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Background

The demand for electrical energy is increasing with technological advances in electronics,
electric vehicles, and energy production. The majority of today’s electrical energy is derived
from fossil fuels such as coal, natural gas, and oil.* The resources of fossil fuels, however, are
depleting and their consumption has brought serious environmental crises such as climate
change.? Emissions of a greenhouse gas, carbon dioxide (CO,) are unavoidable in electrical
energy production by burning fossil fuels. It is predicted that CO, emissions will more than
double by 2050.3 Thus, depending on fossil energy will raise concerns over the energy security.
As such, current energy supply is unsustainable not only environmentally but also economically.
Moreover, emphasis on low-carbon energy systems has drawn attention to development of
energy storage technologies to realize effective use of renewable energy resources and to
improve energy use efficiency. Since renewable resources such as solar, wind, and geothermal
are intermittent, advanced energy storage technologies are required to bridge the temporal gap
between energy supply and demand.* Thus, energy storage technologies are valuable

components in these purposes.
Energy storage systems

Currently, electrochemical energy storage systems are the most optimal solutions to power
various technologies, ranging from compact portable electronics to grid-scale energy storage
applications. Among available electrochemical energy storage systems, lithium batteries and
supercapacitors are the most promising technologies. They store the electrical energy in the form
of chemical energy and deliver it when needed, by reversing the electrochemical reaction. The

terms power density and energy density are used to evaluate and compare the rate capability and



the energy content of electrochemical energy storage systems, usually in a graph called Ragone
plot.> Here, power density represents how fast energy can be delivered and energy density
represents how much energy can be stored. A simple Ragone plot indicates that supercapacitors

are a high-power system, whereas batteries are a high-energy system.
Supercapacitors

Supercapacitors are power devices that can be fully charge or discharge in seconds. While their
energy density (~5 Wh kg™) is lower than those in batteries, power density (10 kW kg™) is much
higher. They currently, thus, fill the gap between batteries and conventional capacitors. They
have had an important role in complementing or replacing batteries in the energy storage field,
such as back-up supplies used to protect against power disruption and load-leveling. The
electrode materials used as well as the charge storage mechanism are important factors
classifying supercapacitors into two types; electrical double layer capacitors (EDLCs) and
pseudocapacitors. EDLCs store the charge electrostatically through reversible adsorption of ions
of the electrolyte onto electrode materials that are electrochemically stable and have high
accessible specific surface area (1000 — 2000 m? g%).° This electrostatic charge storage
mechanism allows fast energy capture and deliver in a few seconds, and over millions of charge-
discharge cycles. Their capacitance, however, is typically ~150 F g™, which strongly depends on
the specific surface area of electrode materials.” Pseudocapacitance was discovered by Conway
et al. in 1975. The charge storage mechanism of pseudocapacitors involves the formation of
electrical double layer and fast, reversible redox reactions at the surface of electrode materials.®
Such surface redox reactions render charge-discharge rates, comparative to those in EDLCs, but

much higher specific capacitance. Due to multiple oxidation states presented during redox



reactions, to date, transition metal-based compounds, such as RuO;, Co30,4, MnO,, V,0s, and

NiO, have been extensively studied as pseudocapacitive materials.**®

Sodium ion batteries

Lithium-ion batteries (LIBs) have dominated the current battery market. Particularly, their use
for electric vehicles has been addressed to replace the gasoline-powered vehicles in order to
reduce CO, emissions. The market for automotive LIBs is rapidly expanding with the worldwide
demand for electric vehicles.** The widespread use of such large format LIBs for electric
vehicles, combined with concerns on Li abundance, would drive up prices of Li containing
chemicals.™ Li supplies will run out in the future if LIBs are also adopted for grid-scale energy
storage applications.” As an alternative to LIBs, sodium-ion batteries (N1Bs) have the potential
to meet the needs in the grid-scale energy storage. Sodium (Na) is the 4™ most abundant
elements on Earth and shares some chemical properties with Li.'® Structure, components, system,
and charge storage mechanism of NIBs are basically the same as those of LIBs, except for Na
ions as charge carriers instead of Li ions.'® However, not all of the electrode materials that show
Li storage can be directly used for Na storage due to the steric limitation caused by the bulkier
Na* (1.02 A) compared to Li* (0.76 A).! Since NIBs are an emerging technology, the discovery
of new materials which enables Na electrochemistry has been still lacking. As battery
performances such as specific capacity and operation voltage are mainly determined by the
electrochemical properties of electrode materials, the greatest attention should be paid to identify

