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Abstract

®

CrossMark

Development of efficient electrochemical energy storage systems with high energy and power
densities coupled with minimal carbon footprint is an important technological challenge.

One vital aspect in this regard is the correct choice of electrode material, as its properties
(chemical, electrical) and assorted aspects (availability, processability) strongly influence the
performance of the electrochemical system. Significant research has gone into developing
novel electrode materials for the various electrochemical systems (Li-ion and other metal-
ion rechargeable batteries, supercapacitors, etc); however, in most cases, it is hard to identify
a single electrode material that works suitably well across all systems. Molecular precursor
or polymer derived ceramics (PDCs), because of their amorphous nanodomain structure,
processing flexibility, easy availability of precursors, and tunable electrochemical properties,
are promising candidates as electrode materials for a range of electrochemical energy storage
devices. With progressive research, as more information is garnered about the relationship
between PDC molecular structure and electrochemical behavior, it is expected that PDC-based
materials will make a significant impact on the development of the next generation of high
capacity, energy efficient batteries and supercapacitors. This article therefore looks to provide
a detailed discussion of the properties of PDCs and their status as energy storage materials,

along with the challenges that lie ahead.
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(Some figures may appear in colour only in the online journal)

1. Introduction

With the realization of fossil fuel’s negative impact on the
environment, rechargeable electrochemical energy storage
devices are being considered as a way out of this important
energy challenge facing modern civilization (Bruce et al
2008, Goodenough and Park 2013). Rechargeable metal-ion
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batteries, since Sony Corporation™ introduced the first com-
mercial ‘rocking-chair’ type Li-ion battery (LIB) in 1991,
have revolutionized electrochemical energy storage and have
provided significant improvements in telecommunications,
portable electronics, automobiles and even grid storage (Barré
et al 2013, Goodenough and Park 2013, Slater et al 2013,
Blomgren 2017). Currently, not only LIBs, but also sodium
ion batteries (SIBs) are receiving significant research attention
because of their inherent advantages: extensive availability of
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Figure 1. Comparison of various energy storage systems. Comparison of specific power and energy of the LIB with other commonly used

commercial batteries. Reproduced from (Luo et al 2015). CC BY 3.0.

Na metal in the earth’s crust, lower establishment and manu-
facturing cost, usability for large scale grid storage, potential
for use with less toxic, flammable and even aqueous electro-
lytes, etc (Ellis and Nazar 2012, Yabuuchi ef al 2014).
However, emerging metal ion rechargeable batteries pose
their own characteristic set of challenges, especially with
respect to their design and choice of electrode and electrolyte
materials: flammability, structural degradation of electrodes,
inability to accommodate large sized alkali ions, etc, are major
challenges, and are discussed in greater detail in the following
section. Energy and power density of various types of electro-
chemical energy storage systems including Li-ion batteries and
supercapacitors are compared with traditional energy storage
systems such as the flywheel and combustion engine in figure 1.
PDC materials, ever since their large scale introduction in
the 1960s, have demonstrated novel physical and chemical
properties including their high specific surface area and abil-
ity to cycle lithium ions at room temperature, which makes
them a potential candidate for use in electrochemical devices
(Colombo et al 2010). Also, a large variation in properties of
the ceramic is possible by altering their processing param-
eters, as well as composition of pre-ceramic polymer, which
has allowed PDCs to be studied as high power density elec-
trode materials for Li-ion batteries (Bhandavat ez al 2012b).

2. Issues in current electrochemical energy storage
devices

Electrochemical energy storage can be considered a reason-
ably mature science, with significant global commercializa-
tion and research activity (Jiang et al 2012, Chen and Xue
2016). However, it is important to realize that current electro-
chemical storage devices suffer from several important issues
which must be addressed if their full potential is to be realized.

For LIBs, some of the issues can be discussed as follows.

Electrode decomposition is one of the most important fac-
tors that limits the usability of rechargeable metal ion batteries.

Batteries usually function within the oxidative range of the
electrolyte, and if this range is sometimes exceeded, disso-
lution of the positive electrode occurs, resulting in reduced
cell lifetimes (Scrosati and Garche 2010). Similarly, continu-
ous charging and discharging results in undesirable side reac-
tions at both the anode and the cathode side, causing quicker
electrode degradation (Scrosati and Garche 2010, Yuan er al
2017). These processes lead to progressive capacity fading as
well, as the integrity of the electrode structure is irreversibly
lost (Yuan et al 2017).

Formation of a solid—electrolyte interface layer is a sig-
nificant drawback frequently encountered (An et al 2016).
Intercalation of alkali metal ions generally results in the for-
mation of a solid—electrolyte interface (SEI) at the electrode
surface, resulting in consumption of some of those ions (An
et al 2016, Yu et al 2017). This is an irreversible process,
especially in the first few cycles of battery performance. SEI,
however, can be considered a necessary evil, as it helps to sta-
bilize the cell after the initial few cycles and prevents further
electrode degradation (Yu and Manthiram 2018). Coulombic
efficiency is defined as the ratio of amount of charge stored
during discharge to that of the amount delivered during the
previous charging cycle (Smith er al 2010). Multiple causes
such as unwanted side reactions, electrode degradation, for-
mation of passivating layers, etc, result in significant reduc-
tion in coulombic efficiency, as well as capacity fading, with
progressive cycling of the cell (Xua et al 2015).

Operational safety is another important consideration that
must be kept in mind for LIBs. The electrolytes used in the case
of LIBs are toxic, flammable and sometimes prone to explo-
sion (Arbizzani et al 2011, Scrosati et al 2011). Formation
of dendrites—especially if Li metal is used as the anode—is
an important safety issue, as these dendrites eventually lead
to short-circuiting of the cell and this raises another concern:
potential explosion (Bhattacharyya et al 2010). Therefore,
battery design and proper heat removal systems are essential
in the proper functioning of LIBs. Non-LIBs, especially SIBs,
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Figure 2. Issues faced by energy storage system electrodes. Flowchart depicting the various issues faced by electrochemical energy storage
systems and how these manifest themselves, along with steps that can be taken to overcome them and improve performance. Reproduced

with permission from (Bhandavat er al 2012b).

pose a different set of challenges which are unique to them-
selves, apart from the issues mentioned above.

The large size of the Na™ ion places considerable con-
straints on the types of electrode that can be used (Sawicki and
Shaw 2015). Graphite, a commonly used negative electrode in
LIBs, cannot be used with SIBs as it does not provide suffi-
cient interlayer spacing to accommodate Na™ ions (Slater et al
2013, Sawicki and Shaw 2015). Similarly, when pure metals
or metal alloys are used as the electrode, there is a danger of
structural degradation and pulverization because of the large
volume changes due to intercalation/alloying of large sized
Na™ ions (Sawicki and Shaw 2015, Mukherjee et al 2017). Sn
or Sb compounds and alloys are especially susceptible to this
sort of damage (Baggetto ef al 2014).

Electrode design and engineering of morphology is an
especially important factor in case of non-LIBs. Na metal is
very reactive and tends to form long slender structures called
dendrites which grow progressively with undesirable side
reactions (Stevens and Dahn 2000). These dendrites have the
ability to grow from one electrode to another, thereby ulti-
mately shorting the cell and seriously reducing its working
lifetime (Stevens and Dahn 2000). Electrode materials must
be chosen and run within voltage ranges such that this issue
can be minimized. Also, the inherent capacities and energy
densities in SIBs are lower due to the sluggish kinetics of the
large sized Na™ ions, and so open structured electrodes, which
allow for easy reversible intercalation, must be preferred
(Kundu et al 2015).

