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Abstract

Tian, Miao (Ph.D., Department of Mechanical Engineering)
Nanowire Electrodes and 3D Porous Conducting Networks for Li-lon Batteries

Thesis directed by Associate Professor Ronggui Yang

There have been growing interests in developing high-capacity, high-power, and long-cycle-
life lithium-ion (Li-ion) batteries due to the increasing power requirements of portable
electronics and electrical vehicles. Various efforts have been made to utilize nano-structured
electrodes since they can improve the performance of Li-ion batteries compared to bulk materials
in many ways: fast electrode reaction due to the large surface area, efficient volume-change
accommodation due to the small size, and fast Li-ion transport along the nanoscale gaps. Among
various nanostructures, nanowire arrays present an excellent candidate for high performance
lithium-ion battery electrodes, which have attracted intensive research over the past few years.
However, problems such as the strain mismatch at the active/inactive material interface (A/I
interface) and the agglomeration of nanowires hinder nanowire array-based electrodes from
delivering superior battery performance. We found that the formation of a continuous Ni-Sn film
at the base of the nanowires results in quick loss of electrical contact between the active material
and the current collector because of the large strain mismatch at the large continuous A/I
interface. By growing short Cu nanorods as a buffer layer before Ni-Sn nanowire growth, the
formation of Ni-Sn film was inhibited and the A/I interface was scaled down to nanoscale islands.
The strain mismatch is thus significantly reduced, which results in enhanced structural stability

and the battery performance.



Another problem with nanowire array electrodes is that agglomeration in long nanowire
arrays impedes them from delivering high areal capacity, by degrading the nanoscale wires to
micron-sized bundles and reducing the mechanical stability. We develop a simple way to
fabricate three-dimensional (3D) Ni-Sn nanowire networks by using 3D porous anodic alumina
(PAA) templates synthesized from low-cost impure aluminum foils. By eliminating
agglomeration, stable high-areal-capacity anodes are demonstrated with 3D self-supporting Ni-
Sn nanowire network structures. With a nanowire length of 40 pm, the 3D Ni-Sn nanowire
networks can deliver an areal capacity as high as 4.3 mAh cm™ with a cycle life longer than 50

cycles when used as an electrode.

The 3D network has been envisioned as a superior electrode architecture of Li-ion batteries
that can significantly enhance both ion and electron transport to improve battery performance. A
3D carbon nano-network is fabricated through chemical vapor deposition of carbon on a 3D
PAA template, which serves as the conducting framework in Li-ion battery electrodes. The low
conductivity active material, TiO,, is then uniformly coated on the surfaces of the 3D carbon
nano-network using atomic layer deposition. A large areal capacity of ~ 0.37 mAhem? is
achieved due to the large areal mass loading of the 3D C/TiO; electrodes. The electrodes also
deliver a high gravimetric capacity of ~ 240 mAh g™ based on the whole electrode at the test rate
of C/5 and a long cycle life of over 1000 cycles at 1C. The effects of the electrical conductivity
of carbon nano-network, ion transport in the active material, and the electrolyte permeability on

the rate performance of these 3D C/TiO; electrodes are also systematically studied.

Keywords: Nanowire, Li-ion battery, active/inactive material interface, three-dimensional

nano-network, carbon
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1. Introduction

1.1 Motivation

The global demand for energy is continuously on the rise. In the present scenario, most of
the energy is obtained from non-renewable fossil resources such as coal, oil and natural gas.
However, the dwindling oil and natural gas supplies and alleviated environmental concerns of
global warming due to the use of fossil fuels require efforts in developing and utilizing
renewable energy sources. The renewable energy sources such as solar and wind are intermittent
and thus need a suitable energy storage technology to integrate them into our existing power grid.
Compared with traditional secondary cells such as lead acid, nickel cadmium, and nickel metal
hydroxide batteries, lithium-ion (Li-ion) batteries (LIBs) have become the leading energy source
for various applications from smartphones and laptops to electric vehicles [1-4], benefited from
their superior performance including high operating voltage, high energy, and high power
density [5-11]. Figure 1.1 shows performance comparison of LIBs with other rechargeable
batteries[1]. The major problem of using conventional batteries such as lead-acid and Ni-Cd
batteries as power sources for portable electronics or electric vehicles is their low specific energy
densities. This low specific energy density limits their portability. When the batteries are scaled
up for high-energy use such as that in electric vehicles, heating could become a problem when
packaging a large number of electrochemical cells together. High performance Li-ion batteries
are in great need since its development drops behind related industries such as portable consumer
electronic devices, implantable medical applications, storage of wind/solar power, and electric

vehicles.
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Figure 1.1 Comparison of the volumetric and gravimetric energy densities of different

battery technologies [1].

Each LIB cell generally consists of four components as shown in Figure 1.2: 1) The
anode/negative electrode/reducing electrode, which gives up electrons to the external circuit and
is oxidized during the electrochemical reaction. 2) The cathode/positive electrode/oxidizing
electrode, which accepts electrons from the external circuit and is reduced during
electrochemical reaction. 3) The electrolyte or the ionic conductor and electron insulator, which
provides the medium for transfer of ions inside the cell between the anode and cathode. 4) The
separator, which is a porous sheet that keeps the positive and negative electrodes apart. The
anode is usually composed of lithium metal or lithium insertion/conversion compounds, whereas
the cathode is made up of another Li* host materials possessing a much more positive redox
potential [12]. The electrolyte is typically a liquid (an organic solvent, such as EC-DMC), with

dissolved salts (such as LiPFg) to impart ionic conductivity.

Rechargeable LIBs involve the exchange of lithium ions between two electrodes upon

charging and discharging. Figure 1.2 demonstrates the operation principle of traditional



rechargeable Li-ion batteries. The lithium insertion and extraction processes occur with an ion
flow through the electrolyte, accompanied by a reduction and oxidation (redox) reaction of the
host matrix and the electron flow through an external circuit. This is called a “rocking-chair”
design because the Li ions “rock” back and forth between the two electrodes. Li is the most
favorable mobile ion species for batteries since it is the lightest of all metals and has the greatest

electrochemical potential, providing the largest energy density per weight.
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Figure 1.2 Schematic showing the operation principle of a rechargeable Li-ion batteries [4].

Currently, lithium-ion batteries use graphite as anode for reversible lithium intercalation and
disintercalation. Lithium intercalates into the carbon layer to form LixC alloy, delivering a
theoretical specific capacity of 372 mAh g™ (LiC6) and a potential plateau lower than 0.5 V vs
Li+/Li [13]. Despite the stability of carbon anode, the low theoretical capacity limits the
development of high capacity Li-ion batteries. As typical cathode materials, lithiated transition
metal oxides such as LiCoO, possess 2D layered crystal structure and exhibits high voltage
approaching 4 V vs. Li metal [12]. But their low specific capacity (lower than 200 mAh g™),

slow Li-ion transport, and low electrical conductivity drag down the performance of the whole

batteries.



Nanostructured electrodes have great potential in significantly improving the performance of
rechargeable Li-ion batteries. Among various nanostructures, nanowire electrodes have recently
attracted great interests [14-16]. Many features of nanowires lead to significant improvements in
battery performance: (1) the free spaces between nanowires provide easy access of the
electrolyte to all the surfaces of the electrode and accommodate volume changes during lithium
ion insertion; (2) the small diameter of nanowires allows for fast Li-ion diffusion and high power
delivery; (3) direct connection of nanowires to the current collector ensures direct transportation
of electrons to the current collector, which eliminates the necessity of any binder materials or
conducting additives [17, 18]. Electrodes with nanowires of various materials such as Si, TiO,
Fe304, SNO,, Co304, and V,0s5 [17],[19-23] have been studied and show improved performance

compared to bulk electrodes.