high-performance electrode materials.



Energy storage materials challenges

As discussed earlier, rechargeable batteries and supercapacitors are two major systems for
electrochemical energy storage. Some battery technologies are mature, while supercapacitors and
other advanced battery technologies are currently at earlier stages of development, simply due to
far lower energy densities compared to current established systems (e.g. pumped storage
hydropower). Thus, energy densities of both rechargeable batteries and supercapacitors should
be further improved to be realized as highly efficient and reliable energy storage systems. In
spite of their different abilities in energy and power performances, especially, rechargeable
batteries and pseudocapacitors have similarities in configuration and charge storage mechanisms,
which involve reversible redox reactions in transition metal based-electrode materials. Thus,
their charge storage capacity as well as rate capability largely depend on ion and electron
transport Kinetics within electrode materials. These transport kinetics, however, are often limited
since the most of the transition metal-based materials have intrinsically poor electrical
conductivity. Next three sections will discuss three main approaches to improve electrode
conductivity and thus, enhance overall electrochemical performances of these systems;

nanostructuring, chemical substitution, and introducing carbon additives.

Effects of Morphology and Chemical Doing on Electrochemical Properties of
Metal Hydroxides in Pseudocapacitors’

Nickel hydroxides (Ni(OH),), are widely used as electroactive materials in batteries and
pseudocapacitors due to their high theoretical capacitance of 2082 F g™* and well-defined redox

processes.'® Hydrotalcite-like Ni(OH),, particularly, has a larger interlayer distance (~7 A) than

! This work has been published in Nanoscale 2015, 7, 3181 — 3188.



its brucite-like counterpart (~4.6 A), showing interesting electrochemical activities.'® Their
limited electrical conductivity (10°-10"° S cm™), however, has been addressed as the most
significant problem obstructing the ideal performance of Ni(OH),-based electrodes.”® Thus,
developing effective strategies to assemble Ni(OH),-based electrodes with improved electrical
conductivity is desired. In recent years, an extensive research has been carried out to improve the
electrode conductivity through chemical doping and morphology control of active materials on
the nanoscale. Specifically, the electrode conductivity can be improved by chemical doping
through which nickel (Ni) is partially substituted with other cations such as Co, Al, and Zn.*#
Substituting Ni with Co particularly improves the electrochemical performance of Ni(OH), by
increasing the electrical conductivity. For example, the Co doped-Ni(OH), electrode exhibited a
high specific capacitance up to 1560 F g}, when the composition of the hydroxide is
CogsNigs(OH),.%* This specific capacitance increase was attributed to the improved electrical
conductivity as well as the favorable charge hopping.2*® On the other hand, reducing the size of
active materials into the nanoscale also enables reduction in resistance due to the decreased
transport distance for both electronic and ionic species.? It is thus clear that both morphology
control and chemical substitution positively affect the electrochemical performance of Ni(OH),
when applied individually. However, it is unclear whether better electrochemical performances
can be achieved when those two approaches are combined. Thus, our study is aimed at

elucidating the mechanism and the combined effects of chemical substitution and morphology

control on the electrochemical properties of Ni(OH), materials.
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Figure 1: XRD patterns of Ni(OH), synthesized with (a) 0%, (b) 10%o, (c) 20%, and (d) 50% glucose.