The challenges faced by supercapacitors are similar to those
facing the previously mentioned battery systems. Similarly to
batteries, the components needed in supercapacitors—e.g. the
electrodes, electrolyte and separator—need to be compatible
with each other for smooth performance. Capacity fading is
an important issue, as is the cost of manufacture (Hsieh et al

2008). In addition, maintaining stability of the electrolyte over
large number of cycles (generally 20000 or more cycles) is
another issue that is frequently encountered. For aqueous-
electrolyte-based supercapacitors, the voltage range is limited
to ~1.2 V, which significantly reduces the available energy
density (Zhao and Zheng 2015).

These factors indicate that prudent choice of the electrode
material is imperative to overcome many of the issues faced.
This provides the rationale for the use of PDCs as electrode
materials for LIBs and non-LIBs. A further detailed analysis
of the properties of PDCs and what makes them superior as
energy storage materials is discussed in the following section.

A schematic representation of the various issues, their
causes and effects and the ways that these issues can be miti-
gated is provided in figure 2.

3. Polymer-derived ceramic (PDC) systems
and a discussion of their important properties

PDCs have gained extensive attention due to their excellent
properties such as high mechanical strength (Young’s modu-
lus of 150 + 10GPa, Vickers hardness of 25 GPa-27 GPa),
elevated electrical conductivity (6 x 1073 S cm™!), remark-
able thermostability, resistance to corrosive environment and
creep (Colombo et al 2001, Shah and Raj 2002). Also, the
final properties of the PDCs can be very effectively modified
by tailoring the processing parameters, and this is what makes
PDCs so desirable (Greil 1998).

The microstructure of PDCs essentially resembles a net-
work of atoms similar in structure to graphene, with a net-
work of sp, bonded carbon atoms located at the boundary of
tetrahedral nanodomains of silica (Riedel er al 2006). This is
caused primarily by the limited solubility of carbon in silica.
Increasing demand for superior properties of ceramics and
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Figure 3. Structural property relations of the SiOC and SiCN systems. (a) Chloro-organosilicon compounds (generally by-products of

the silicone industry) are low-cost precursors to pre-ceramic polymers. Reproduced from (Ionescu et al 2012) with permission of The
Royal Society of Chemistry. (b) Manufacturing of PDC ceramic fibers requires certain desired characteristics such as suitable rheological
properties and latent reactivity. (c) Composition diagrams of polymer-derived SiOC and SiCN ceramics and schematic showing predicted
corresponding atomic arrangements. The presence of nanodomains (e.g. SiC, SiO; or Si3Ny, C) in PDCs is an intriguing feature of these
materials. Reproduced from (Mera et al 2013) with permission of The Royal Society of Chemistry. Because the ceramics are x-ray
amorphous, structural characterization requires advanced techniques such as SAXS, EXELFS, XPS and NMR. Note: composition diagrams

of other B and Al doped PDCs are more complex and not shown here.

rising challenges in engineering have accelerated the advance-
ment of research and development in PDCs (Riedel et al 2006,
Bernard and Miele 2014). Under these circumstances, recent
analysis has shown several functional properties of PDCs to
be eligible for application in electrochemical energy storage
devices (Saha and Raj 2006, Stormer et al 2007, Morcos et al
2008, Mera et al 2009). Figures 3(a) and (b) provide a sche-
matic representation of the range of precursors and reaction
paths that can be used to develop the requisite pre-ceramic
polymers, along with their relevant properties. Figure 3(c) is a
schematic of the types of bond found in SiOC and SiCN PDCs.

Several important properties of PDCs, especially those
important regarding electrochemical energy storage devices,
are discussed briefly below.

3.1 Chemical and thermodynamic stability

Chemical and thermodynamic stability is an important crite-
rion for a good electrode material. The electrode in a battery/

supercapacitor is often subjected to corrosive environments,
and should be able to resist degradation in these regimes.

Chemical stability is a function of the bond strength of
the different constituent elements in the PDC. Compared to
conventional crystalline SizN4 or SiC, polymer-derived SiCN
exhibits greater chemical stability owing to the existence of
securely bonded Si—C and a lack of long term order in the
ceramic structure (Kleebe er al 2001, Yu and Raj 2015b).
Nucleophilic reactions are prevented by the Si—C bond; addi-
tionally, the layered carbon network, which resembles gra-
phene, largely suppresses the diffusion of chemicals into these
ceramics (Soraru and Modena 2002).

Thermodynamically, PDCs with ternary systems (such as
SiCN or SiOC) exhibit better stability than those with binary
systems of the same elements, such as SiC, SiO, and SizNy
(Ionescu et al 2012). The graphene network of insoluble free
carbon formed at the silicon tetrahedral interdomain reduces
the mobility of atoms, resulting in limited crystallization even
at high temperatures (Saha and Raj 2006). With regards to
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composition of PDCs, higher carbon content generally leads
to a more amorphous structure. For example, in SiOC based
PDCs, the free C phase prevents quick crystallization by hin-
dering the mobility of atoms whereas in SiCN systems, the
graphene analogous network of C atoms forms a net-like struc-
ture around the Si3N4 nanodomains, thereby limiting nitrogen
diffusion (Mera et al 2013). Crystallization and decomposi-
tion resistance at a high temperature can also be enhanced by
incorporation of elements such as B, Hf and Zr (Guron et al
2008). Thermal stability of SiBCN ceramic is again improved
from its parent SiCN, since the doping of boron creates tur-
bostratic structure of B-C—N phase that further reduces diffu-
sion between domains (Jalowiecki er al 1996). In conclusion,
both regulation of processing parameters and better selection
of doping elements can result in more thermodynamically sta-
ble PDCs (Colombo et al 2010).

3.2. Electrical conductivity

The semiconducting or insulating behavior of a PDC is
strongly influenced by its pyrolysis temperature (Cordelair
and Greil 2000). Electrical conductivity normally rises with
the increase of pyrolysis temperature in accordance with
increased percentage of carbon phase (Cordelair and Greil
2000). DC-conductivities published recently for PDCs pyro-
lyzed at relatively lower temperatures (between 600 °C—
800 °C) demonstrates a change within the limit of 10—
1078 (2 cm)~! (Cordelair and Greil 2000, Haluschka et al
2000, Kroll 2003). It has been observed that semi-conduc-
tivities (107*-10% (2 cm)~") or even higher conductivities
(~10* (2 cm)™!) are observed for PDCs sintered at about
1000 °C-1400 °C, due to the establishment of percolation
networks of carbon (Cordelair and Greil 2000). It is possible
for PDCs pyrolyzed at temperatures higher than 1400 °C to
obtain even higher electrical conductivities, due to the forma-
tion of nanocrystalline phases (Haluschka ez al 2000).

3.3. Mechanical properties

In tensile testing, most PDC fibers demonstrate approximately
1-3GPa in tensile strength (Colombo et al 2010). An elastic
modulus of 170-400 GPa is obtained, which is slightly higher
than that of bulk PDCs at 95-155 GPa. Reduction in oxygen
contamination has also been shown to lead to elevated high-
temperature stability and modulus (Shah and Raj 2002). Still,
the elastic modulus of conventional ceramics is significantly
higher than both fiber and bulk, indicating the lower density of
PDCs (Colombo et al 2010). The elastic behavior of PDCs is a
function of atomic structure and covalent bonding. For exam-
ple, in the SiOC system, the free-carbon network contributes
towards stiffness while oxygen from the silica tetrahedral
maintains flexibility (Kroll 2003, Kumar and Kim 2010). The
density of bulk SiOC or SiCN varies from 1.8g cm3-2.3 ¢
cm™? with increase of sintering temperature because of more
hydrogen being extracted from C-H bonding, which also
leads to a less amorphous structure. This also has beneficial
effects on elastic modulus and mechanical strength (Colombo
et al 2010).