However, nanowire electrodes are facing two critical problems. First, the interface between
the active material and inactive material is not stable due to the strain mismatch during the
battery cycling processes. The active materials expand and contract when Li ions are inserted
into and extracted from them. On the other hand, the volume of current collector which is
inactive does not change. The stress generated at the active/inactive material interface (A/I
interface) would lead to delamination of the active material. The delaminated active material
cannot contribute to the electrode performance anymore since the electrical connection to the
system is cut off. Second problem with nanowire electrodes is agglomeration of long nanowires.
The areal capacity of straight nanowire array electrodes could potentially be increased by
increasing the length of the nanowires [24]. However, the high aspect ratio of long nanowires

leads to severe agglomeration, which significantly degrades the electrochemical performance of



nanowire array electrodes due to the reduced surface area, blocked Li-ion diffusion, and the

increased stress in the agglomerated nanowire arrays.

The interface between the active material and the inactive current collector has been found
important for electrodes by many researchers. It has been shown that failure of Si film anode is
due to delaminating of Si film from the Cu substrate, isolating the electronic pathways of Si to
the underlying Cu [25]. Similar phenomenon was observed for Sn alloy films [26]. Annealing
and modification of current collector surfaces could improve the adhesion between the active
material and the current collector and thus make the reversible capacity high and stable [27-29].
On the other hand, battery stability can also be improved by scaling down the heterogeneous
interface of Si and carbon nanotubes [30]. The critical role of the active/inactive material
interfaces (A/I interfaces) in electrodes can be systematically studied using nanowires since their

unique structure offers a way to tailor the A/l interface.

Three-dimensional (3D) micro/nanostructured networks present great benefits for high
performance LIBs, such as a large surface area for fast Li ion insertion/extraction,
interconnecting paths for fast electron conduction, and high porosity for fast electrolyte diffusion
and volume change alleviation [31, 32]. High areal capacity and excellent rate performance have
been achieved by incorporating 3D metal conducting networks with active materials [33-38].
However, the use of metallic conducting networks in these 3D electrodes comes with the
intrinsic penalty of heavy inactive materials, which significantly reduces the gravimetric capacity
in LIBs. Thus, 3D porous carbon, which has low mass density with interpenetrating network that
facilitates both ion and electron transport, has been widely explored to overcome the density
barrier [39-46]. Carbon aerogels are a kind of porous carbon consisting of meso-pores with a size

of <10 nm, which offer very high surface areas for LIB and supercapacitors [39, 47-50]. The
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diffusion of the electrolyte and transport of ions are greatly impeded due to the small pores in
carbon aerogels, especially when the electrodes are thicker than 10pm [51], which greatly harms
the rate capability of the electrodes [52-54]. For example, mesoporous carbon/Cos0O, composite
maintained only 32% of its capacity when the test current was increased by 10 times from 200
mA g* to 2000mA g™ [54]. As such, porous carbon with large pore sizes (> 1 pm) were
developed to introduce more porosity to the carbon network and to improve the rate capability of
electrodes [55, 56]. A LiFePOg4/carbon composite electrode with 1 um to Sum pores retained
89% of its capacity when the test rate was increased by 10 times from C/10 to 1C [57, 58].
However, accompanying the improved power performance in these electrodes, the overall
volumetric capacity and energy density of such electrodes are greatly reduced due to the large

size of the pores and the thin active materials, which leaves most space in the electrodes empty.

A low mass density conducting network with pore size in the range of hundreds of
nanometers needed to enhance the ion and electron transport without sacrificing energy density.
Some efforts have been made to develop 3D conducting networks with pore size in the range of
several hundred nanometers. Porous carbon with pore size of ~ 300 nm encapsulating sulfur
retained 52% of its capacity when test rate was increased by 10 times from C/5 to 2C [59].
Nanoparticles entrapped in carbon inverse opal with 220 nm diameter pores maintained 50% of
the capacity when the test current increased 10 times from 1 A-g™ to 10 A-g™ [60]. All these
previous efforts demonstrate the importance of the 3D carbon network with appropriate pore size

in the LIB electrodes.



1.2 Background overview

1.2.1 Anode materials

1.2.1.1 Carbonaceous Materials

Carbonaceous-based materials are the most attractive and widely investigated materials for
use as anode in Li-ion batteries [61]. This has been mainly because of the high specific charges,
the low cost, high safety, low redox potentials (~ 0.1 V vs. Li/Li+), and good cycling stability.
With Li ions inserted, graphite forms LiCg, which corresponding to a theoretical capacity of 373
mAh g[62]. In other forms of carbon such as disordered carbon [63], carbon nanotube [64], and
graphene [65], the specific capacities are higher because they have more sites for Li ion insertion.
The insertion of Li ions into carbon is called intercalation, which means the insertion of a guest
species into a host structure without causing any major structural distortion [61]. Since the
crystal structure of carbon doesn’t distort during Li ion intercalation, carbon can perform very

long cycling life as anode of Li-ion batteries.

Although graphitic carbon is the major commercially available anode material, its specific
capacity limits further development of Li-ion batteries. There are several ways have been
developed to improve performance of carbon based anode electrode such as mild oxidation of
graphite and composites with metals and metal oxides [66]. However, these methods can only to
a limited scale. Anode materials with higher specific capacity are intensely needed to develop

high-energy Li-ion batteries.

Carbon aerogels having large amounts of mesopores were prepared mostly by pyrolysis of

the aerogels of resorcinol and formaldehyde [47]. Primary particles of carbon aerogels have



usually the size of about 4-9 nm and interconnected with each other to form a network, forming
inter-particle mesopores. Pore size distributions in carbon aerogel (or carbon nanofoam) is in a
large range but can be hardly tuned. As most of the pores are small (<10nm), flow resistance of
electrolyte in the electrode is large. Power performance of the electrode would be limited.
Moreover, the amount of the active materials can be loaded is limited by the small available

space. Thus the capacity of the electrode would be low.

As one kind of porous carbon materials, carbon nanotubes (CNTs) and graphene have been
extensively investigated as anode materials for Li-ion batteries due to their mesoporous character
(higher electrode/electrolyte contact area leading to higher charge/discharge rates), high
chemical stability, low resistance (short path lengths for electronic and Li* transport), strong
mechanical strength, and high activated surfaces (better accommodation of the strain of Li+
insertion/removal, improving cycle life) [67-69]. The most direct way to improve the capacity of
the CNT anodes is to fabricate composite electrodes of CNTs with other materials. In such
hybrid systems, the CNTSs function as an effective confining buffer of mechanical stress induced
by volume changes in charging and discharging reactions, while the other nanomaterials provide
a high capacity. [70, 71] Three-dimensional (3D) graphene-based hybrid structures were
fabricated to improve the storage capacity of Li-ion batteries by increased specific surface area
and more suitable layer spacing of graphene sheets. Some metal oxides, CNTs, fullerenes (C60),
carbon nanofibers, and even organic agents could be introduced to fabricate 3D-structured

grapheme. [72]

1.2.1.2 Silicon Based Materials

Since it has the highest known theoretical capacity (4200 mAh g—1), silicon would seem to

be a superior anode material for high-energy-density Li-ion secondary cells. However severe

8



capacity fade during initial cycling has been found to be a limiting issue for Si anodes[73]. There
are various approaches developed to overcome drawbacks of pure silicon and improve its

electrochemical perfomance:

1. Reduce dimension of pure Si to micro- and nano-scale to decrease pulverization of Si
results from anode’s volume increase during Li-insertion and its shrinkage during extraction. A
widely studied method is to reduce the Si particle size to nano-scale[74]. To improve electronic
contact between particles during insertion and extraction, mixing conductive additives (CA) such
as graphite flakes and/or nano-scale carbon black into micro-Si anodes is adopted[75]. While
particle size reduction can reduce volume change to a certain degree, it cannot completely
eliminate capacity fade. Therefore, other nanostructures such as nanoporous structure, nanowires,

and nanotubes are studied.