We have shown that the structural features compete with chemical doping in influencing the
electrochemical performance of metal hydroxide electrodes. The morphology and the degree of
crystallinity of Ni(OH), were changed by adding glucose in the ethanol-mediated solvothermal
synthesis (Figure 1). Ni(OH), produced in this manner exhibited an increased specific
capacitance due to the reduced particle/flake size as a function of glucose concentration (Figure
2). In addition, Ni(OH), prepared with glucose showed high water contents both on the surface
and in the interlayer galleries. During the alcohol-based solvothermal treatment, glucose
undergoes ethanolysis through which a-hydroxyl groups are substituted by ethoxy groups. They,
especially at high glucose concentrations, limit the diffusion of Ni precursors during synthesis

and therefore inhibit the growth of Ni(OH), particles into larger crystals (Figure 3).
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Figure 2: Comparisons of changes in the specific surface area (SSA) and the specific capacitance
(SC) of Ni(OH), as a function of glucose concentration in the precursor solution.
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Figure 3: Schematic illustration of the proposed mechanism for the morphology modification of
Ni(OH), by glucose in the solvothermal medium. (A) Ni(OH), precursors have sufficient spaces to
diffuse and grow into large single crystals during synthesis without glucose. To reduce the surface
energy, Ni(OH), flakes aggregate forming a large-sized flower-like structure. (B) The ethanolysis

products of glucose are suspended in the precursor solution. Ni(OH), precursors have limited
spaces for diffusion by ethyl glucosides. As a result, the size of the Ni(OH), flower-like structure is
significantly reduced.
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The effect of morphology control over a wide range of Co doped-Ni(OH), (CoxNi;—(OH),, x =
0-1) was investigated. Interestingly, the specific capacitance improvement introduced by glucose
was found to depend upon Co doping levels (Figure 4). It was more effective at low Co contents
as compared to high Co contents. This tendency revealed the existence of competitive effects
between chemical doping and morphology control. The possible reason for the competitive effect
is the degree of inter-particle continuity and charge hopping. Specifically, more metal cation
vacancies can exist on the surface of the highly amorphous materials, increasing the
discontinuity between particles (Figure 5). Hence, in highly defective materials, the
improvement due to charge hopping caused by chemical doping could become less effective.
These findings will be important for effective electrode materials design for energy storage

applications.

Influence of Nickel Oxide Nanostructure Morphology on the Effectiveness of
Reduced Graphene Oxide Coating in Supercapacitor Electrodes?

Nickel oxide (NiO) has attractive qualities such as natural abundance, low cost, and high
theoretical specific capacitance of 2583 F g™.2% Because of its intrinsically poor electrical
conductivity (~10%-10"* S cm™), however, NiO-based electrodes have only reached a small part
of their theoretical capacitance (200 — 600 F g™).?"! To solve this conductivity problem,
considerable research efforts have been devoted to explore hybrid structures, where metal oxides
are directly deposited on highly conductive metal nanostructures to improve the ion and electron
transport in the electrode films.*>*3 Another approach is the use of conductive fillers mixed
together with NiO in electrodes. Graphene and CNTs are among the most studied conductive

fillers. 3+

? This work has been published in J. Phys. Chem. C 2014, 118, 2281 — 2286.
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Figure 6: Schematic Illustration for Preparation of Reduced Graphene Oxide Coated NiO Grown
on a Carbon Paper (CP).

