapsulated hollow sulfur nanospheres based on a simple reaction between sodium
thiosulfate and hydrochloric acid in an aqueous solution in the presence of PVP at room temperature. Digital camera
image of the synthesis scaled up in a 2000 mL beaker (on a scale of gram per batch). (f) SEM image of the hollow sulfur
nanospheres after washing them with water to remove the PVP on the particle surface. Inset, TEM image of an individual
hollow sulfur nanosphere. Reproduced with permission [113], Copyright © 2013 National Academy of Sciences, USA.

corrosive acid for template synthesis that significantly
limits the manufacturability of the sulfur cathode materi-
als. Using these highly uniform sulfur nanoparticles engi-
neered with internal empty space and restraining shells,
we demonstrated high specific capacities and excellent
cycling stability. High initial specific capacities of ~1000
mAh/g at C/2 can be obtained. Over a long-term cy-
cling of 1000 cycles at C/2, capacity decay as low as
0.033%—0.046% per cycle and an average CE of ~98.4%
was achieved [Fig. 9(c)].

3.4 Lithium sulfide cathode: activation and
bifunctional binder

Compared to sulfur, lithium sulfide (LizS) with a the-
oretical capacity of 1166 mAh/g also attracted much
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attention as promising cathode material because it can
eliminate the requirement of lithium metal anode and use
other less hazardous materials, such as silicon or tin, as
alternatives [124-128]. This can avoid the safety concerns
associated with metallic lithium including high reactivity
and dendrite formation. The challenges of LisS cathode
lie in the low conductivity and poor material utilization.
Devising new methods to obtain nanostructured LisS
and activate the highly insulating materials are crucial in
realizing the full potential of LisS cathode. Our group de-
veloped the fabrication of CMK-3/LisS nanocomposite
by chemically lithiating CMK-3/sulfur composite with
n-butyllithium [Figs. 10(a) and (b)] [129]. The resulting
LisS was confined within the tiny pores of CMK-3, lead-
ing to fast kinetics of the electrode reaction. The cell
showed an initial capacity of 950 mAh/g (based on the

Nian Liu, et al., Front. Phys., 2014, 9(3)
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mass of LisS), which is about 30 times higher than that
of commercial LisS particles. When paired with silicon
nanowires anode, the full cell gave a high discharge ca-
pacity of 803 mAh/g at C/8 (146 mA/g), corresponding
to a specific energy of 1050 Wh/kg based on the mass of
active materials. Even at 1C, the full cell can still deliver
a high capacity of 656 mAh/g.

While nanostructured LisS showed greatly improved
electrochemical performances as cathode materials, the
fabrication process is relatively complicated and not easy
to scale up. Recently our group found out a facile method
to activate the ball-milled, micrometer-sized LisS parti-
cles by applying a high charging cutoff voltage (~4 V)
to overcome the initial potential barrier during the first
charge [Figs. 10(c) and (d)] [130]. This leads to the for-
mation of a polysulfide phase which drastically enhanced
the kinetics of LisS. The activation barrier disappeared
in the following cycling, and the battery showed similar
electrochemical behaviors as common sulfur cathode. Us-
ing this activation approach, even for 10 um-sized LisS,
an initial capacity of over 800 mAh/g can be obtained,
and a capacity of over 500 mAh/g can still be achieved
after 50 cycles of charge/discharge.

Although the activation of LisS opens great opportu-
nities for the utilization of commercially available LisS
particles, LisS still retains the same problem of polysul-
fides dissolution as sulfur cathode. Enlightened by the
binding between LisS and amphiphilic polymer in im-
proving sulfur cathode performance described above, we
used ab initio simulations to elucidate the interaction
between LisS and lithium polysulfides with various func-
tional groups in macromolecular binders [131]. Based
on the simulation, we chose PVP as a dual-functional
binder for LisS cathode. The PVP binder not only binds
strongly with LisS to form a uniform dispersion of ac-
tive material and carbon in the electrode slurry, but
also shows strong binding affinity with lithium polysul-
fides to minimize their loss into the electrolyte during
cycling [Figs. 10(e)—(h)]. A high discharge capacity of
760 mAh/g (based on the mass of LisS) was achieved at
C/5 with stable cycling over 500 charge/discharge cycles
(69% capacity retention) [Fig. 10(i)].