3.4. Processability

Conventional fabrication methods such as extrusion, injection
molding and hot/cold pressing, etc, can be used in developing
PDCs. Moreover, processing complicated structures such as
1D fibers, 2D films and 3D shell/core nanocomposites is pos-
sible because of the ease of their polymer-to-ceramic process-
ing route (Yajima et al 1976, Bill and Heimann 1996, Baldus
et al 1999, Cross et al 2006, Singh et al 2009, Bedekar et al
2010, Lehman er al 2010, Bhandavat ef al 2012a, Bhandavat
and Singh 2012b). Extraordinarily, a direct processing
polymer-to-ceramic approach enables achieving uniformly
distributed microstructure (Kumar and Kim 2010). The poros-
ity of the PDCs is manipulated by either changing process-
ing parameters—such as by introducing additives, altering
pyrolysis temperature and atmosphere, or applying different
processing strategies—such as templating, etching, blow-
ing, decomposition, aerogels and spinning (Vakifahmetoglu
et al 2016). It has been reported by Vakifahmetoglu et al that
porous PDCs can have specific surface area up to 3000 m?
¢! with volumetric porosity of 15%-96% and pore size of
approximately 1-1.5mm (Vakifahmetoglu er al 2016). Erb
and Lu have demonstrated the possibility of obtaining PDCs
with varying porosity and ceramic content based on the pres-
ence of vinyl bonds in the precursor polymers (Erb and Lu
2018).

4. Experimental results on PDCs in electrochemical
energy storage systems

The application of PDCs as electrode materials in different
electrochemical energy storage systems (LIBs, SIBs, super-
capacitors) will be discussed in detail in the subsequent sec-
tions. The discussion will not only focus on the performance
parameters, but will look at how other important criteria—
processing parameters, molecular structure and composition
of the precursors, etc—affect the performance. It is to be
noted that PDCs have primarily found application as negative
electrode materials (anodes) in energy storage systems, and
the following sections will therefore look at their performance
accordingly.

4.1. PDCs as negative electrodes in LIBs

A significant amount of scientific research on silicon-based
nanomaterials has been carried out, especially as negative
electrodes for electrochemical energy storage devices, owing
to silicon’s favorable properties (Bourderau et al 1999, Chan
et al 2008). Specifically, Si’s ability to form a binary sys-
tem with Li leads to a high theoretical energy density up to
4200 mAh g~!, which is an order of magnitude greater than
commercial graphite anodes in Li-ion batteries, as well as less
potential in discharge (Dahn er al 1995, Winter ef al 1998,
Saint er al 2007, Zhang 2011). However, the primary draw-
back of Si is that the material may experience volumetric
changes of up to 400% on lithiation and delithiation, which
results in electrode pulverization and considerable capacity
fading (Obrovac and Christensen 2004).
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One way of overcoming this problem has been to use sili-
con-based PDCs and not the silicon in its pure elemental form.
Silicon based porous PDC anode materials have been investi-
gated with favorable outcomes to this end. Literature/the cur-
rent state-of-the-art demonstrates that amorphous PDCs can
reversibly store lithium within the voltage boundary between
0.0-3.0 V while providing promising electrochemical capac-
ity up to 900 mAh g~!, as well as coulombic efficiency (CE)
surpassing 99%. Other advantages of PDCs lie in their open
amorphous but thermodynamically stable structure and pro-
cessability. However, their characteristic first cycle loss (a
composition dependent 27%—-50% loss) and hysteresis at a
potential window of 0.8—1.2 V are issues that still need to be
overcome. Modification of the pre-ceramic polymer’s struc-
ture to achieve elevated surface area (porosity) and the addi-
tion of electrochemically favorable conducting nanofillers are
some of the solutions that have been proposed.

For application as electrode material, plenty of effort have
been devoted mainly to the following two systems: SiOC,
derived from polysiloxane, and SiCN, derived from polysila-
zane. While some drawbacks of these systems have been iden-
tified, researchers have focused on PDC based composites as
well. The following sections will discuss the application and
performance of these three types of PDC system as negative
electrode materials in LIB systems.

4.11. The Si—C-O ternary phase. The Si—-C-O system is
characterized by the presence of Si, C and O atoms bonded
together to form an amorphous structure (Mazo et al 2016).
Free carbon, if present, prevents the crystallization of the sil-
ica phase. The network of the bonds and the free C content
also control the oxidation resistance of the ceramic (Mazo
et al 2016). The phase diagram of the Si—C-O ternary system
is represented schematically in figure 4. As can be observed
from the figure, the light blue shaded zone is where the maxi-
mum capacity (solid red squares) region occurs, as SiO and
SiC co-exist here with free C.

Bulk SiOC systems were first studied by Wilson et al when
they conducted initial investigations on SiOC PDCs derived
from polysiloxanes about their reversible lithium ion inser-
tion properties (Wilson et al 1994). They have successfully
demonstrated capacities up to 600 mAh g~! within 1 V. Xing
et al carried out a parametric study of 64 different SiOC sam-
ples with different chemical concentrations (Xing et al 1997).
They have demonstrated SiOC with 14% Si and 80% C to
be the best commercially recommended material—over 25%
Si, 45% C and 30% O combination—with higher reversible
capacity and voltage hysteresis. Also, SIOC PDCs have per-
formed better than crystalline SiO+C with equal Si, O and
C concentrations (Xing et al 1997). Kaspar et al carried out
a study on polyorganosiloxane derived SiOC processed at
temperatures ranging from 900 °C to 2000 °C (Kaspar et al
2013). They have noticed a decrease in reversible capacity
with increasing processing temperature (from 666 mAh g~!
to 73 mAh g~! at current rate of 37 mA g~!). Both XRD
and FTIR results indicated the amorphous structure of sam-
ples pyrolyzed below 1200 °C, while additional SiC domains
formed continuously at higher temperature (Kaspar et al

900

Reversible ,,
Capacity

-
(mAhg) i

300

Nanodomain
Regime

Sio,

Figure 4. The Si—O-C phase diagram. The phase diagram of the
Si—O-C ternary system, the shaded area towards the center of the
‘pyramid’ represents the tetrahedral ceramic phase consisting of
mixed bonds and consisting of nanodomains. Reproduced with
permission from (Xing et al 1997).