We report a strategy for NiO-based supercapacitor electrodes with improved energy storage
characteristics by introducing different types of carbons to NiO electrodes. First, to study the
effects of reduced graphene oxide (RGO) coating, nanostructured NiO was grown on carbon
paper (CP) and subsequently coated with RGO (Figure 6). We believe that the ultrathin layer of
RGO sheets would provide an electron transport pathway in addition to the carbon paper
substrate. EIS results showed enhanced conductivity after RGO coating (Figure 7B). Moreover,
the addition of glucose during the solvothermal synthesis of NiO led to further increase in
specific capacitance (Figure 7A). This increased specific capacitance can be explained by the
following. Compared to the samples synthesized without glucose, both the size of NiO flakes and
the thickness of NiO layer grown on the carbon paper were significantly reduced as results of
adding glucose during synthesis. The reduced size and thickness are favorable for ion and
electron transfer. Importantly, the mass loading of NiO was similar to that of NiO electrode
synthesized without glucose. EIS measurement was indicative of improved conductivity due to
the reduced length in ion and electron transfer paths (Figure 7C). RGO coating on this modified
NiO electrode, however, showed only slight improvement in the specific capacitance since NiO
is already utilized more effectively in this thinner film (Figure 7A). These results revealed that

RGO coating is more effective in enhancing the specific capacitance of the electrode with poor



conductivity. Although RGO coating is less effective to improve specific capacitance of

electrodes with high conductivity, it still enhanced the cycling stability by, presumably,

improving its mechanical stability (Figure 8). This high cycling capacity implied that RGO

coating provides the improved mechanical stability. SEM images of RGO-coated electrodes

showed well-maintained structural integrity of the electrodes after long cycling.
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Effect of Interlayer Spacing on Sodium-lon Insertion in Nanostructured
Titanium Hydrogeno Phosphates/Carbon Nanotube Composites®

Titanium hydrogeno phosphates, of a formula Ti(HPO4),-xH,O, are built on a two-dimensional
structure consisting of PO3(OH) tetrahedra and TiOs octahedra.®® They have been proposed as
possible Li- and Na-ion conductors through both cation exchange reactions and direct cation
insertion into the structure.®” The interlayer spacing of TiP-xH,O varies with the amounts of
water in the structure.®® Recently, several groups reported the beneficial roles of water
intercalation in layered structured electrode materials. The common conclusions from the earlier
work is that water intercalation not only expands the interlayer spacing but also screens the
strong interaction between elements in host layers and the charge carriers especially those with
larger size or higher charge such as Na* and Mg**.***’ Therefore, water intercalation could
improve the kinetics of charge mobility in the electrode as well as charge storage capacity and
long term stability.*** In this regard, the amenable interlayer properties with water intercalation
provide sound rationale to explore applicability of TiP-xH,O as electrode materials for Na-ion
storage. Their Na-ion conduction and storage behaviors, however, have not been demonstrated.
To the best of our knowledge, this is the first study on Na-ion storage in materials based on

transition metal hydrogeno phosphates.

® This work has been submitted to RSC adv.
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We investigated the reversible insertion of Na ions in bulk and nanostructured Ti(HPO,)2-xH,0O
(bulk- and nano-TiP-xH,0). The interlayer spacing of bulk- and nano-TiP-xH,O was tuned with
the amounts of water intercalation and the degree of crystallinity of samples was controlled by
the synthesis routes (Figure 9). The expanded interlayer spacing with water intercalation
incorporation enables better Na-ion diffusion in the bulk-TiP-H,O materials (Figure 10).
However, this beneficial effect of larger interlayer spacing was less pronounced when the size of
TiP-xH,0 particles was reduced into nanoscale. Both hydrated and dehydrated nano-TiP-xH,O
displayed high specific capacity regardless the interlayer spacing (Figure 10). These results
imply that ion diffusion in such nanostructured materials is likely independent of interlayer

spacing varied with water intercalation. The electrochemical properties of nano-TiP-xH,0



materials were further enhanced when prepared as composites with carbon nanotubes, exhibiting

excellent rate capability, and long cycle stability (Figure 11).