4 Nanoporous Prussian Blue analogues for
stationary energy storage

4.1 Prussian Blue analogues (PBAs)

Prussian Blue, or ferric hexacyanoferrate, is one of the
oldest known coordination complexes [132]. A whole fam-
ily of materials has been named after it: Prussian Blue

Nian Liu, et al., Front. Phys., 2014, 9(3)

analogues (PBA). Their chemical formula can be repre-
sented by AP, [R(CN)s],-wH20 (A is an alkali cation,
and P and R are transition metal ions). These com-
pounds exhibit a variety of interesting physical proper-
ties, including sensitivity to humidity [133], ion exchange
[134], pressure-induced CN flipping [135], zero thermal
expansion [136], hydrogen storage [137], novel magnetic
properties [138-140] and chemical sensing [141]. The elec-
trochemistry of electrodeposited thin films of PBAs has
been extensively studied in the past for applications in
electrochromism, beginning with Neff’s pioneering works
[140, 141]. The electrochemical behavior of PBAs is the
result of the redox activity of one (or both) of the tran-
sition metal ions in the structure, accompanied by the
insertion-extraction of alkali cations into/out of the lat-
tice:

ArPy[RHI(CN)G]z + a(A+ +e7)
= Aw-l-aPy[RIH(CN)G]z—a[RH(CN)G]II

In addition to the chemical formula, PBAs share a
peculiar open framework, nanoporous crystal structure
described in detail in the next section, which confers to
this class of materials outstanding electrochemical prop-
erties. When operated in an appropriate aqueous elec-
trolyte, PBA electrodes show extremely long cycle life,
fast kinetics and high efficiency, making them ideal can-
didates for batteries used in grid-scale stationary energy
storage applications.

4.2 The open framework nanoporous crystal structure

As shown in Fig. 11, PBAs exhibit a 3D host framework
crystal structure and cubic nanopores with edge lengths
of 5 A [142]. This structure is composed of a face-centered
cubic framework of transition metal cations where each
cation is octahedrally coordinated to hexacyanometallate
groups [143-145]. Both the P-site transition metal cation
and the R(CN)E_/ " hexacyanometallate anion can be
electrochemically active in this structure.

Large interstitial “A sites” within the structure can
accommodate zeolitic water and alkali ions. The stoi-
chiometry (y/z ratio) determines the R(CN)g vacancy
concentration and the water content in PBAs. The al-
kali ions, water molecules, and [R(CN)g] vacancies con-
stitute structural defects in PBAs and influence their
physical properties [146]. This nanoporous, open frame-
work structure fundamentally differs from that of other
insertion electrode materials because of the large chan-
nels between the A sites that allow for rapid insertion
and removal of both alkali and non-alkali ions. In addi-
tion, there is little lattice strain during cycling because
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Fig. 10 (a) A schematic of a CMK-3 mesoporous carbon-embedded LipS/silicon nanowire battery. (b) The cycling
performance of a CMK-3/Li2S cathode compared to a commercial 10 um-sized LiaS particle electrode. Reproduced with
permission [129], Copyright © 2010 American Chemical Society. (¢) Schematic illustration of the effect of applying a high
cutoff to activate LiaS. After overcoming the initial barrier, a polysulfide phase is formed and Li2S becomes active. (d)
Voltage profile of a pristine LiaS electrode in the initial three cycles. Potential barrier was observed only at the beginning
of the first charge. Electrode was charged to 4.1 V vs. Li/LiT first and then cycled between 1.5 and 3.5 V. Reproduced
with permission [130], Copyright (© 2012 American Chemical Society. (e, g) Ab initio simulations showing the most stable
configuration and calculated binding energies of LiaS and Li-S- species with (¢) PVP and (g) PVDF binders. (f, h) Optical
microscopy and digital camera images (inset) showing the electrode slurry of (f) Li2S/carbon black/PVP binder and (h)
LizS/carbon black/PVDF binder in N-methyl-2-pyrrolidinone (60:35:5 by weight in both cases). (i) Specific capacity and
CE of LizS cathodes using PVP binder upon prolonged cycling over 500 cycles at C/5. Reproduced with permission [131],
Copyright (© 2013 The Royal Society of Chemistry.
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the A sites are larger than the ions that are inserted and
removed from them [147]. This results in extremely sta-
ble electrodes: 107 cycles have been reported for Prussian
Blue in electrochromic devices [148-150].