2. Si dispersed in an inactive matrix. An inactive matrix used in the anode acts as a cushion
and helps accommodate the volume change, thereby preventing pulverization of the anode. This
inactive matrix must have a high mechanical strength to withstand the volume change of Si on
cycling. ldeally, it should also have high electronic conductivity to allow charge transfer
reactions to take place. Metallic compounds such as TiN [76], TiB2[77], SiC [78], and TiC[79]

have been examined for this purpose as inactive host matrices.
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Figure 1.3 Schematic of morphological changes that occur in Si during electrochemical
cycling. (a) Si films and particles tend to pulverize during cycling due to the volume change. (b)
Si nanowires grown directly on the current collector do not pulverize or break into smaller

particles after cycling [80].

3. Si dispersed in an active matrix. Active materials like silver and magnesium can
reversibly react anodically with Li+ at room temperature and form alloys, but have little volume
change during cycling. Mg.Si alloy, for example was investigated as an anode material[81],
which has several characteristics which make it an attractive candidate for lithium storage: First,
lithium can be inserted electrochemically into magnesium, silicon and their alloy at room
temperature[82], respectively. Second, both elements are naturally abundant and inexpensive.
Third, large specific capacities may be achievable because both elements are light-weight. SiAg
anodes prepared by ball milling Si and Ag for 2, 15, and 50 h have also been examined[83] and
showed promising performance.

Since even relatively strong metals may not be able to sustain the 400% volume expansion

of Si, and their pulverization will result in loss of interparticle electronic contact, carbon has
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been used as an active matrix because of its softness and compliance, relatively low mass, good

electronic conductivity, reasonable Li-insertion ability, and small volume expansion.[84]

1.2.1.3 Sn Based Materials

It has been shown that tin and tin-based materials are promising candidates to replace the
carbon-based anode materials for Li-ion batteries because of their large theoretical capacity for
lithium insertion (i.e., 990 mA h g-1, supposed the formation of Li4.4Sn alloy) and safety benefit
for avoiding the formation of hazardous Li dendrite [85]. Besides the fact that pure Tin has very
high specific charge, tin oxides, tin oxides and tin alloys are also potential for application in Li-
ion batteries. Although their specific charge is not at high as pure tin, their structures help
accommodate volume change during cycling process, improving cycling stability[86], as shown

in Table 1.1.

Table 1.1 Theoretical specific charges (with respect to the masses of the lithiated anode
materials) and estimated practical cycling stabilities of various tin oxides and tin-based

multiphase and composite hosts in comparison to metallic Sn and graphite[87] .

Anode material Lithiated anode material Specific charge (A hkg™)  Practical cycling stability"
Graphite (Cq) LiCs 339.2 good

Sn LissSn 790.2 poor

SnO Li; 4Sn/Li-O 658.4 fair

SnQO- Lis4Sn/2 LixO 564.2 fair

TCO. eg. Sll[.oBo_sépo,qulo_.ngg.é LI.44SI'I.|"L1:O!‘ Bqls.ﬁpo_‘mAlo..qg O"_{j’ 475.8% gOOC]

Sn.Fe 2 Lig4Sn/Fe 665.6 poor

Sn.Fe/SnFe;C (25:75 wiw) 0.25 (2 Li.4Sn/Fe)/0.75 SnFe; C 188.8 good

Sn/SnSb, e.g. ‘SnggaSbo 12’ 0.88 Lis4Snf0.12 1i:Sb 764.1 fair

Since 1-D nanostructures have many advantages over nano particles such as superior electric
conductivity to current collector and stable structure, tin oxide nanowires are broadly studied as
anode materials. Martin et al. [88, 89] fabricated SnO, nanofibers using sol-gel template

synthesis, which showed extraordinarily improved rate capability and cycling performance
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because of the small grain size and the one dimensional current conductivity. Another attempt
using SnO; nanotubes to overcome the problem of rapid capacity fading was reported by Lee and
his co-workers[90]. Uniform polycrystalline SnO, nanotubes that have been fabricated through
an infiltration route using SnO, nanoparticles as starting building units and AAO membranes as
the template show a high specific capacity of 525 mA h g™, which was attained after 80 cycles,

as shown in Figure 1.4.

1000

800 \ Nanotubes

Nanoparticles

600

400

Specific capacity (mAh/g)

200

0
0 0 20 30 40 50 60 70 80
Cycle number

Figure 1.4 Cyclabilities of SnO, nanotube electrodes and SnO, nanoparticle electrodes (5

mV to 2 V, 0.05 mA/cm?; voltage versus Li*/Li) [90].

SnO; nanotubes with coaxially grown carbon-nanotube overlayers were prepared by the
same group through a confined-space catalytic deposition process assisted by AAO membranes
template[91]. The obtained SnO2-core/carbon-shell nanotubes exhibited highly reversible
capacity (close to 600 mA h g-1) and excellent cyclability with capacity retention of 92.5% after

200 cycles.

Similar to silicon, alloys formed by tin and other inactive metal can accommodate volume
change of Sn during charging/discharging process. The existence of inactive metal matrix which

buffers the large volume change during cycling improves stability of the anode structure. Early
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in 1999, Winter’s group’s study proved that tin alloys are much more stable than pure tin during
cycling[87], as shown in Figure 1.5. Inactive metals such as copper[92], nickel (Figure 1.6) [93,
94], antimony[95] are researched and showed improved cycling stability. Nickel-tin (Ni-Sn)
alloy nanowires have been widely studied as potential superior anode material due to the high

capacity of Ni-Sn alloy and the easy fabrication process [96, 97].
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Figure 1.5 Cycle life performance of electroplated Sn, Sn/SnSbh and Sn/SnAgs/SnAg, on Cu
substrates in 1 M LiClO4/PC, ic=iq=0.25 mA cm 2, charge input: 1.7 Li/M, cut-off: 1.2 \V/ vs.

Li/Li", typical particle sizes of the metallic materials: 0.2-0.4 um [87].
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Figure 1.6 Cycle performance of crystalline NisSn, [94].
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Recently, Winter’s group[98] even studied three-metal alloy for anode material and it shows

better performance than two-metal alloys (Figure 1.7).
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Figure 1.7 Cycle performances of (a) Sn—Sb—Co, (b) Sn—Co, and (c¢) Sn-Sb film

electrodes[98].

1.2.1.4 Other Anode Materials

Many other kinds of materials have been researched due to advantages such as structural

stability, low cost, low toxicity, easiness to fabricate, etc.

Special interests have been initiated by iron-based oxides such as Fe;O4 and Fe,O3; because
of their low cost and low toxicity. Simon and his collaborators reported a Fe3O4-based Cu
nanoarchitectured electrode for Li-ion batteries[99]. The electrode was prepared by using a two-
step design: the electrochemically assisted template growth of Cu nanorods followed by
electrodeposition of Fe304 (Figure 1.8(a)). The obtained nanostructured electrodes were

demonstrated to show a factor of 6 improvement in power density over planar electrodes.
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Figure 1.8 (a) Top view of the Cu current collector and cross-sectional view of current

collector after FesO,4 deposits; (b) The capacity retention of a FesO, film cycled first at 1 Li*/4 h

for 15 cycles followed by a higher rate value of 1 Li*/2 h [99].

Nanotubes of ironic oxide are also studied and stayed good structure after 100 cycles (Figure

1.9).

Figure 1.9 TEM images of the templated R-Fe,O3 nanotubes (a) before and (b) after 100

charge/discharge cycles [100].

Mesoporous nanowire arrays of Co304 are also studied recently as a new kind of anode

materials[18], showing high capacity, good cycleability and high rate capability.

There is much current interest in investigating the lithium storage properties of nanotubes

and nanowires based on titanium oxide or titanate because of their prominent advantages such as
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high capacity, good kinetic characteristics, good robustness and safety, wide availability, and low
toxicity [101]. P G. Bruce’s group Pioneered researches about Ti based materials for li-ion
batteries; they demonstrated TiO, nanowires and nanotubes to be promising anode materials for

rechargeable lithium batteries [14, 102, 103].