2016a). By mixing hydrogen with argon, Pradeep et al stud-
ied the impact of pyrolysis atmosphere on SiOC composition
and its electrochemical performance (Pradeep et al 2014b).
They observed that 5% of H, caused significant reduction in
C concentration 55.15 wt.% to 46.37 wt.%; however, it ele-
vated first cycle capacity (from 568 to 704 mAh g~!) and effi-
ciency (from 63 to 67%) (Pradeep et al 2014b). Additionally,
Ahn et al focused their investigation on the significant hys-
teresis in SiOC as anode material in Li-ion batteries. They
used a coulometric titration technique for this purpose and
have demonstrated hysteresis at a polarization potential of
250-500 mV (Ahn and Raj 2010). This was attributed to the
interface between anode and electrolyte, where the potential
grows with increasing cycling (Ahn and Raj 2010). From the
measurement, the hysteresis was found to be a product of both
thermodynamic limitations and kinetics of Li-ion diffusion
between the different electrochemical potentials of Li-ions at
SiOC-electrolyte and lithium—electrolyte surfaces (Ahn and
Raj 2010). Further measurement by Ahn et al was extended
to the pre-ceramic polymer precursor chemistry with variable
composition of N and O in a SiIOCN quaternary system (Ahn
and Raj 2011). Results have shown far better performance in
O-rich while very poor capacity for Ni-rich samples, where
capacity changes rapidly with dominant element near the
ratio of N/O = 1. It has also been demonstrated that the SiOC
structure is more stable than SiCN under the same conditions
(Ahn and Raj 2011). Stronger covalent bonding in tetrahedral
Si—N resulted in low efficiency in Li-ion binding and electron
density localization than bonds in Si—O nanostructure (Ahn
and Raj 2011). Approximately 100% capacity is recovered
after 60 cycles for samples pyrolyzed at 800 °C and 1000 °C,



J. Phys. D: Appl. Phys. 51 (2018) 463001

Topical Review

compared to the significant drop for samples pyrolyzed at
1200 °C and 1400 °C (Ahn and Raj 2011). Fukui et al have
studied the process of fabricating porous PDCs by increas-
ing active surface area, which ultimately enhanced reversible
capacity and cyclic performance (Fukui er al 2009, 2011c).
In their study, blending of polystyrene and branched polysi-
lanes was used to produce porous specimens having pore sizes
of ~2nm and surface areas of ~14 m? g~!. The best reported
result was a reversible capacity of 565 mAh g~! and 73% effi-
ciency for SiOg4Cpg ceramics (Fukui ef al 2009, 2011c). Li
ions have been demonstrated to be stored here in small quanti-
ties and in an ionized form. In a later work, they have also
applied the microelectrode technique to SiOC single particles
with diameter of 13 um at 5 nA (4 C-rate) and have obtained
98% of coulombic efficiency after first cycle, which shows
strong agreement with porous electrodes (Fukui et al 2011a).

Thin-film SiOC anode materials have been studied on
account of their flexible processing techniques (Shen and Raj
2011). Experiments with SiOC films of 0.5-5 pm thickness
demonstrate performances comparable to bulk SiOC ceramics
(Shen and Raj 2011). SiOC thin films have the added advan-
tage of being completely free from additives, which helps to
reduce battery weight by significant amounts. The SiOC films
showed reduced first cycle loss down to 27%, maintained
capacity at about 1100 mAh g~! and approximately 99%
of cycle efficiency (Shen and Raj 2011). The authors have
observed that the thickness of the film influences the diffusiv-
ity of the Li ions (Shen and Raj 2011).

Etching effect of KOH on SiOC anodes was specifically
studied by Xia et al with various weight ratios (3:1, 5:1, 7:1)
of KOH to vinylteriethoxysilane derived SiOC ceramics (Xia
et al 2017). Etched SiOC sample (with 5:1 weight ratio of
KOH:pre-ceramic polymer) exhibited the highest specific sur-
face area (249.2 m? g~!) and reversible capacity (607 mAh
g~ 1) after 50 cycles, thereby revealing enhanced electrochem-
ical properties with appropriate etching ratios. However, the
authors have noted that high etchant concentrations may nega-
tively affect the electrochemical performance due to destruc-
tion of the free carbon phase (Xia et al 2017).

Effect of electrolyte on the cyclability of the SiOC ceramic
anode based LIBs have been carried out by Seko ez al (2017).
As electrolytes, triglyme: G3 (Li(G3)TFSI) and tetraglyme:
G4 (Li(G4)TFSI) have been used with various additives such
as fluoroethylene carbonate (FEC) and vinylene carbonate
(VC). The highest initial capacity (1418 mAh g~!) has been
reported using Li(G4)TFSI without additives; however, lower
capacity (1322 mAh g') coupled with better cyclability
(101% after 100 cycles) was obtained using Li(G4)TFSI with
FEC (Seko et al 2017). Therefore, according to Seko, ‘activa-
tion’ without additives is recommended to improve the initial
capacity. Retention of capacity is then achievable via additives
after the first cycle (Seko et al 2017).

Liion insertion mechanisms have been studied by Liu et al,
who carried out a series of characterization techniques (includ-
ing °Si MAS NMR, Si XPS and CV) for this purpose (Liu
et al 2011). The NMR, XPS and CV were performed at three
different stages (original, full lithiation and complete delithi-
ation) of SiOC samples, and SiO; and Si for comparison. The

authors have noted four resonances to exist in the SiOC sam-
ples—namely, SiO4, SiO3C, SiO,C, and SiOCs—in which
Si03C, Si0,C,; are electrochemically active to Li-ions domi-
nating reversible capacity, while SiOC; is irreversibly con-
verted into SiCy after the first cycle (Liu et al 2011). A new
insight has been proposed by Pradeep et al about the Li storage
mechanism (Pradeep ef al 2014a). The comparison between
two sets of SiOC pyrolyzed at 1000 °C and 1300 °C revealed
a composite-like behavior of SiC,02(;_, glass phase and free
carbon phase (Pradeep et al 2014a). Whereas SiC,Oy(j_) pro-
vides a first insertion capacity as high as 1300 mAh g~!, the
cyclability and reversibility are dominated by free C (Pradeep
et al 2014a). Fukui et al have analyzed the Li storage mech-
anism and first cycle loss in SiOC species (Fukui et al 2014).
They have demonstrated that the nature of Li species stored
is mostly ionic from the Li MAS NMR spectra (figure 5(a)),
and that only 30% of Li is reversible when cycled between
0.4-3.0 V (Fukui et al 2014). This ionic nature is seen in
greater detail in figure 5(b), which shows a SiOC resonance
peak at almost 0 ppm (Fukui e al 2014). More recently, Zhao
et al investigated electro-chemo-mechanical effects of lithia-
tion in carbon-rich SiOC using the first-principles approach
(Sun and Zhao 2017). Their research suggests that Li inser-
tion in SiOC is a two-step process: the Li is first absorbed at
the nanovoids; this is followed by Li accommodation in SiOC
tetrahedral units, free C atoms, and topological defects in and
around the carbon network. The SiOC expanded by approx.
22% in volumetric strain at its full lithiation capacity and the
surrounding carbon network improved the structural stability
of the SiOC lattice (Sun and Zhao 2017). The schematic of
this process is depicted in figures 5(c) and (d).

4.1.2. The Si—C—N ternary system. The Si—-C-N system is
obtained from polysilazanes and consists of C and N rich
nanodomains if the pyrolysis is at low temperature; however,
high temperature pyrolysis results in the formation of SizNy
and SiC rich regions instead (Bernardo et al 2014). The phase
diagram schematic is shown in figure 6.

Bulk SiCN systems were studied by Liebau-Kunzmann
et al who were among the earliest to suggest the possibility of
applying SiCN PDC based electrodes in lithium ion batteries
(Liebau-Kunzmann et al 2006). In their study, Li-containing
SiCN PDCs were synthesized at 1100 °C, and subsequent
characterization showed preferential formation of Li—N bonds
during lithiation, indicating potential for anode application
(Liebau-Kunzmann et al 2006).