Fig. 11 The nanoporous, open framework crystal structure of
PBAs in which transition metal ions (R-site is C coordinated
while the P site is N coordinated) are linked by a face centered
cubic framework of cyanide groups. In the case of CuHCF, oc-
tahedral hexacyanoferrate groups form a framework with six-fold
nitrogen-coordinated copper. The framework contains large inter-
stices, known as the “A Sites”, which may contain zeolitic water
or mobile, hydrated alkali ions. Each of the eight subcells of the
unit cell contains a large “A site” that may be occupied by zeolitic
water or hydrated alkali cations such as K+ or Nat. Hydrated ions
may readily pass between one A Site and the next through channels
in the (100) directions. This three-dimensional network of A Sites
and channels allows for rapid transport of KT or Nat through the
material without disturbance of the framework. Zeolitic water is
omitted for clarity.

4.3 Electrolyte considerations

Most of the early studies on PBAs have focused on their
aqueous electrochemistry [151]. It was not until recently
that researchers started investigating their electrochemi-
cal properties in organic electrolytes with the goal of de-
veloping cathode materials for lithium-ion [152-158] and
sodium-ion [159-163] batteries. Not only are electrolytes
in aqueous batteries safer, more conductive, cheaper, and
non-toxic [164], but the electrochemical performance of
PBAs in organic electrolytes is also not nearly as impres-
sive as in water in terms of cycle life, energy efficiency
and power output. We believe that the differing behav-
ior in organic versus aqueous electrolytes might be due
to several reasons:

i) In aqueous electrolytes, alkali ions can be inserted
in the open framework structure in their hydrated (or
partially hydrated) form, while in organic electrolytes,
the ions have to be fully desolvated before being inserted
into the structure [165]. This results in suppressed acti-
vation energy for interfacial charge transfer in the case

Nian Liu, et al., Front. Phys., 2014, 9(3)

of hydrated ions [166] and therefore improved kinetics.

ii) The mechanism of ionic conductivity changes in dif-
ferent electrolytes. Water molecule ligands coordinate to
the P ions adjacent to [R(CN)g] vacancies, and zeolitic
water molecules reside in the A sites. The P ion acts as a
Lewis acid, and a hydrated alkali ion is carried through
the 3D hydrogen-bond network, which is composed of ze-
olitic and coordinated water molecules (Grotthus mech-
anism) [167].

iii) In organic electrolytes, the insertion of Li*/Na™
ions in the nanocubes and the concurrent reduction of
transition metal ions result in a cooperative displacement
of the alkali ions along the diagonal direction that de-
stroys the macroscopic cubic symmetry, causing a rhom-
bohedral distortion of the framework [168]. This process
is hindered when, instead of the naked alkali ions, the
bigger and charge-shielded hydrated alkali ions are in-
serted in the structure.

For all the above-mentioned reasons, we have decided
to focus the efforts in our research group on electrodes
for aqueous electrolytes.