Beside single nanostructure with single material, complex structures with different materials
are developed recently. Ortiz et al. [104] reported tin and tin oxide nanowires grown onto titania
nanotubes by anodization of titanium and tin electrodeposition for li-ion battery anode. The
nanocomposite with this particular geometry has a remarkable reversible capacity of about 140

A h cm 2 which is kept about 85% over 50 cycles.

1.2.2 Active/lnactive Material Interface

Control of electrode—current collector interfacial structure is considered as another
alternative resolution toward improved cycling performance of Si[105], considering that the
electrochemical and mechanical disconnection between Si and Cu current collector during
cycling is one of the causes for unstable cycling behavior of Si [106, 107]. Maranchi et al.
studied Si film on flat Cu current collector and identified nucleation of a lithium compound
based on the interdiffusion of Si and Cu as the most probable cause of the ultimate delamination

failure of the deposited film [108].

A popular way to improve adhesion between Si and current collector is modifying the
interface topography. Rough interface promotes interfacial contact area between Si and Cu and
enhances electron transfer Kinetics and cycling performance [28, 105, 109]. For example, in
Figure 1.10, both the etched Cu surface and the nodule-type surface as current collector show

better performance than the flat surface. The silicon—graphite composite slurry was coated on the
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current collector to form active material film. Although the active material film cracked during
the charging/discharging processes, all the active material is still connected to the current

collector and contributes to the electrode [107].
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Figure 1.10 (a) Electrochemical performance of Si film on different Current collector

surface; (b) nodule-type foil surface [107].

1.2.3 3D Network

3D network was introduced as a superior structure to enhance ion and electron transport
kinetics. As discussed by Long and Rolison, the ideal electrode architecture for providing
efficient ion and electron transport consists of a three-dimensional (3D) interpenetrating network
of electron and ion pathways [39, 40]. By loading nanostructured active materials on a 3D
conducting network, benefits of nanostructured active materials and 3D network can be
combined. The prime advantages one expects with the proposed 3D architectures for energy
storage in batteries, in addition to the small areal footprint, are the short transport lengths for ions
in the solid-state electrode as well as between the anode and cathode. That the 3D design

minimizes both distances yields concomitant improvements in power density.
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There has been plenty of research on applying microscale 3D conduction network into Li-
ion battery electrodes. Various 3D networks have been fabricated to serve as conductive
pathways in battery cathodes and anodes. A foam-type nickel with pore size of hundreds microns
was used as current collector to suppress the separation of the active materials from the current
collectors caused by the large volumetric change of the active material powder during the
charge/discharge process [33-35]. Porous 3D polymer scaffold was used as a framework to load
silicon particles on in the electrodes [110]. The intentionally introduced cavities allow the Si
particles to expand without deformation of the electrode structure so that the cycle stability of the
Si electrode can be greatly improved. The inverse opals macroporous Li ion electrodes fabricated
by means of colloid templating reduce the ion transport length and are particularly promising

[36-38].

However, in these structures, long-range ion diffusion and electrical conductivity of the
macroporous host can still hardly be improved to a satisfactory level. In general, only modest
improvements in rate performance have been observed, because the mesoporous structures only

partially address ion and electron transport Kinetics.

Instead of using metals or polymer as either the conducting network or the porous
framework, carbon is a promising material to construct the network both conductive and porous.
By simply mixing carbon with other active materials, a coarse 3D carbon network can be
incorporated into the electrodes [46, 111-113]. For example, carbon nanofiber can improve the
conduction in electrode when mixed with active material LiFePO, [114]. Carbon nanotube
network is also integrated in Si anodes as current collector [115]. However, the mixed

composites do not offer enough porosity in the electrode for electrolyte access.
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Carbon has ideal conductivity to serve as current collectors [43]. Conductivity of Si based
electrodes has been effectively increased by carbon coating [44, 45]. Another benefit of using
carbon as conducting network instead of metal current collectors is carbon can improve the
gravimetric capacities of the electrodes due to its light weight [41]. Ductility of carbon help
accommodate the volume change and improves the stability of the electrode made from carbon
composite structures [46]. The use of Si/C composites to circumvent the limitations of pure Si
power has been investigated for many years [111, 116]. However, the large volume changes in Si
on Li insertion can be accommodated by the structure consisted of Si particles embedded in a
dense carbon matrix only to a limited degree, thus offering only limited stability and capacity

enhancements [116].

Carbon nanofoams are considered as one way to introduce porosity to the carbon composite
electrodes. 3D carbon foams coated with olivine structured lithium iron phosphate is reported
[55]. nanoscale MnO, loaded on nanofoam carbonaceous interpenetrating structures showed high

volumetric capacitance as electrochemical capacitor [117].

1.3 Objectives

In this thesis, we identify the key challenges of using nanowire array as anodes of Li-ion
batteries and address these challenges. By using a facile method with the assistance of free-
standing PAA templates, we fabricate high-aspect-ratio Ni-Sn nanowire arrays directly on
current collectors. Ni-Sn nanowire arrays with different active/inactive (A/l) interface areas have
been realized to study the effect of A/l interface scaling on the electrochemical performance. We

have proven that the structural stability and electrochemical performance of Ni-Sn nanowire
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array electrode can be significantly improved by creating nanosized active/inactive interfaces at
roots of nanowires to reduce the strain mismatch between active and inactive materials [118].
Agglomeration greatly degrades the capacity and the cycle life of nanowire arrays when the
nanowire length increases, by degrading the nanoscale wires to micro-sized bundles and
reducing the mechanical stability, as shown in Figure 1.11(a). In this work, we study the effect of
nanowire agglomeration on Li-ion battery performance by systematically investigating the
electrochemical performance of straight Ni-Sn nanowire arrays with different lengths and
construct three-dimensional (3D) self-supporting Ni-Sn nanowire network electrodes to mitigate
agglomeration based on our recently-developed 3D PAA template technique [119]. We found
that although the electrochemical performance of straight nanowire array electrodes degrades as
the nanowire length increases, the electrochemical performance of the 3D Ni-Sn nanowire
network electrodes are length-independent, which is attributed to their capability to mitigate

agglomeration, as shown in Figure 1.11(b).
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Figure 1.11 Schematics of (a) agglomerated nanowire bundle and (b) 3D nanowire network.

To further improve stability and power performance of the anodes, we built 3D carbon nano-
network as conductive backbone of the electrode to load low-conductivity active materials, as

demonstrated in Figure 1.12. In our unique 3-D nanoporous structure, the native nano-scale gaps
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allow the Li-ion flow to reach every surface of the electrodes, which means that the contact area
between the electrolyte and the electrode is extremely high and can be engineered to be 100
times larger than the contacting surface of the conventional electrodes. Such extremely high
contact area is equivalent to an extremely thin electrode which is well known to lead to an
extremely high rate battery. In addition, the electrons generated in the electrodes are effectively
transferred through a 3D carbon network to the current collectors, which are not planar as is the
case with the conventional electrode design — and thus electronically ensure the extremely high

rate performance of the battery [120].
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Figure 1.12 Schematics of the 3D C/TiO, electrode.

21



1. Porous Anodic Alumina (PAA) Template

2.1 Conventional PAA Template

2.1.1 Introduction

Porous anodic alumina (PAA) templates with self-ordered hexagonal arrays of cells
containing cylindrical pores have been studied for decades. They are prepared by
electrochemical oxidation of aluminum. The electrochemical oxidation of aluminum dates back
to the beginning of the last century. Anodic treatment of aluminum was widely investigated to
obtain protective or decorative films on the surface. Nowadays, porous alumina is one of the
most prominent templates for synthesis of nanostructure with monodisperse and controllable
dimensions, high aspect ratios, and high density. Moreover, they can be employed as 2D

photonic crystals.