Temperature dependent electrochemical properties of
SiCN PDCs for anode application have been studied by Su
et al (2009). It has been shown that samples synthesized at
1000 °C-1300 °C showed the most favorable first reversible
capacity up to 754.9 mAh g ! (Su ez al 2009). The authors have
also demonstrated that fabrication temperatures any higher or
lower provide significantly lower capacities, just in excess of
100 mAh g~!. They have attributed this to remnant organics
under 800 °C and crystalline SiC formed above 1400 °C, both
of which blocked the path for efficient Li ion intercalation and
storage (Su et al 2009). In addition, study on lithiation into car-
bon-rich SiCN derived by poly-diphenyl-silyl-carbodiimide
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Figure 5. Understanding lithiation in SiOC. (a) Experimental ’Li MAS NMR spectra of SiOC cycled between 0.005-3 V, lithiation up to
0V and partial lithiation to 0.4 V, from top to bottom respectively (Fukui er a/ 2014). (b) Experimental and simulation comparison of the
"Li MAS NMR spectra of the SiOC sample which has undergone partial lithiation up to 0.4 V (Fukui et al 2014). Atomistic modeling:
atomistic model of silicon oxycarbide. (c) Supercell with an applied periodic boundary condition (Sun and Zhao 2017). (d) Unit cell-vertex-
sharing Si tetrahedra, nanovoids (blue dotted circle), and segregated C phase (gray atoms) are clearly marked (Sun and Zhao 2017). (a), (b)
Reprinted with permission from (Fukui et al 2014). Copyright 2014 American Chemical Society. (c), (d) Reprinted with permission from

(Sun and Zhao 2017). Copyright 2017 American Chemical Society.

has been performed by Kaspar et al specifically at the temper-
atures of 1100 °C, 1300 °C and 1700 °C (Graczyk-Zajac et al
2010, Kaspar er al 2010). Among these additive free samples,
the one synthesized at 1300 °C performed the best, demon-
strating 383 mAh g~! reversible capacity and 69% coulombic
efficiency and confirming that the free carbon phase provides
enhanced electrochemical performance by making more
active sites available (Graczyk-Zajac et al 2010, Kaspar et al
2010).

Molecular structure of pre-ceramic polymer’s effects on
electrochemical properties have been studied by Reinold
et al (2013). Different classes of pre-ceramic polymer—
namely, polysilazane and poly-silyl-carbodiimide—were
processed under the same conditions (1100 °C, Ar) revealing
higher reversible capacities of 724 mAh g~! and 612 mAh

¢! respectively (Reinold et al 2013). Similarly, coulombic

efficiency of 89% to 61% (after 134 cycles), correspondingly
for polysilazane derived ceramics and poly-silyl-carbodiim-
ide derived ceramics were obtained, showing the consistently
superior performance of the polysilazane pre-ceramic poly-
mer (Reinold et al 2013).

Variation of pyrolysis environment on SiCN’s perfor-
mance as an electrode has been studied by Liu et al (2013).
A variation in the pyrolysis atmosphere from Ar to H, dem-
onstrated higher constituent C content and a higher revers-
ible capacity (Liu er al 2013). Additional free carbon source
from divinylbenzene (DVB) has been shown to further
increase the carbon content (from 9.9 wt.% to 49.3 wt.%)
and specific capacity (from 136 mAh g~' to 574 mAh g '),
while providing slightly increased hysteresis under 1 V
(Liu et al 2013). To further improve the electrochemi-
cal performance, heat treatment has been applied to poly-
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silyl-ethylenediamine derived SiCN (SiN31Co.97H0.3100.05)
under 1000 °C in argon by Feng, resulting in the formation
of nano-voids on the surface as well as enriched free carbon
phase (Feng 2010). The analysis indicated improved revers-
ible capacity (above 300 mAh g~') even at high current (80
and 160 mA gil) for treated SiCN (SiNg.18Co.41H09100.10)
(Feng 2010). The enhancement was generally due to decrease
of N content and increased O contamination during the heat-
treatment (Ahn and Raj 2010). In general, the lithium inter-
section capacity of SiCN PDC:s is strongly determined by the
formation of amorphous graphene phase and nano-voids in
the structure.

Capacity fading mechanism of SiCN was recently studied
by Feng et al employing five different poly-silyl-carbodiim-
ides as pre-ceramic precursor (Feng et al 2017). They con-
cluded that stable SEI layers formed on the surfaces of anodes
prevent fracture of active materials during cycling (Feng et al
2017). Besides, more carbon phase improves electrochemical
conductivity and enhances the reactive sites in SiCN anodes.
Therefore, the di-n-octyldichlorosilane (DODCS) synthesized
poly-silyl-carbodiimide sample, containing the highest car-
bon composition, resulted in the highest reversible capacity
of 826.7 mAh g~ ! after 100 cycles with coulombic efficiency
above 97% (Feng et al 2017).

A comparison of the electrochemical performance of SICN
and SiOC is provided in figure 7 along with SiOC’s perfor-
mance as a function of pyrolysis temperature.

4.1.3. PDC-carbon nanomaterial composites. Simple PDC
based anodes in their various forms—bulk as well as thin
film, crystalline and amorphous—pose several hurdles such
as first cycle loss, voltage hysteresis and capacity decay, and
improvements therefore still need to be made.

Incorporating carbon nanomaterials (such as CNTs and
graphene) into PDCs has recently been proposed as a solution
(Kim et al 2006, Landi et al 2009, Liu et al 2012b). Superior
properties of these nanomaterials include high aspect ratio,
which leads to better flexibility, extremely high electron
mobility, shorter diffusion length, light weight and stronger
mechanical behavior.

As an illustration, as shown in figure 8, volumetric changes
after charge and discharge often causes separation of active
particles. The specific capacity ultimately degrades because
of this progressive cycling. Introducing CNTSs into the active
material corrects electronic or ionic conductivity loss from
volumetric changes, thus decreasing capacity decay.

Konno et al studied pyrolysis of polysiloxane compounds
and exfoliated graphite at 1000 °C-1300 °C, producing a
SiOC—graphite composite with an average composition of
SiOC; ; (Konno et al 2005). Above 600 mAh g’1 of reversible
capacity with first cycle loss of 30% was reported; moreover,
the capacity was stable under high current density (100 mA
g’l) (Konno et al 2005). Later, Ji et al, in their work using
self-assembly of graphite oxides, successfully synthesized
SiOC—graphite nanosheet composite anode material that
exhibited a reversible capacity of 364 mAh g~!, containing
25 wt.% of graphite (Ji et al 2009). Kolb et al followed a dif-
ferent approach, using commercially available graphite and

Reversible
Capacity
(mAhg)

SisN,

Figure 6. The Si—C-N phase diagram. The phase diagram of the
Si—C-N ternary system; once again, the maximum capacity regime
occurs towards the center of the pyramid, where the Si3N4 and SiC
phases coexist (Reinold et al 2015).

cross-linked polysilazane (wt. ratio 3:1) pyrolyzed at 1050 °C
(Kolb et al 2006). The SiCN-graphite sample demonstrated a
first discharge capacity of 474 mAh g~!, 1.3 times higher than
pure graphite under the same conditions. According to the
authors, this enhancement is due to the formation of a stable
protective SiCN layer on graphite, which prevents the exfolia-
tion of the graphite phase (Kolb er al 2006). Similarly, with
weight ratio of 1:1, Graczyk-Zajac et al reported that SiCN-
graphite composite anodes synthesized at 950 °C, 1100 °C
and 1300 °C could recover more than 80% of capacity under
1 V (Graczyk-Zajac et al 2011). Among the three samples,
the sample prepared at 950 °C provided the highest reversible
capacity of 376 mAh g~!, with a 72% first cycle efficiency
(Graczyk-Zajac et al 2011).