4.4 PBAs in aqueous electrolyte batteries

Most of the early studies on PBAs have focused on the
aqueous electrochemistry of hexacyanoferrates. In these
materials the R-site is occupied by an electroactive Fe
cation that changes its valence state between III and II
upon charging/discharging. PBAs are known to be more
stable at acidic pH than at neutral and basic pH, as lig-
and exchange between the CN~ ligands and OH™ ions
results in the dissolution and destruction of the Prussian
Blue structure [160]. The potential of hexacyanoferrates
is close to 1 V versus standard hydrogen electrode (SHE),
making them ideal cathode materials in a mildly acidic
aqueous electrolyte. Different hexacyanoferrates have
different potentials depending on both the nature of the
transition metal ion in the P-site position [169] and the
alkali ion inserted [170, 171] in the structure. Both effects
have been quantitatively described by Dostal and Scholz
in their 1996 paper [151]. Out of all the possible combina-
tions, we have recently demonstrated that copper hexa-
cyanoferrate (K,Cu''[Fe™/1(CN)g]) is a very promising
cathode material in sodium- and potassium-ion elec-
trolytes. The material exhibits ultra-long cycle life (83%
capacity retention after 40 000 cycles), high power (67%
discharge capacity available at 80C), and high energy
and Coulombic efficiencies (99.0% and 99.7%, respec-
tively at C/6) [147]. We have later shown that nickel
hexacyanoferrate (Na, Ni'l[Fe!'l/TI(CN)g]) also exhibits a
very long cycle life in a Na-ion electrolyte [172]. Another
interesting property is that the reaction potential of
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Fig. 12 Schematic of the full cell device. In the PPy/AC negative electrode (left side) the reduced PPy particles fix the
open circuit potential close to the lower stability limit of the electrolyte while the charge is stored in the double layer
built at the high surface activated carbon. The copper hexacyanoferrate (CuHCF) positive electrode (right side) has the
nanoporous open framework structure. Reproduced with permission [173], Copyright (© 2012 Nature Publishing Group.

copper-nickel hexacyanoferrate alloy nanoparticles may
be tuned by controlling the ratio of copper to nickel in
these materials [169].

These hexacyanoferrate cathodes are ideally paired
with an anode that has comparable cycle life and kinet-
ics to avoid a substantial constraint in the performance
of the full battery. The activated charcoal used in com-
mercial ultracapacitors has these properties, and we re-
cently showed that a novel activated carbon/polypyrrole
(PPy/AC) hybrid anode can be successfully combined
with the K,Cul[Fe'"'/1(CN)g] cathode in an asymmet-
ric cell (Fig. 12) [173].

In the asymmetric cell, however, the low specific and
volumetric capacity of capacitive electrodes severely lim-
its the specific energy and energy density of the full cell.
An ideal anode candidate is therefore another PBA with
a lower potential, ideally close to 0 V versus SHE in order
to maximize the 1.2 V electrochemical stability window
of water. In order to achieve that, the electroactive ion
in the structure needs to be replaced. Hexacyanometal-
lates of Mn, Cr, Co, and Ru, among others, have long
been studied for their magnetic and structural proper-
ties; however, their electrochemical properties have re-
ceived very little attention. One exception is iron hexa-
cyanoruthenate, also known as Ruthenium Purple, which
is well-known for its electrochromic properties [158]. In
1995, Dostal and Scholz were the first to demonstrate the
electrochemical activity of hexacyanomanganates and
hexacyanochromates [159].

In particular, we have recently demonstrated the
use of manganese hexacyanomanganate [159, 174, 175]
(Na, Mn" [Mn™/T(CN)g]) as an anode material that has
a low reaction potential around 0 V versus SHE [176].
By combining this new anode with a copper hexacyano-
ferrate cathode, we demonstrate a new type of safe, fast,
inexpensive, long-cycle-life aqueous electrolyte battery
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that relies on the insertion of sodium ions (Fig. 13). This
high-rate, high-efficiency cell has a 96.7% round trip en-
ergy efficiency when cycled at a 5C rate and an 84.2%
energy efficiency at 50C. There is zero capacity loss after
1000 deep-discharge cycles.

© Na
© Mn

o Cu
OFc

Cu "—NEC—FC[[“ Il

Fig. 13 Symmetric open framework cell schematic. This new
type of safe, fast, inexpensive, long-cycle life aqueous electrolyte
battery relies on the insertion of sodium ions into the copper hex-
acyanoferrate cathode and a newly developed manganese hexa-
cyanomanganate anode, both of which have the same open frame-
work crystal structure. Reproduced with permission [176], Copy-
right (© 2014 Nature Publishing Group.