PAA templates have four main advantages as a foundation for nano-fabrication. 1) The
control of their size in large areas achievable makes them valuable in many occasions. 2) Their
high aspect ratio enables the possibility of fabrication of high-aspect-ratio nanowires and
nanotubes. 3) Their high regularity of the pore arrays offer the possibility of manipulating
nanostructures in a large range to act as an array. 4) Their chemical robustness enable their wide
application different areas. Various nanostrucutres such as Ni nanowires[121], Ag nanowires
[122], Ni nanoparticles [123], carbon nanotube [124], and even heterogeneous nanowires [125]

have been successfully fabricated with the assistance of PAA templates.

The geometry of porous alumina can be schematically represented by a honeycomb structure

of nanochannels. It contains an array of columnar hexagonal cells, each including a cylindrical
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pore at the center, as demonstrated in Figure 2.1. By changing the processing conditions, pore
diameters ranging from 28 to 400 nm and template thickness from 0.1 to 200 um can be obtained.
In most applications, the Al layer and the barrier layer are removed by wet chemical etching in
CuCl; solution and phosphoric acid in sequence. By tuning the etching time in phosphoric acid,

the pore diameter can also be tuned in a certain range without changing the interpore distance.

Parous layer :
cell

Barrier layer

Aluminium

Figure 2.1 Schematic of the structure of PAA template

2.1.2 Fabrication of PAA Template

Porous alumina templates are in fact commercially available from Whatman Inc
(www.whatman.com), as shown in Figure 2.2. Anodisc™ filters are available in three nominal
sizes (47, 25 and 13 mm diameter) and three pore sizes (0.2, 0.1 and 0.02 um) with average
membrane thickness of 60 um. The aspect ratio (pore depth divided by pore diameter) of these

membranes is between 300 and 3000.
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Figure 2.2 SEM image of commercial PAA template from Whatman Inc.

However, the commercial PAA templates do not offer enough variability for scientific
researches. Porous alumina templates can be fabricated from aluminium foil or from deposited
aluminium on desired substrates depending on the application. In an electrolytic cell with the
aluminum as positive electrode, PAA templates are anodized gradually in acid solutions under an
electric field between the two electrodes. Various electrolytes can be employed for the
anodization process such as sulphuric acid (H,SQO,), oxalic acid (H,C,0,), and phosphoric acid
(HsPO,). Different pore diameters and interpore distances can be obtained by using different
electrolytes. The quality and feature of the porous alumina depend strongly on some physical
parameters and the purity of the starting Aluminium. Voltage or current and the choice of acid
and its concentration are the key parameters the process. In addition, temperature is another
factor which can affect the specimen and even the design of the anodizing system. As shown in
Table 2.1, the pore diameter and inter-pore distance can be controlled not only by the types of

electrolyte but also by the applied voltage.
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Table 2.1 Anodization conditions and PAA template dimensions

Electrolyte Voltage (V) Pore diameter (nm) Inter-pore distance (nm)
Sulphuric acid (H,SO.) 25-27 28-35 60-70
Oxalic acid (H,C,04) 30-80 40-100 80-200
Phosphoric acid (H3POy,) 100-195 130-250 250-500

Figure 2.3 shows the PAA templates we made with different diameters. In Figure 2.3(a),
pore diameter of 35 nm is made by anodizing Al in 0.15M sulphuric acid at voltage of 30 V. By
anodizing Al in 0.3 M oxalic acid at 60 V, we got PAA template with pore diameter of 80nm, as
shown in Figure 2.3(b). When Al was anodized in 0.3M phosphoric acid at 160 V, PAA template

with pore diameter of 200 nm is prepared, as shown in Figure 2.3(c).
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Figure 2.3 SEM images of PAA template with different diameters: (a) 35 nm, (b) 80 nm, and (c)

200 nm.

The chemical reactions involved in the anodization are:

Al(s) > AP’ (oxide) + 3¢’ (2.1)
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3/2H,0(1) > 3H*(aq) + 3/207(oxide) (2.2)

As indicated in equation (2.1) and Figure 2.4, AP ions form at the metal/oxide interface and
migrate into the oxide layer. Equation (2.2) shows that a water-splitting reaction occurs at the
oxide/electrolyte interface, and the resulting O%(oxide) ions migrate within the oxide from the
oxide/solution interface toward the metal/oxide interface under the electric field to form Al,Os.
This process penetrates from the surface in to the Al and leaves the oxidized porous structure

behind.

Figure 2.4 Schematic of the anodization reaction

High purity (99.999%) aluminium foils are normally immersed into acids and then the pores
propagate through the surface of aluminium. To get self-ordered nanochannel arrays, two-step
anodization is introduced. Masuda and Fukuda reported that the pore regularity can be improved
by a long anodization time under appropriate conditions [126]. Masuda and Sato also described
that, after stripping away the thick oxides obtained from the first anodization, a thin alumina film

with highly ordered pores can be obtained by a subsequent re-anodization.
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Second anodization

Figure 2.5 Illustration of the two-step anodization

Figure 2.5 illustrates the procedure of two-step anodization for fabricating a hexagonal pore
structure. Since the pores initiate at almost random positions and order thereafter by selfadjusting
during the anodizing process, pore arrangements on the surface are disordered and have a broad
size distribution. Ordered pore domains can only be obtained at the bottom of the layers.
Therefore, the pores produced in the first anodization step are not parallel to one another. To
fabricate ordered nanopore arrays, the first porous oxide film, which contains the barrier layer at
the bottom, has to be removed by wet chemical etching. The barrier layer is not flat but consists
of periodically arranged crests and troughs. These fluctuations result in a dimpled and undulating
surface that has the same spatial ordering as the barrier layer. After the removal of the porous
film, the periodic concave patterns that remain act as a self-assembled template for the second
anodization process. An ordered nanopore array is obtained during the second anodization if the

same parameters are used as in the first anodization step.

Although the two-step anodization improves the regularity of the nanochannels, the

complicated fabrication process hinters its application. One-step fast fabrication of long-range
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ordered porous alumina membranes by oxidizing at high voltages, which is call “hard

anodization” was invented [127].

2.2 3D PAA template

We use a process similar to the synthesis of straight nanowire arrays for the preparation of
3D Ni-Sn nanowire networks, but with unconventional PAA templates synthesized using low-
cost impure Al sheets. Nano-indentations in nanochannels of PAA templates have been reported
when anodizing low-purity Al sheets and are regarded as defects [128, 129]. Efforts have been
made to fabricate PAA with well-aligned pores out of impure Al foil in various ways such as
post-annealing,[130] pre-treatment,[129] and pulsed anodization [131]. Instead of avoiding the
irregular pores, in this study, we utilize the defect-containing PAA templates to fabricate 3D Ni-
Sn nanowire networks and 3D carbon nano-network to improve anode performance. To
distinguish them from the conventional PAA templates used to fabricate straight nanowires, we
call these defect-containing PAA templates synthesized from low-purity Al sheets 3D PAA
templates. The 3D PAA templates were synthesized by anodizing commercial low-purity 1000
series (99% purity, McMaster 9060K16) Al sheets at 170V in 0.3 M phosphoric acid for 72
hours at 5 €, followed by channel widening in 3 wt.% phosphoric acid at 45 <€ for 2 hours.
Figure 2.6 shows the cross-sectional FE-SEM micrograph of a 3D PAA template we prepared.
Beside the parallel nanochannels with diameters of ~ 240 nm, there are abundant nano-
indentations with a characteristic size of ~ 80 nm on the walls of the straight nanochannels.
Some of the nanochannels are even connected by the indentations. Such 3D PAA templates have

been used to fabricate 3D Ni-Sn nanowire networks.
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Figure 2.6 Cross-sectional SEM image of a 3D PAA template

Our group has studied the 3D PAA template fabrication of 3D nano-network system and
found out that the 3D structure does improve battery performance of the electrodes [119]. The
areal capacity of nanowire-based microbatteries can be potentially increased by increasing the
length of nanowires. However, agglomeration of high aspect ratio nanowire arrays could greatly
degrade the performance of nanowires for lithium ion (Li-ion) battery applications. In this work,
a three-dimensional (3-D) Ni/TiO2 nanowire network was successfully fabricated using a 3-D
porous anodic alumina (PAA) template-assisted electrodeposition of Ni followed by TiO2
coating using atomic layer deposition. Compared to the straight Ni/TiO2 nanowire arrays
fabricated using conventional PAA templates, the 3-D Ni/TiO2 nanowire network shows higher
areal discharging capacity. The areal capacity increases proportionally with the length of
nanowires. With a stable Ni/TiO2 nanowire network structure, 100% capacity is retained after

600 cycles.
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2.3 Summary of Porous Anodic Alumina Template

By controlling the anodization conditions, we are able to fabricate conventional PAA
templates with various dimensions. They would be used in our study of nanowires as anode of
Li-ion batteries. By using impure Al foil instead of expensive high-purity Al, we can prepare 3D

PAA templates for innovative use of PAA template: 3D nanowire network.