NASICON Structured Materials for Sodium-lon Batteries

The NASICON (Na-super-ionic conductors) structure has been receiving attention as solid
electrolytes in Na/S-type batteries since the discovery in 1976.* The NASICON structure of
general formula AxM2(XOy); is built on a 3-D framework of MOg octahedra linked with XO,
tetrahedra.*? The repeating unit of M,(XO,); consists of three tetrahedra connected to two
octahedra and is called ‘lantern’. Based on these lantern units’ arrangements, the NASICON
structure can be described with either rhombohedral or monoclinic space groups.*? Each lantern
is connected to six other lanterns, forming large interstitials that can accommodate alkali
cations.** This structural characteristic enables the fast ion transport in the NASICON framework

as battery electrodes.

NASICON-type NTiz(PO4)s (NTP) has been considered as attractive NIB electrode due to its
high theoretical capacity of 133 mA h g™* (between 1.2 — 3.0 V), high Na-ion conductivity. NTP
consists of [TiOg] octahedra sharing all the corners with [PO,] tetrahedra.** As NTP adopts
NASICON structure, the 3-D open framework with plenty of interstitials capable of fast,
reversible insertion and extraction of Na ions, showing high Na-ion conductivity. In addition,
NASICON-type NTP is almost free from the volume change during Na insertion and extraction
due to the structural stability provided by strong open framework. However, when considered as
a NIB anode material, NTP shows relatively high redox potential at 2.1 V (vs. Na/Na") due to the

inductive effect of phosphate groups. Despite the energy density loss associated with this



relatively higher redox potential, it not only enables safe quick charge but also reduces the

possibility of forming a solid electrolyte interphase (SEI).*

However, NTP electrodes have low electrical conductivity, which limits electron transport
kinetics within the electrode material and thus results in low capacity and poor rate
capability.***° To increase the transport kinetics of NTP electrodes, three main approaches have
been used; reducing particle size to shorten the electron transport distance, doping other
electroactive elements to improve transport properties, and mixing with carbons to improve
electrode conductivity. Despite significant improvements with these approaches, achieving high
capacity at high charge-discharge current rates is still challenging due to uncontrollable irregular
morphology of NTP particles prepared by solid-state reactions.*®*” Even though solid-state
reactions are useful to synthesize NTP materials, these methods suffer from poly-dispersed

crystal growth due to high processing temperatures, for example, at 900 °C.*
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Figure 12: (A) XRD pattern and (B) SEM image of NTP/CNT composite synthesized via ethanol-
mediated solvothermal reaction.

Figure 12A shows the XRD patterns of a NTP/CNT composite sample synthesized from the

ethanol-mediated solvothermal reaction. All the peaks observed in the NTP/CNT composite



sample were well assigned to those of NaTi,(PO,); (JCPDS No. 01-085-2265). The morphology
and microstructure of the NTP/CNT composite were investigated using SEM. As shown in
Figure 12B, uniform cube-like morphology was observed with a size of about 100 nm. These
uniform morphology and size are favorable to form a well-mixed and connected composite with
CNTs. Importantly, the size of the NTP particles in this work is much smaller than that of NTP
particles synthesized via a solid-state reaction, where powder- or salt-type precursor chemicals
are mechanically mixed followed by an annealing process at high temperatures between 800 and
900 °C.* For comparison, the NTP/CNT composite prepared from high temperature solid-state
reaction shows irregular NTP particle shape and random size distribution. Such an irregular
particle formation during the high temperature processing resulted in non-uniform mixing with

CNTs.

The electrochemical performance of NTP/CNT composite electrode was evaluated using coin-
type cells with a sodium metal foil as a counter electrode in 1 M NaClO,4 in EC/PC electrolyte.
Figure 13A displays representative galvanostatic charge/discharge profiles of NTP/CNT at
various current rates of 0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 C within a cutoff voltage between 1.2 and
2.8 V. Well-defined charge-discharge voltage plateaus at ~2.10 V and ~2.15 V were clearly
observed. These plateaus correspond to the redox reaction of the NTP/CNT composite electrode
on the Ti**/Ti*" couple that can be expressed as: NaTi»(PO4)s + 2Na" + 2™ «> NasTip(PO,)s.*
NTP/CNT composite electrode showed excellent sodium storage capacity. The reversible
capacities were 109, 97, 92, 88, 83, 77, 66, and 56 mA h g™* at current rates of 0.1, 0.2, 0.5, 1, 2,
5, 10, and 20 C, respectively (Figure 13B). In addition, ~90% of discharge capacity is retained
with a negligible polarization over the 90 cycles as shown in Figure 13C. Importantly, a