The main limitation of PBAs in aqueous electrolytes is
their modest specific capacity of about 60 mAh/g, espe-
cially if compared with their theoretical specific capacity
of more than 160 mAh/g. On the other hand, if syn-
thesized with a low vacancy content and operated in an
organic electrolyte, capacities of more than 120 mAh/g
have been reported for manganese and cobalt hexacyano-
ferrate [159, 163]. This additional capacity derives from
the electrochemical activity of the P-site transition metal

Nian Liu, et al., Front. Phys., 2014, 9(3)
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ions.

4.5 Other applications

The outstanding properties of PBAs are not only lim-
ited to aqueous batteries. Our research group is explor-
ing their application in a variety of ambitious projects.
The large A-site channels of the open framework crys-
tal structure allow the insertion of not only monovalent
alkali ions but also divalent alkaline earth and trivalent
transition metal and rare earth cations [177]. Also, the
ability to insert sodium ions and the very low solubility
of PBAs in aqueous electrolytes make them ideal elec-
trode materials for salinity difference devices previously
developed by our research group, including mixing en-
tropy [178] and desalination [179, 180] batteries. PBAs
can be used as energy harvesting systems due to their
usable specific entropy depending on the temperature.
According to its high energy efficiency during charge and
discharge process in aqueous electrolytes, the application
of PBAs is expected to acquire highly efficient thermo-
galvanic systems.

5 Nanostructured electrodes for electrochem-
ical capacitors

5.1 Introduction and basics

Apart from batteries, electrochemical capacitors (ECs) is
another key electrochemical energy storage system [181].
In contrast to batteries’ bulk storage mechanism through
faradaic reactions, ECs take advantage of near-surface
charge storage mechanisms (based on electrochemical
double-layer capacitance or redox pseudocapacitance) to
achieve much greater power density (1-2 orders of mag-
nitude higher than batteries) [182]. The cycle life of ECs
is typically measured in hundreds of thousands to mil-
lions of cycles, which is 2 to 3 orders of magnitude longer
than batteries. These unique capabilities make ECs use-
ful where a burst of energy needs to be generated or
stored. Examples include automotive regenerative brak-
ing, elevator operation, uninterruptible power supplies
(quickly bring the grid up to full power in seconds), and
high-frequency electric grid load leveling [183].

The energy storage mechanism of ECs can be classified
into: electrochemical double-layer capacitors (EDLCs)
and pseudocapacitors [184]. EDLCs store charges elec-
trostatically at the electrode/electrolyte interface, and
usually use high surface area carbon-based materials as
electrodes. Pseudocapacitors use fast and reversible re-
dox reactions at the surface of electroactive materials

Nian Liu, et al., Front. Phys., 2014, 9(3)

to store charges, and use electrode materials of tran-
sition metal oxides such as RuOz [185, 186], MnO,
[187], or conductive redox polymers such as polyanilines,
and polypyrroles [188]. Pseudocapacitors typically have
higher specific capacitance (300-1000 F/g) than EDLCs
(100-250 F/g), at some cost of power density and cycle
life.

Nanostructured materials as EC electrodes have sev-
eral advantages, among which are short electron and ion
transport path, large surface area between electrode and
electrolyte, and new reactions that are not possible with
bulk materials [6]. The disadvantages include potentially
more complex synthesis and higher manufacturing cost.
Below we will review works, mainly from our group, on
EC electrodes using (a) conductive paper, textile and
sponge, (b) nanostructured hybrid carbon-metal oxide,
and (c) nanostructured conductive polymer hydrogel.