Along similar lines, Ahn et al have demonstrated perfor-
mance of SiOC-graphene composite via mixing liquid phase
graphene oxide and polysiloxane precursors which provided
a uniform composition when synthesized (Ahn et al 2010).
Anodes produced by this technique have demonstrated spe-
cific capacities beyond 800 mAh g~! even after 500 cycles
(Ahn et al 2010). Figure 9 shows the comparative mechanism
and electrochemical performance of SiCN and SiOC systems
coupled with graphene and reduced graphene oxide (rGO) as
composites

Apart from graphite and graphene additives, carbon nano-
tubes (CNTs) as composites with PDCs have also received
research focus. Shen ef al has focused on improving high
charge rate properties of SIOC-CNT composites made of
single wall carbon-nanotube and SiOC PDC powder (Shen
et al 2011). A stable capacity of 515 mAh g~! of stable capac-
ity was achieved at a current density of 8500 mA g~! (16.5
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C-rate) which was attributed to increased conductivity and
superior cyclic stability of CNTs (Shen et al 2011).

CNT enhanced high-rate capability of SiCN was also
studied by Zhang et al via pyrolysis of ultra-sonicated multi-
walled CNT and polysilazane mixture under 1000 °C in an
Ar environment (Lei er al 2015). Selected area electron dif-
fraction (SAED) patterns have shown unaffected amorphous
structure of SiCN matrix after CNT incorporation. Specific
capacity reached 222.7 mAh g~! under a high current density
of 2000 mA g~!, superior to that of graphite anodes (about 70
mAh g~! under 100 mA g~ ') (Ahn and Raj 2011).

Structural data and electrochemical performance of doped
(B and Al) SiCN-CNT composite systems are provided in
figure 10.

In a recent research study on realizing high capacity elec-
trodes, Vrankovic et al attempted to embed organic carbon
coated porous silicon in polysilazane derived SiOC/C (pyro-
lyzed at 1100 °C) matrix (Vrankovic et al 2017). Silica and

10

sol—-gel derived nanoparticles (NPs) were subjected to alu-
mino-thermic and magnesio-thermic reduction accompanied
by HCI etching and pyrolysis at 1100 °C. Electrochemical
measurement demonstrated greater than reversible specific
capacity of 2000 mAh g ! (400 mAh g;nlnposite) capacity with
99.5% coulombic efficiency after 100 cycles (Vrankovic et al
2017). This performance has been attributed to the adjustment
of volumetric changes by open Si structure, enhanced elec-
tronic and ionic conductivities provided by the carbon phase,
and minimized SEI formation due to the SiOC encapsulating
effect (Vrankovic et al 2017).

Li et al have recently proposed a SiOC/C binder-free com-
posite anode material synthesized using an electrospinning
technique (Li et al 2014). The 1,3,5,7-tetramethyl-1,3,5,7-
tetravinylcyclotetrasiloxane (TTCS) pre-ceramic precursor
and polyacrylonitrile (PAN) mixture were electrospun to
produce fibers and then pyrolyzed at 700 °C in Ar (Li et al
2014). A first cycle reversible capacity of 839 mAh g~! and
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subsequently 669 mAh g~! after 80 cycles was reported. As
the matrix, carbon phase adjusted volumetric changes of
SiOC and provided extra free carbon to the system which
enhanced cyclability (Li er al 2014). Boron modified poly-
silazane derived Si(B)CN ceramic coated multi-walled CNT
composite material provided electrochemical capacity of
412 mAh g~ (at 30 cycles) (Bhandavat et al 2012a). Si(B)CN
CNT composite has been synthesized by use of microwave
assisted pyrolysis and conventional heating. Microwave heat-
ing greatly reduces the processing time with a ceramic yield
of approximately 50%. Si(B)CN-CNT composite prepared
via microwave assisted pyrolysis has a higher Si/N atomic
ratio compared to conventionally produced Si(B)CN (4.75
versus 0.77). The higher Si/N ratio is believed to improve
the electrochemical cycling performance of the composite
(Bhandavat et al 2012a). In addition, the core—shell structure
of the ceramic improved stability and electrical and ionic con-
ductivity when compared to traditional powdered SiCN PDC
anodes (Bhandavat et al 2012a).

4.2. Performance of PDCs as negative electrodes in SIBs

SIBs tend to overcome some of the important deficiencies of
LIBs—namely, reduced materials and fabrication cost, use of
less toxic electrolytes and greater suitability for large scale
grid storage. However, due to the limitations imposed on the
choice of electrode in SIBs as discussed in section 2, it is
necessary that novel materials be tried out for this purpose.

1

PDCs have been studied as anode materials in SIBs as well;
to a much lesser extent, however, than LIBs. A few prominent
works are listed in the following discussion.

Lee et al studied an Sb embedded SiOC as an anode in
SIBs (Lee et al 2017). A ‘one pot pyrolysis’ technique was
used to fabricate the PDC composite at a temperature of
900 °C (Lee et al 2017). A first cycle de-sodiation capac-
ity of 510 mAh g=! was observed; 97% of the capacity
was retained after 250 cycles. The composite also delivered
453 mAh g~! at 20 C-rate. The free carbon phase in the SiOC
phase was deemed to be responsible for this performance (Lee
et al 2017). Using silicone oil as a precursor, SIOC anodes
for SIBs have been studied by Chandra and Kim (2018). The
fabrication involved pyrolysis of the oil in an Ar environment
at varying temperatures (700 °C, 800 °C, 900 °C) followed
by mechanical milling and pulverization (Chandra and Kim
2018). The sample obtained at a calcination temperature of
900 °C demonstrated the best results, delivering a specific
capacity of 160 mAh g~! at a current density of 25 mA g~!
after 200 cycles of operation (Chandra and Kim 2018). The
stability demonstrated by this sample was also high, los-
ing just 0.09 mAh g~! of specific capacity after 650 cycles
of operation. The authors have attributed the performance to
well-developed SiOC phase and presence of significant free
carbon (Chandra and Kim 2018).

The effect of morphology of a SiOC(N)/hard carbon com-
posite as an anode material has been studied by Kaspar et al
(2016Db). Variation in the composite was introduced by varying
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Figure 10. Performance of PDC-CNT composite anode systems. (a) TEM of SiBCN/CNT composite nanotubes. (b) Cyclability
performance of SiCN, Si(B)CN and Si(B) CN-CNT composite anodes (Bhandavat and Singh 2012a). (c) Optimum performance (least first
cycle loss and highest charge capacity) was observed for specimen synthesized at ~1100 °C (Bhandavat and Singh 2012a). (d) TEM of
SiAICN/CNT composite nanotubes (David et al 2014). (e) Long-term cycling performance of SiCN, SiAICN and SiAICN/CNT composite
electrodes (David et al 2014). (b), (c) Reprinted with permission from (Bhandavat and Singh 2012a). Copyright (2012) American Chemical
Society. (d), (e) Reprinted with permission from (David et al 2014). Copyright 2014 American Chemical Society.

the carbon source (glucose and potato starch), ceramic precur-
sor (RD-684a, HTT1800) and the ratio (1:0, 7.7:1, 7.3:1, etc)
(Kaspar et al2016b). Results indicate samples with low oxygen
content (<10 wt.%) and mesoporous morphology tend to pro-
vide high specific capacities: 262 mAh g~! and 201 mAh g~!
respectively (Kaspar et al 2016b).

Table 1 summarizes some of the important results when
PDCs have been used as anode materials in both LIB and
SIBs.

4.3. Performance of PDC electrodes in supercapacitors

Supercapacitors are necessary where the power requirement
predominates the energy requirement and it is necessary
that charge be stored at or near the surface of the electrode
materials. They are usually not constrained by ionic diffusion
kinetics experienced in batteries and can run for a large num-
ber of cycles (~10°) at high charge and discharge currents.
Therefore, the choice of appropriate electrode materials is
necessary for their efficient performance, which necessitates
the study of PDC electrodes.