reversible capacity of 56 mA h g™ achieved even at a high current rate of 20 C is remarkable. At



this current rate, surprisingly, it took only 2 minutes and 13 seconds for a charge-discharge cycle

of this NTP/CNT composite electrode.
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Figure 13: (A) Galvanostatic charge-discharge curves, (B) specific capacity of a NTP/CNT
composite electrode at various current rates of 0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 C, and (C) changes in
the charge-discharge profile of a NTP/CNT composite electrode at a current rate of 0.1 C over
cycles.



This fast rate performance is comparable to those of pseudocapacitance. In addition, 56 mA h g*
is comparable to some reported capacity values achieved in 1 M Na,SO,4 aqueous electrolyte
with NTP/carbon composite electrodes at the same current rate. For example, the reversible
capacity of a solvothermal processed NTP/graphene composite in 1 M Na,SO, aqueous
electrolyte was 40 mA h g™* at 20 C.** Another NTP/graphene composite synthesized via solid-
state reaction showed 63 mA h g™ at 20 C in 1 M Na,SO, aqueous electrolyte.”® Considering the
lower ionic conductivity and higher viscosity of the organic solvent-based electrolyte compared
to those of aqueous counterparts, our preliminary results are promising, indicating that the
NTP/CNT composite electrode can achieve high energy and power density simultaneously.
According to Yang et al., regular morphology can allow preferable surface for ion diffusion to be
exposed in all individual particles.*® In the case of irregular morphology, however, the preferable
surface is not always available for the fastest ion diffusion. Thus, the uniformly controlled
morphology and size of NTP particles could also contribute to the improvement in

electrochemical performances.

NASICON structures provide rigid and strong 3-D channels for fast ion conduction. Such stable
structures, compared to simple metal oxides, could be used as multivalent ion storage
applications. However, multivalent ions such as Mg?* show slow diffusion kinetics due to the
strong interaction with atoms in electrode materials. Since NASICON structures consist of metal
cations with higher oxidation states that can interact stronger with anions in the electrode
material, these materials can improve ion diffusion kinetics. NASICON-type Mgo s Ti2(POa)3
(MTP) was prepared and evaluated as LIB electrode materials first. NASICON-type MTP was
synthesized via a high temperature sintering process. Typically, stoichiometric amounts of

magnesium acetate, titanium butoxide, and ammonium dihydrogen phosphate were mixed in DI



water at 75 °C to get a powder product. Then, the powder product was sintered at 900 °C in Ar
atmosphere for 12 h. Electrochemical Li-ion half-cell tests were performed using CR 2032-type
coin cells. A piece of lithium metal foil were used as a counter electrode, and 1 M LiPFg in EC
and diethyl carbonate (DEC) (1/1 = v/v) was used as an electrolyte. Figure 14A shows an XRD
pattern of as-synthesized MTP material. The observed peaks were identified as the pattern of
MTP in R-3c space group.”* Figure 14B shows electrochemical Li-ion insertion into as-prepared
MTP electrode film at 0.1 C. The plateaus observed between 2.8 and 2.0 V are reversible during
further discharge. These plateaus can be originated from Ti**/Ti** redox couple, while lithium
ions are reversibly inserted in the structure. This electrochemical Li-ion insertion shows

potentials for the use of MTP as electrode materials for other battery systems.
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Figure 14: (A) XRD pattern of as-synthesized MTP. Peaks from XRD sample holder were marked
as *, and (B) charge and discharge capacity of as-prepared MTP electrodes at 0.1 C.
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