5.2 Conductive paper, textile, and sponge

Paper, invented more than 2000 years ago and widely
used today in our everyday lives, actually has many ad-
vantageous properties as the support structure for ECs
and batteries. First, paper is porous, which allows facile
ion diffusion. Second, paper is lightweight, which in-
creases the total energy density of the device. Third,
paper is a renewable source with low cost and mature
manufacturing. Fourth, the surface of paper is rich of —
OH groups, which are easy to functionalize. Therefore,
if paper can be modified to be conductive, its new era
of applications in energy storage technologies will be
opened [189]. Due to their large surface area and high
conductivity, single-walled carbon nanotubes (SWNTs)
have been regarded as attractive EDLC electrode mate-
rial [190, 191]. Our group has demonstrated that com-
mercially available paper can be made highly conduc-
tive with a sheet resistance as low as 1 ohm per square
(©/sq) by using simple solution processes to achieve a
conformal coating of SWNT film [Figs. 14(a)—(d)] [192].
Compared with plastic ones, paper substrates can im-
prove the film adhesion, simplify the coating process, and
lower the cost. EDLCs based on CNT-conductive paper
show excellent performance [Figs. 14(e)—(h)]. When only
CNT mass is considered, a specific capacitance of 200
F/g, a specific energy of 30-47 Wh/kg, a specific power
of 200 000 W/kg, and a stable cycling life over 40 000
cycles are achieved. These values are much better than
those of devices on other flat substrates, such as plastics.
Even in a case in which the weight of all of the dead com-
ponents is considered, a specific energy of 7.5 Wh/kg is
achieved.

Apart from paper, we have also fabricated conductive
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Fig. 14 (a) Meyer rod coating of CNT ink on commercial Xerox paper. (b) Conductive Xerox paper after CNT coating with
sheet resistance of ~10 ©/sq. (¢, d) SEM images of surface morphology of Xerox paper (c), and conformal CNT coating along fibers
in Xerox paper (d). (e) Schematic illustration of all-paper ECs based on CNT conductive paper. Zoomed-in schematic illustrates
that ion accessibility is enhanced by the strong solvent absorption. (f) Galvanostatic charging/discharging curves with 3 V and 1
V voltage window in organic and aqueous electrolyte, respectively. (g) Gravimetric capacitances at various currents measured in
aqueous and organic electrolytes. Data from CNTs on polyethylene terephthalate (PET) are plotted together for comparison. (h)
Capacitance retention measured in different electrolytes. After 40 000 cycles, 97% and 99.4% of initial capacitances are maintained
for sulfuric acid and organic electrolytes, respectively. Reproduced with permission [192], Copyright © 2009 National Academy of

Sciences, USA.

textile and sponge using similar “dipping and drying”
process and demonstrated their high performance as EC
electrodes and current collectors for other applications
[193-195]. And to make the device even lighter, we have
even integrated electrodes and separator into single sheet
of commercial paper by coating CNT on both sides of the
paper [196]. Our group has later shown that conducting
paper can be also made by simple drawing on paper using
graphite rods [197].

5.3 Nanostructured hybrid carbon-metal oxide

Metal oxides such as RuOs and MnQOs have been at-
tractive for ECs because of their high theoretical spe-
cific capacitance (1358 F/g for RuO2 and 1370 F/g for
MnOs;) enabled by the pseudocapacitance effect. MnOo
is especially promising because of its low cost and en-
vironmental benignity. However, the main challenge for
MnOs is its poor electrical conductivity (~107% S/cm).
Forming hybrid structures with highly conductive ma-
terials has been effective for improved performance [198,
199]. Nanoporous gold substrate has been used to deposit
MnOs to promote electron transport and ion diffusion
[200], achieving a specific capacitance as high as 1145
F/g for MnO,. However, to reduce the cost, conductive
carbon materials are promising current collectors.
Utilizing the conductive CNT-textile as substrate, our
group has reported the hybrid carbon-MnOy ECs [201].
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Uniform MnOg particles with nanoflower morphology
were deposited electrochemically onto CNT-textile. Even
with a high MnO, loading of 8.3 mg/cm?, the compos-
ite still maintained a porous structure. In an aqueous
NagSO4 (0.5 M) electrolyte, the highest specific capac-
itance achieved was 410 F/g, with a MnOs loading of
0.06 mg/cm? and a scan rate of 5 mV/s; while the high-
est areal capacitance obtained was 2.8 F/cm?, at a high
mass loading of 8.3 mg/cm? and a low scan rate of 0.05
mV/s. In comparison, MnOy deposited on Pt foil easily
fractures even at a lower mass loading of 0.8 mg/cm?.
A similar study by another group using CNT-sponge as
substrate demonstrated an even higher capacitance of
1230 F/g, which is very close to the theoretical limit,
with a MnOs loading of 0.03 mg/cm? and a scan rate of 1
mV /s [202]. Their MnO2-CNT-sponge ECs show only 4%
of degradation after 10000 cycles at a charge/discharge
specific current of 5 A/g. The specific power and energy
of the MnO»-CNT-sponge ECs are as high as 63 kW /kg
and 31 Wh/kg, respectively.