2. Active/lnactive Material Interface in Ni-Sn Nanowires

3.1 Introduction

Control of electrode—current collector interfacial structure is considered as another
alternative resolution toward improved cycling performance of Si[105], considering that the
electrochemical and mechanical disconnection between Si and Cu current collector during
cycling is one of the causes for unstable cycling behavior of Si [106, 107]. Maranchi et al.
studied Si film on flat Cu current collector and identified nucleation of a lithium compound
based on the interdiffusion of Si and Cu as the most probable cause of the ultimate delamination

failure of the deposited film [108].

A popular way to improve adhesion between Si and current collector is modifying the
interface topography. Rough interface promotes interfacial contact area between Si and Cu and
enhances electron transfer Kinetics and cycling performance [28, 105, 109]. For example, in
Figure 1.10, both the etched Cu surface and the nodule-type surface as current collector show
better performance than the flat surface. The silicon—graphite composite slurry was coated on the

current collector to form active material film. Although the active material film cracked during
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the charging/discharging processes, all the active material is still connected to the current

collector and contributes to the electrode [107].

For present commercial Li-ion batteries, carbon is broadly adopted as an anode material, but
its low specific capacity limits further development of Li-ion batteries[132]. It has been shown
that tin and tin-based materials are promising candidates to replace the carbon-based anode
material for Li-ion batteries because of their large theoretical capacity (i.e., 990 mA h g™, the
supposed formation of Li4.4Sn alloy) and safety benefit in avoiding the formation of hazardous
Li dendrite [85]. Besides the fact that pure tin has a high specific charge, tin oxides, and tin
alloys are also promising for application in Li-ion batteries [88, 133-135]. Although their
specific charge is not as high as that of pure tin, their complex structures help accommodate
volume change during the cycling process, because the inactive components act as a matrix to
buffer volume variation [86, 136, 137]. Ni-Sn system is one of these. Besides improving
accommodation of volume change during charging and discharging [138, 139], Ni can easily be
deposited electrochemically to form an alloy with Sn [140]. Furthermore, Ni has good electrical
conductivity, ensuring fast charge transfer. By fabricating nano-architectured intermetallic
electrodes of Ni-Sn composite, promising results have been obtained [141]. However, the thin
coating of active material on nanorods of Cu limits the capacity density of the electrode.

Nanowires should solve this problem and provide high packaging capacity.

We used a facile method with the assistance of free-standing porous anodic alumina (PAA)
templates to fabricate high-aspect-ratio Ni-Sn nanowire arrays directly on current collectors.
PAA template, produced by electrochemical oxidation of aluminum, is widely used to fabricate

nanowire arrays due to the tunability and the compatibility with various materials [122, 142].
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Ni-Sn nanowire arrays with different A/l interface areas have been fabricated to study the effect

of A/l interface scaling on the electrochemical performance.

3.2 Fabrication of Ni-Sn Nanowires with Different A/l Interfaces

Commercial and homemade porous anodic alumina (PAA) templates were used for the
synthesis of Ni-Sn nanowire arrays. The commercial PAA templates (Anodisc 47, Whatman
6809-5522) have an average pore diameter of 200 nm. The homemade PAA templates with an
average pore diameter of 80 nm were obtained by anodizing high-purity (5N) aluminum foil at

40V in 0.3 M oxalic acid for 24 hours at 5<€.

A two-step electrochemical deposition process was developed to directly grow nanowire

arrays on Cu current collector.

The first step is to electrochemically deposit short nanorods to bond the PAA template onto
the Cu substrate. Figure 3.1 shows a typical sandwich-structure setup for this step. A constant
voltage was applied between the Cu substrate and the counter-electrode for a certain time to
grow short nanorods, which serve as “nanoscrews” to bond the PAA template onto the Cu
substrate for the second step three-electrode electrochemical deposition. Two kinds of materials,
intermetallic Ni-Sn or Cu, were electroplated as the bonding materials for different Ni-Sn
nanowire on Cu current collector samples. For Ni-Sn bonding, the deposition was conducted at
voltage of -1 V for 10 minutes and the electrolyte consisted of 17.82 g . NiCl, 6H,0, 39.4 g L~
1 SnCl, 2H,0, 165.15 g L. * K4P,0, and 9.38 g L. glycine, with an addition of NH,OH 5 mL L
! for pH value control [141]. For Cu bonding, the deposition was conducted at voltage of -0.8 V

for 10 minutes and the electrolyte consisted of 6 g.L™ cupric pyrophosphate (Cu,P,07.xH,0;
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Sigma-Aldrich 344699), 25 g.L™" potassium pyrophosphate (K4P,0; Sigma-Aldrich 322431),
and 2 g L™ ammonium citrate (CsH17N3O7, Fluka 09831) [143]. Figure 3.1(b) shows the short Cu
nanorods grown in this step with length of ~ 0.6 xum. Similar nanorods of Ni-Sn with a length of

~1 um were observed when intermetallic Ni-Sn is deposited as the bonding material.

In the second step, Ni-Sn nanowires were fabricated by co-depositing Sn and Ni in a three-
electrode glass cell filled with the same Ni-Sn electrolyte as that in the first step. An Ag/AgCl
electrode immersed in the saturated KCI solution was used as a reference electrode, and a Pt coil
was used as the counter-electrode for three-electrode electrochemical deposition. The
potentiostatic deposition was performed on a CHI 760c electrochemical work station. After
electrochemical deposition, the final Ni-Sn nanowire array samples were obtained after

immersing in 1 M NaOH solution to dissolve the PAA templates and cleaning with DI water.
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Figure 3.1 (a) Schematics of the sandwich structure used for electroplating short nanorods to
bond the PAA template on the Cu substrate: 1-copper foil which serves as current collector and

as the substrate of nanowire arrays, 2-PAA template, 3- filter paper saturated with electrolyte
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solution, and 4- copper plate which serves as counter electrode. (b) Short Cu nanorods deposited
in the PAA template which bonds PAA template on Cu substrate for the second electroplating

step.

Figure 3.2 shows the difference between the Ni-Sn nanowire arrays with two kinds of PAA
template bonding materials. When Ni-Sn nanorods were used for bonding in the first step (Figure
3.2(a)), a thin film of intermetallic Ni-Sn was formed in the gap between the PAA template and
the Cu substrate due to the roughness on copper surface, which resulted in a large continuous A/l
interface. The FE-SEM image of Ni-Sn nanowires on Cu current collector confirms the
formation of continuous Ni-Sn film. In the other structure, Cu nanorods were used to bond the
PAA template onto Cu substrate (Figure 3.2(b)). Cu film was formed in the gap between the
PAA template and the Cu substrate, followed by copper nanorods in nanopores of the PAA
(Figure 3.1(b)), which reduces the A/I interface (Ni-Sn/Cu interface) to nanoscale islands on top
of Cu nanorods. The FE-SEM image in Figure 3.2(b) shows that the A/I interface is confined to

the cross-section of each nanowire.