SiOC electrodes in supercapacitors have been studied by
several groups. SiOC with low carbon content have been stud-
ied by Halim ez al (2017). Fabrication of the low carbon SiOC
was performed by pyrolysis of silicone oil in an inert environ-
ment at various temperatures (700 °C—1000 °C in steps of
100 °C) (Halim et al 2017). Detailed structural characteriza-
tion by XRD and TEM have revealed an amorphous nature

12

corresponding to Si—O-C glass structure. Electrochemically,
it exhibits a pseudocapacitive behavior providing an energy
density as high as 25 W h kg~ ! with 98.7% capacity retention
over 40000 cycles (Halim et al 2017).

Oxygen functionalized high surface area silicon carbide
flakes have been studied by Kim and co-workers (Kim et al
2016b). The SiC was prepared by a one-step carbonization
process followed by an H,0, treatment to introduce surface
functionalized oxygen groups (Kim et al 2016b). Specific
capacitances of 243.3 F g~ ! have been obtained at scan rates of
5mV s~! with 85.6% capacitance retention (Kim et al 2016b).

SiCN based electrodes have also received attention in
supercapacitor applications. Si(B)CN-CNT and SiCN-CNT
composites coupled with reduced graphene oxide (rGO) as
electrodes in supercapacitors have been studied by David et al
(2016b). The PDC composites were fabricated by chemical
interfacing of pre-ceramic polymer with multi-walled CNTs,
which were dispersed in sodium dodecyl benzene sulfonic
acid (NaDDBS), in DI water (David et al 2016b). A specific
capacitance of 269.52 F g~! at a current density of 5 A g~
was reported for the Si(B)CN-CNT-rGO composite electrode
(David et al 2016Db).

SiOC as a precursor for developing nano and mesoporous
carbon as electrodes in supercapacitors has also been analyzed
(Liqun et al 2015, Tolosa et al 2016, Yang et al 2017). The
carbon powders were obtained by mechanical milling of the
SiOC precursor followed by subjecting it to chlorine treatment
in an evacuated tube at 900 °C followed by NHj treatment to
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Table 1. An exhaustive list of the various types of PDC system, their fabrication techniques and electrochemical performance as anode
materials in LIB and SIB systems.

Reversible
Synthesis First reversible  First capacity
temperature capacity (mAh  cycle (mAh g1

Specimen (current density) °C) g h loss (%)  (after N cycles) Reference

SiOC (polysiloxane derived)
SiC1‘8301<23 920 25 Xing etal (1997)
SiOC (100 mA g1 800 906 33 700(60) Ahn and Raj (2011)
SiOC (100 mA g~ 1) 1000 957 23 650(60) Ahn and Raj (2011)
SiCO]OOO‘OlNO‘ﬁl 38 60 Ahn and Raj (20] 1)
SiOC 37mA g1 1100 532 38 521(10) Kaspar et al (2012)
SiOC (18 mA g1 800 700 6 Graczyk-Zajac et al (2012)
SiOC (18.6 mA g 1) 1100 719 42 Liu et al (2012a)
SiOC, H, (50 mA g1 800 965 42 660(40) Liu er al (2012a)
SiOC thin film (100 mA g~ ') 1100 27 975(40) Shen and Raj (2011)
Si0g.93C3.46 (18.6 mA g~ 1)? 1200 536 39 496(114) Liu et al (2013)
Si00.95C3.71 (18.6 mA g~ ')? 1200 478 44 198(114) Liu et al (2013)
Si0 g9Cy05 (18.6 mA g~ 1)? 1200 603 38 564(114) Liu et al (2013)
Si0) 03C434 (18.6 mA g~ 1)? 1200 344 45 378(114) Liu et al (2013)
Si0g.990Ca40 (18.6 MA g1 1000 568 37 Pradeep et al (2014b)
Si0g.97C3.30, 5% H, (18.6 mA g~ 1) 1000 704 33 Pradeep et al (2014b)
SiOC areogel (360 mA g~ !)? 900 763 49 570(50) Abass et al (2017)
SiOC areogel, H, (360 mA g~ !)? 900 919 50 604(50) Abass er al (2017)
Si0;.15Cs.52 (37 mA g~ )2 1100 504 36 502(10) Kaspar ef al (2016a)
Si0g95C3.72 (37 mA g1 1100 536 39 524(10) Kaspar et al (2016a)
Si0;01Ca03 37 mA g7 1) 1100 434 39 457(10) Kaspar et al (2016a)
Si0g.93Cy26 (37 MA g1 1100 501 38 492(10) Kaspar et al (2016a)
Si0pg7C162 (37 mA g7 1) 1100 683 42 555(10) Kaspar et al (2016a)
Si0} gyCi05s 37 mA g1 1100 706 35 490(10) Kaspar et al (2016a)
Si0) 23C367 (37 mA g7 1) 900 738 42 666(60) Kaspar et al (2013)
Si0g.73C349 37 mA g1 1400 313 51 315(60) Kaspar et al (2013)
SiCs05 (37 mA g1 2000 75 54 73(60) Kaspar et al (2013)
SiOC (25 mA g~ )P 900 576 33 160(200) Chandra and Kim (2018)

SiOC (polysilane/polysilycarbodiimide derived)
SiOC (37.2mA g 1) 1000 608 31 571(50) Fukui er al (2009)
SiOC 37.2mA g 1) 1000 580 32 540(40) Fukui er al (2011c¢)
SiOC (37.2mA g1 573 30 Fukui er al (2010)
SiOC:polystyrene (37.2 mA g~ ') 608 30 577(40) Fukui er al (2011b)

SiOC (polysilsesquioxane derived)
Si0}.49Co.70 37 mA g1 1100 501 60 291(10) Kaspar et al (2016a)

SiCN (polysilazane derived)
SiCN (40 mA g 1) 1000 456 40 171(30) Su et al (2009)
SiCN (18 mA g1 1100 254 53 Kaspar et al (2010)
SiCN (18 mA g~ 1) 1300 383 31 Kaspar ef al (2010)
SiCN (18 mA g1 1700 120 67 Kaspar et al (2010)
SiCN (18 mA g1 1100 263 57 175(10) Graczyk-Zajac et al (2010)
SiCN, heat treated (40 mA g~ ') 546 34 371(30) Feng (2010)
Si0,06C1.54No.74 (18.6 mA g~!)? 1200 69 49 88(114) Liu et al (2013)
Si00.04C222Ng g4 (18.6 mA g~ 1) 1200 278 42 314(114) Liu et al (2013)
Si0g,10C4.04No.60 (18.6 mA g~ !)? 1200 347 40 402(114) Liu et al (2013)
SiCN (74.4 mA g1 900 447 47 534(100) Storch et al (2018)
SiCN (74.4 mA g1 1100 282 59 284(100) Storch et al (2018)
SiCN (74.4mA g1 1400 240 69 175(100) Storch et al (2018)

(Continued)
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Table 1. (Continued)