To further reduce the cost for potentially large-scale
energy storage systems, solution-exfoliated graphene has
been explored to replace CNTs. Our group have demon-
strated that solution-exfoliated graphene nanosheets (5
nm thick) can be conformally coated from solution
on three-dimensional, porous textiles support struc-
tures achieving high loading of active electrode materi-
als and facilitating the access of the electrolytes [Fig.

Nian Liu, et al., Front. Phys., 2014, 9(3)
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15(a)] [203]. With further electrodeposition of MnOq
[Figs. 15(a)—(c)], the hybrid graphene/MnOz-based tex-
tile yields a specific capacitance up to 315 F/g [Fig.
15(d)]. Moreover, asymmetric electrochemical capacitors
with graphene/MnOo-textile as the positive electrode
and SWNTs-textile as the negative electrode in an aque-
ous NaySOy electrolyte solution were fabricated. These
devices exhibit promising characteristics with a maxi-
mum power density of 110 kW /kg, an energy density
of 12.5 Wh/kg, and excellent cycling performance (95%
capacitance retention over 5000 cycles) [Fig. 15(e)].

The pseudocapacitor performance of graphene/MnQOo-
based nanostructured electrodes can be further improved
by a “3D conductive wrapping” method [204]. A small
amount of CNTs or conducting polymers are coated onto
graphene/MnQOsq-based nanostructured electrodes by a
simple “dipping and drying” process. After that, specific
capacitance of the electrodes (considering the total mass
of active materials) has substantially increased by ~20%
and ~45%, respectively, achieving values as high as ~380
F/g. Moreover, these resulting electrodes have also ex-
hibited excellent cycling performance with >95% capac-
itance retention over 3000 cycles. Such low-cost, high-
performance energy textiles based on solution-processed
graphene/MnQOs hierarchical nanostructures offer great

(a)

promise in large-scale energy storage applications.

5.4 Nanostructured conducting polymer hydrogel

Conducting polymers, such as polyaniline (PAni),
polypyrrole (PPy), and polythiophene, have been inves-
tigated as electrode materials in energy storage devices
for many years [188]. They are unique electroactive mate-
rials with large m-conjugation length and reversible redox
and doping/dedoping reactions. Conducting polymers in
the form of hydrogels have a high level of hydration
and 3D microstructures, which promote the transport of
charges, ions, and molecules [205]. As a result, conduct-
ing polymer hydrogels have demonstrated great potential
for a broad range of applications from energy storage de-
vices such as biofuel cells and ECs, to molecular and bio-
electronics [206] and medical electrodes [207]. The syn-
thesis of conductive polymer hydrogels often involves the
polymerization of a conductive polymer monomer within
a nonconducting hydrogel matrix, resulting in deteriora-
tion of their electrical properties [208-210].

Our group has recently reported a scalable and ver-
satile synthesis of multifunctional polyaniline (PAni)
hydrogel with excellent electronic conductivity and elec-
trochemical activities (Fig. 16) [211]. Phytic acid, an

—
=™
—

[
[=
L}
L]

203001 —=— (G/Mn0O,
) —— (G-only
(i) 54
i g
= 200
g
2 100
2
2 e .
0 T T T T T
Microfibers in textile Graphene nanosheets- MnO, deposited 0 20 40 60 _ISU 100
coated textile fibers graphene-textile © Scan rate (mV-s ")
e .
100 e 8.3
=
£ 80{4
z 8.0
5 60 S
§ 401 75
2
g
8