(b)
H"m e

Al203 template = Ni-Sn nanowires
mes= Cu substrate === Cu nanorods

Figure 3.2 Schematics and FE-SEM images of Ni-Sn nanowire arrays with different bonding

materials at base: (a) Ni-Sn bonding and (b) Cu bonding.
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Figure 3.3(a) and Figure 3.3(b) show the FE-SEM images of Ni-Sn nanowire arrays with a
characteristic nanowire diameter of ~200 nm and ~80 nm, respectively. The length of the
nanowires is controlled by adjusting the electrochemical deposition time, and the diameter is
determined by the pore size of PAA templates, as shown in the inset figures. The nanowires are
agglomerated, and micro-scale gaps are formed between nanowire clusters due to the high aspect
ratio. In the XRD spectrum of the as-prepared Ni-Sn nanowires in Figure 3.3(c), peaks of NizSn4
alloy can be clearly identified, indicating that NizSns is the predominant phase in the
intermetallic Ni-Sn, consistent with reported results of electrodeposited Ni-Sn [144, 145]. The
peak of Cu comes from the Cu current collector. The EDS spectrum in Figure 3.3(d) shows that

the as-prepared Ni-Sn nanowire arrays contain about 82 wt% Sn.
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Figure 3.3 (a) Ni-Sn nanowire arrays with a nanowire diameter of ~200 nm using a
commercial PAA template (Inset: PAA template with 200 nm pore diameter). (b) Ni-Sn
nanowire arrays with a nanowire diameter of ~80 nm using a home-made PAA template (Inset:
PAA template with 80 nm pore diameter). (c) X-ray diffraction (XRD) spectrum of ~200 nm Ni-

Sn nanowire arrays. (d) Energy-dispersive X-ray spectroscopy (EDS) spectrum of ~200 nm Ni-

Sn nanowire arrays.
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3.3 Electrochemical Performance of Ni-Sn Nanowires with Different A/l Interfaces

500
450

1 —~~
Capacity (mAh-g") &
(s338BEES

Cycle number

Figure 3.4 (a) Electrochemical performance of Li-ion batteries using Ni-Sn nanowires with
Cu bonding and with Ni-Sn bonding as anodes. The nanowire diameter in both samples is around
200 nm, and the length is around 8 um. Material load for both samples is 1.55 mgecm-2. Test
current is 50 mAe<g-1. (b) FE-SEM image of the Cu bonded Ni-Sn nanowires after 30 cycles; (c)

FE-SEM image of the Ni-Sn film bonded Ni-Sn nanowires after 10 cycles.

Figure 3.4(a) shows the discharge capacity over cycle number for Ni-Sn nanowire array anodes
with different bonding materials at the base. The capacities of the electrodes using both Ni-Sn
nanowire arrays drop a lot after the first cycle. Similar observation has been reported for most Sn
based materials [146], due to the formation of solid-electrolyte interphase (SEI) and the
irreversible decomposition of intermetallic Ni-Sn during the activation step. Much higher
capacity is observed for Ni-Sn nanowire arrays with Cu nanorods at the base than that of Ni-Sn
nanowire arrays with Ni-Sn film bonding, especially after the second cycle. FE-SEM image in
Figure 3.4(b) shows that the Ni-Sn nanowires with Cu nanorods at the base maintain intact on
the Cu current collector after 30 cycles. However, a large number of nanowires fell off from the
Cu current collector after 10 cycles for the sample with Ni-Sn bonding film at the base, as shown
in Figure 3.4(c), although all the nanowires are still intact. Since the only difference between the

two samples is the materials at the base of Ni-Sn nanowires, the comparison clearly shows that
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the Ni-Sn film at the base resulted in the failure of Ni-Sn nanowires electrode. The reason for the
failure could be due to the large strain mismatch resulted from the large A/l interface introduced
by the continuous Ni-Sn film [116, 147]. However, in the Ni-Sn nanowire arrays with Cu
bonding, the A/l interface area is reduced to nanoscale island as shown in Figure 3.2, which
significantly reduces the strain mismatch and thus improves the electrochemical performance of
the Ni-Sn nanowire electrodes. The capacity was improved and the Ni-Sn nanowires were
retained on Cu current collector after 30 cycles. We can preliminary conclude from the above

comparison that electrode performance can be improved by scaling down A/l interface area.

To confirm the above observations and to further improve the battery performance, we
further reduced the interface area between the active Ni-Sn nanowires and inactive Cu current
collector by adjusting the nanowire diameters of the Cu nanorod-bonded Ni-Sn nanowire
samples. When the diameter of nanowires decreases, the A/l interface area which is the same as
cross-sectional area of the nanowires also decreases. Figure 3.5(a) shows discharge capacities of
electrodes using different diameter Ni-Sn nanowire arrays with Cu nanorod bonding. During the
first 30 cycles, similar capacity was measured for nanowires with 200 nm and 80 nm diameters.
However, the specific capacity of 200 nm-diameter nanowires drops dramatically after 30 cycles
while that of 80 nm-diameter nanowires mostly retains. This indicates that Ni-Sn nanowires with
smaller diameter have better cycle stability. One possible reason for the better cycle stability
observed could be that smaller nanowires can accommodate better the volume change during
lithium insertion and release processes because of the reduced diffusion-induced stress, as
reported in theoretical studies [148]. However, this is not the main reason here. Figure 3.5(b)
shows the FE-SEM image of the 200 nm-diameter Ni-Sn nanowire electrode after 48 discharge-

charge cycles. Ni-Sn nanowires (bundles on right side) lost contact from the current collector,
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leaving short Cu nanorods (on left side) on the substrate. EDS spectrum taken from the position ¢
in Figure 3.5(b) confirms that the nanostructures remaining on the substrates are Cu nanorods, as
shown in Figure 3.5(c). From the above results, the well-retained nanowire structures confirm
that pulverization from diffusion-induced stress is not the failure mechanism for the 200 nm-
diameter Ni-Sn nanowires. Furthermore, comparing with Figure 3.4(b), the drop of the capacity
for the 200 nm-diameter nanowire sample after 35 cycles is due to the fall-off of Ni-Sn
nanowires from the Cu current collector, which resulted from an unstable A/I interface. Ni-Sn
nanowires swell and shrink during the charge-discharge process, causing the strain mismatch at
the A/I interface since the inactive current collector experiences no volume change. The strain
mismatch, which results in mechanical instability and hence the poor cycle stability, was reduced

by reducing A/l interface area, which was realized by reducing diameter of Cu bonded Ni-Sn.
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Figure 3.5 (a) Discharge capacity of Cu nanorod-bonded Ni-Sn nanowire arrays with
different diameters. Test current is 50mA/g and Ni-Sn nanowire length is ~8 um. (b) FE-SEM
image of the electrode with 200 nm-diameter Cu nanorods-bonded Ni-Sn nanowire arrays after

48 cycles of test; (c) EDS spectrum from the position ¢ in (b).
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3.4 Summary of Ni-Sn Nanowires with Different A/l Interfaces

A porous anodic alumina (PAA) template-assisted electrochemical deposition method was
used to directly synthesize Ni-Sn nanowire arrays on Cu current collectors. Formation of a
continuous Ni-Sn film at the base introduces a large continuous (A/I) interface, which leads to
the weak mechanical stability due to large strain mismatch. By growing short Cu nanoscrews as
a buffer layer before Ni-Sn nanowire growth, the A/l interface was scaled down to nanoscale
islands, which resulted in enhanced structural stability and battery performance. Further
reduction of A/l interface by reducing the nanowire diameter of Cu-bonded nanowires results in

even more stable electrode.