Reversible
Synthesis First reversible  First capacity
temperature capacity (mAh cycle (mAh g~
Specimen (current density) °C) g h loss (%)  (after N cycles) Reference
SiCN (polyphenylvinylsilylcarbodiimide derived)
SiCN (744 mA g1 800 674 44 458(134) Reinold ef al (2015)
SiCN (74.4 mA g1 1300 282 44 308(134) Reinold ef al (2015)
SiCs3005N;, (18 mA g~ 1) 1100 612 41 584(20) Reinold ef al (2013)
SiCN (polyphenylvinylsilazane derived)
SiC3900 1 Nog (18 mA g~ 1100 703 35 699(20) Reinold ef al (2013)
SiCN (polyphenylsilsesquicarbodiimide derived)
SiC3,0002N; o (18 mA g~ 1) 1100 486 48 474(20) Reinold er al (2013)
SiCN (polyphenylsilsesquiazane derived)
SiC3,00.1Ngo (18 mA g1 1100 724 40 715(20) Reinold er al (2013)
PDC composites
SiOC:GNS (7:3) (40 mA g1 357 68 Kolb et al (2006)
SiCN:graphite (1:3) (0.06 mA g~ 474 35 440(50) Konno et al (2005)
SiCN:G (18 mA g 1) 1300 312 24 Graczyk-Zajac et al (2011)
SiOC:GO (100 mA g 1) 440 37 400(75) Ahn et al (2010)
SiOC:CNT (100 mA g~ 1) 948 35 846(40) Shen et al (2011)
Si(B)CN:CNT (100 mA g~ ) 1100 362 53 412(30) Bhandavat et al (2012a)
SiOC:exfoliated graphite 625 40 650(15) Ji et al (2009)
SiCN:disordered carbon (1:7.3) 1000 570 39 434(400) Wilamowska et al (2013)
B6mA g
SiCN:CNT (9:1) (100 mA g~ 1 1000 313 48 325(30) Lei et al (2015)
SiBCN:graphene (80 mA g~ ') 1100 456 46 347(30) Wang er al (2017)
SiOC:nano-crytalline Si (4:1) 1100 804 314(50) Kaspar ef al (2014)
(74mA g1
SiOC:nano-amorphous Si (4:1) 1100 555 Kaspar et al (2014)
(74mA g1
SiOC:BNNT (100 mA g~ 1000 410 51 Lee er al (2016)
SiOC:C nanofiber (50 mA g~ 700 839 27 669(80) Li et al (2014)
SiOC:HC (37 mA g~ 1)° 1000 201 35 141(50) Kaspar et al (2016b)
SiOC:Sb® 900 510 32 Lee et al (2017)

# DVB modified.
b SIB systems.

Table 2. Table depicting synthesis temperature and some notable electrochemical performance of PDCs used as electrodes in

supercapacitors.

Specimen Synthesis Capacitance Power density ~ Specific surface Capacity retention

(current density) temperature (°C) (Fg™) (kW kg™ area (m> g~ 1) (%) (after N cycles) Reference

SiOC 4.5A g™ 900 156 32 97.5 (40000) Halim et al (2017)
SiOC-DC (1 A g7 1)? 1000 147 2635.6 94.3 (2000) Liqun et al (2015)
SiOC-DC (0.5A g~ H* 1200 163 3122 90.3 (10000) Yang et al (2017)
SiC-SiOC (0.5A g7') 1250 259.9 341 Kim et al (2016a)
SiOC-DC (0.1 A g~H* 1200 135 2394 86 (10000) Tolosa et al (2016)
SiOC-DC (30 A g~')* 1000 86 310 2480 95 (10000) Meier et al (2014)

2SiOC derived carbon.

remove residual chlorine. BET analysis and XRD has shown
a decrease in particle size with pyrolysis temperatures greater
than 1000 °C and crystalline C powders respectively with no
presence of 3-SIC impurity phases (Liqun et al 2015). Specific
capacitance of 148 F g~ ! has been obtained, with capacitance
retention of up to 94.3% after 2000 cycles at current densities
of 1 A g~!, in aqueous KOH electrolyte (Liqun et al 2015).
Along similar lines, Tolosa et al obtained nanoporous carbon
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from SiOC via a chlorine gas treatment at high temperatures
of 1200 °C followed by purging with ammonia (Tolosa et al
2016). Specific capacitance of 135 F g~! has been obtained,
with scan rates of 10 mV s~! and a capacity retention of 63%
at current densities of 100 A g~! (Tolosa et al 2016). Yang
et al have been able to derive microporous carbon (surface
area of 3122 m?> g~!) from non-porous SiOC by high temper-
ature (400 °C-900 °C) etching with NaOH solution (Yang



J. Phys. D: Appl. Phys. 51 (2018) 463001

Topical Review

et al 2017). Electrochemical results have produced energy
densities of 42 W h kg~! at a power density of 30 kW kg~!
(Yang et al 2017). Pyrolysis and chlorination of xerogel based
SiOC-precursor derived carbons for supercapacitor applica-
tions has been probed by Meier et al (2014). They have been
able to obtain carbon samples with porosities greater than
200 m? g~ !, and specific capacitances of up to 110 F g~ ! have
been obtained in organic electrolytes (Meier et al 2014).

Table 2 summarizes some of the important results of using
PDC:s as electrodes in for supercapacitor applications, along
with their pyrolysis temperatures.

5. Outlook, drawbacks and general prospects of
PDCs as electrochemical energy storage devices

PDCs are starting to receive increasing attention because
of their superior properties and high theoretical capacities.
However, several challenges persist that must be overcome
for widespread deployment of PDCs as electrodes in energy
storage systems—both batteries and supercapacitors. The
relatively high cost of the pre-ceramic polymer precursor is
an important concern; this cost is often more than that of bat-
tery-grade graphite, which is the negative electrode material
in commercial LIB systems. Secondly, the processing temper-
ature of PDCs is high (~1000 °C), which makes their fabrica-
tion an energy intensive process (Mera et al 2010). Thirdly,
a high first cycle capacity loss i.e. low first cycle coulombic
efficiency is often a concern. Finally, PDCs also show a volt-
age hysteresis, indicating energy inefficiency (Dibandjo er al
2012).

The outlook ahead lies in overcoming these obstacles,
and considerable research is being pursued to achieve these
objectives. PDCs in general provide high capacities— about
ten times higher than graphite, if cycled at high current den-
sities—and this can negate the higher cost over graphite to a
large extent (Ahn and Raj 2011). Fine tuning the synthesis
so as to obtain the right phase/composition (as demonstrated
in figure 4) will lead to higher capacity and lower first cycle
losses (Dibandjo ef al 2012). Preliminary studies suggest large
hysteresis losses can be reduced to some degree by cycling at
low currents, but research in this area is still developing (Ahn
and Raj 2010).

6. Conclusion

PDCs are a unique group of compounds whose properties
can be suitably tailored based on composition of the pre-
ceramic polymer and processing parameters (temperature, gas
environment, etc). As such, these materials offer a wide range
of parameters that can be engineered to obtain electrochemi-
cal properties desirable for metal-ion batteries or supercapac-
itor systems. For example, negligible capacity fading at high
current for LIBs is attained in PDCs that are carbon-rich and
contain silicon mixed bonds; large sized Na™ ions could be
accommodated in low density amorphous PDCs via adsorp-
tion in micro-/nanovoids and the disordered carbon phase; and
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ultra-fast charge and discharge is demonstrated in carbon-rich
PDCs and nanocomposites in aqueous supercapacitor devices.
In addition, there seems to be progress being made gradually
in studying PDC-derived thin films and nanomaterials, which
will provide more enhanced properties than at the bulk scale.

As more diverse ranges of PDC and PDC-based composite
materials are starting to emerge, their application as battery
and supercapacitor electrodes will further our understanding
of important phenomenological information about reaction
mechanisms. Also, a greater control over the phase distri-
bution during PDC synthesis will result in efficient utiliza-
tion of the precursors so that maximum energy density can
be obtained. It is hoped that this novel materials, with their
suitable properties, will find applications in electrochemical
energy storage in the years to come.
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