D000 m

0 : - - - — 7.0
0 1000 2000 3000 4000 3000
Cycle number

Fig. 15 (a) Schematics of the fabrication of hybrid graphene/MnOs-nanostructured textiles as high-performance EC electrodes.
(b) SEM image of a sheet of graphene-coated textile after MnOs electrodeposition. (c) Magnified SEM image of one microfiber in
panel (b). Inset: Further magnified SEM image showing the nanoflower structure of electrodeposited MnO» particles. (d) Compar-
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Cycling performance of asymmetric ECs (graphene/MnO2-textile as positive electrode, CNT textile as negative electrode) showing
capacitance retention of ~95% after 5000 cycles of charging and discharging at a current density of 2.2 A/g, and subtle change in
EC’s equivalent series resistance (ESR) taken from impedance measurement every 1000 cycles. Reproduced with permission [203],
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Fig. 16 (a) Schematic illustration of the 3D hierarchical microstructure of the gelated PAni hydrogel where phytic acid acts
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pores in PAni hydrogel. (f) Cyclic voltammogram curves of the PAni hydrogel electrode at different scan rates (10-200 mV/s).
(g) Summary plot of specific capacitance values vs. current density for PAni hydrogel electrodes. Inset: Cycling test showing
~83% capacitance retention over 10 000 cycles at high current rate of 5 A/g. Reproduced with permission [211], Copyright ©

2012 National Academy of Sciences, USA.

abundant natural product found in plants, was used as
the gelator and dopant to directly form a conducting
polymer network free of insulating polymers [Figs. 16(a)
and (b)]. The PAni hydrogels with phytic acid gelator
showed a new record conductivity of 0.11 S/cm among
several conducting polymer hydrogels reported to date.
And with their unique features of high surface area and
3D porous nanostructures [Figs. 16(c)—(e)], the PAni hy-
drogels demonstrated potential as high-performance EC
electrodes with high specific capacitance (~480 F/g), un-
precedented rate capability, and cycling stability (~83%
capacitance retention after 10 000 cycles) [Figs. 16(f) and
(8)]-

Due to their excellent conductivity and 3D hierarchi-
cal porous structure, the PAni hydrogels have later been
reported useful as glucose enzyme sensors and support
structure for Li-ion battery high-capacity electrodes [49,
211, 212).

6 Conclusion and perspective

This review demonstrates how nanomaterials can sig-
nificantly change electrode properties, and consequently

342

their performance in electrochemical energy storage de-
vices. In some cases the effects may be simple conse-
quences of a reduction in size, for example higher toler-
ance of strain without fracture, and better kinetics due to
higher electrode/electrolyte contact areas. In others the
effects may be more complex, involving integrated con-
sideration of many factors, for example the SEI control
through double-walled Si nanotubes and yolk-shell struc-
ture. Apart from performance improvement, nanostruc-
tured materials coupled with nanoscale instrumentation
have also led to new scientific understanding of the elec-
trochemical processes. This opens up new opportunities
for rational design of high-performance electrochemical
energy storage systems using nanomaterials.

Looking forward, the specific challenges that need to
be addressed are: Si anodes need further improvement
on first cycle Coulombic efficiency, areal mass loading,
overall volumetric capacity, and low cost and scalable
fabrication, without sacrificing the achieved long cycle
life; sulfur cathodes need further improvement on ac-
tive material utilization, electrical conductivity, Coulom-
bic efficiency, and accommodation of volume expansion;
nanoporous open-framework batteries need improvement
mainly on specific capacity; and EC electrode materials

Nian Liu, et al., Front. Phys., 2014, 9(3)
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need improvement on the energy density at high current
density, and low fabrication cost.

Finally, in a more general overview, we do observe
these changes in the research of nanomaterials in elec-
trochemical energy storage in the past decade: i) The
research is leaning towards property-oriented rather than
structure-oriented. The most recognized nanomaterials
are usually those endow the most desired properties; ii)
Materials systems previously thought inapplicable could
be made possible though nanotechnology; iii) Rational
design gradually replacing undirected exploring.
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