3. 3D Ni-Sn Nanowire Network

4.1 Introduction

Recently, there has been tremendous interest and effort in using nanowire arrays as
electrodes for high capacity and high power Li-ion batteries. There are many advantages to using
nanowire arrays as battery electrodes [14, 15, 19, 149]: (1) the spaces between nanowires
provide not only easy access of electrolyte to active materials but also efficient volume-change
accommodation during the charging/discharging processes; (2) the large specific surface area
and the small diameter of nanowires facilitate Li-ion reaction with electrodes; (3) the direct
connection of nanowires to the current collector allows efficient electron flow after electrons
being generated, which eliminates the necessity of binder materials or conducting additives [17,

18, 150-152]. For example, gravimetric capacity higher than 1000 mAh g™ with ~ 90% capacity
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retention over 100 cycles has been recently realized by using Si nanowires [153]. Despite the
promising improvements, low mass loading of active materials and low areal capacity still limits
straight nanowire arrays as battery electrodes [106, 120, 154-156]. The areal capacity of straight
nanowire array electrodes could potentially be increased by increasing the length of the
nanowires [24]. However, the high aspect ratio of long nanowires leads to agglomeration, which
can significantly degrade the electrochemical performance of nanowire array electrodes due to
the reduced surface area, blocked Li-ion diffusion, and the increased stress in the agglomerated

nanowire arrays.

Nickel-tin (Ni-Sn) alloy nanowires have been widely studied as potential superior anode
material due to the high capacity of Ni-Sn alloy and the easy fabrication process [96, 97]. To
develop of high areal capacity Ni-Sn nanowire electrodes using longer Ni-Sn nanowires, a big
challenge, agglomeration, is unavoidable. In this section, we focus on two objectives: (1)
understanding the effect of nanowire agglomeration on Li-ion battery performance by
systematically investigating the electrochemical performance of straight Ni-Sn nanowire arrays
with different lengths. and (2) constructing three-dimensional (3D) self-supporting Ni-Sn
nanowire network electrodes to mitigate agglomeration based on our recently-developed 3D
PAA template technique [119]. We found that although the electrochemical performance of
straight nanowire array electrodes degrades as the nanowire length increases, the electrochemical
performance of the 3D Ni-Sn nanowire network electrodes are length-independent, which is

attributed to their capability to mitigate agglomeration.
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4.2 Sample Preparation

The PAA templates were prepared by anodizing Al sheets in phosphoric acid. The
conventional PAA templates with straight nanochannels were synthesized by anodizing high-
purity (99.999%) Al sheets at 180V in 0.3 M phosphoric acid for 72 hours at -3 <€, followed by
channel widening in 3 wt.% phosphoric acid at 45 <€ for 3 hours 15 min [157]. The resulting
PAA template has channels with diameters of ~ 250 nm and an interchannel distance of ~ 480
nm. The 3D PAA templates with nano-indentations along the nanochannels were synthesized by
anodizing commercial low-purity 1000 series (99% purity, McMaster 9060K16) Al sheets at
170V in 0.3 M phosphoric acid for 72 hours at 5 <€, followed by channel widening in 3 wt.%
phosphoric acid at 45 <€ for 2 hours [119]. The resulting 3D PAA template has channels with
diameters of ~ 240 nm and an interchannel distance of ~ 460 nm. The characteristic size of the

indentations in the nanochannels is ~ 80 nm.

A two-step electrochemical deposition process was used to grow both straight Ni-Sn
nanowire arrays and 3D Ni-Sn nanowire networks on Cu current collectors, which controls
nanosized inactive/active interfaces by the growth of short Cu nanowires on the current collector
before Ni-Sn electroplating [118]. The first step is to electrodeposit short Cu nanorods to bond
the PAA template onto the Cu substrate (current collector). A sandwich structure that stacks the
substrate (Cu current collector), PAA template, filter paper saturated with electrolyte, and
counter-electrode in sequence was used in this step. A constant voltage of 0.8 VV was applied
between the Cu substrate and the counter-electrode for 10 minutes to grow short nanorods, which
serve as “nanoscrews” to bond the PAA template onto the Cu substrate. The electrolyte consists
of 6 gL™ cupric pyrophosphate (Cu,P,07.xH,0; Sigma-Aldrich 344699), 25 g L™ potassium
pyrophosphate (K4P,07 Sigma-Aldrich 322431), and 2 gL™ ammonium citrate (CgH17N307,
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Fluka 09831) [143]. In the second electrodeposition step, Ni-Sn nanowires were synthesized by
co-depositing Sn and Ni in a three-electrode glass cell at -1 V (vs. Ag/AgClI reference electrode)
with the Cu substrate bonded with the PAA template as working electrode and a Pt coil as the
counter-electrode. The electrolyte consists of 17.82 g L. NiCl, 6H,0, 39.4 g L™ SnCl, 2H.0,
165.15 g L. K4P,07, and 9.38 g L™ glycine, with an addition of NH,OH 5 mL L for pH value
control [96, 147]. The potentiostatic deposition was performed on a CHI 760c electrochemical
work station. Finally, the Ni-Sn nanowire samples were immersed in 1 M NaOH solution to
dissolve the PAA templates and cleaned with deionized water. The composition of both Ni-Sn
nanowire arrays and 3D Ni-Sn nanowire networks are similar, with around 87 wt.% Sn, using

this two-step electrochemical deposition process.

4.3 Performance Degradation of Straight Ni-Sn Nanowire Arrays

To study the effects of agglomeration on the electrochemical performance of straight Ni-Sn
nanowire array electrodes, straight Ni-Sn nanowire arrays were fabricated by electrodeposition
of intermetallic Ni-Sn into conventional porous anodic alumina (PAA) templates with straight
nanochannels [70, 158-160], followed by dissoving the PAA templates in a NaOH solution . The
high surface tension of water causes agglomeration of nanowires when the nanowires are
released and dried. Figure 4.1(a), Figure 4.1(b), and Figure 4.1(c) show top-view field emission
scanning electron microscope (FE-SEM) micrographs of Ni-Sn nanowire arrays with lengths of 5
pm, 20 pm, and 40 pm. Clearly the nanowires agglomerated into micron-size bundles. More
severe agglomeration is observed in longer nanowire arrays due to their higher aspect ratio and
lower stiffness. The average diameters of the agglomerated nanowire bundles increase from 1.5

um to 19 um when the nanowire length increases from 5 pm to 40 um. Apparently, more
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nanowires are in contact with one another in larger agglomerated nanowire bundles, which

results in larger surface area loss in longer nanowire arrays.

The as-prepared Ni-Sn nanowire samples were tested in an electrolyte containing 1 M LiPFg
in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1 volume ratio, Aldrich), with Li foil
(Alfa Aesar) as counter-electrode. The CR2032 coin-type cells were assembled in an argon-filled
glove box system (Vacuum Atmosphere Nexus model) and tested with a computer controlled
potentiostats/galvanostats system (MTI, 5V1mA). The discharge-charge experiments were
performed galvanostatically within the voltage window of 0.01-1.5 V (vs. Li/Li+). The

gravimetric capacity is calculated with respect to the mass of the Ni-Sn alloy.
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Figure 4.1 Top-view FE-SEM micrographs of straight Ni-Sn nanowire arrays with lengths of

The test rate is set at C/5.

(@) 5 pm, (b) 20 pm, and (c) 40 pm. One agglomerated nanowire bundle is circled in red in (c).

(d) Areal capacity and (e) gravimetric capacity of Ni-Sn straight nanowires with different lengths.

In Figure 4.1(d), areal discharging capacities of Ni-Sn nanowire arrays with different

nanowire lengths are compared. In general, the areal capacity of Ni-Sn nanowire array electrodes
increases when the nanowire length increases, due to the mass-loading increase of the active
material. The 40-um-long Ni-Sn nanowire electrode can deliver a reversible areal capacity as
high as 2.8 mAh €m, which is 6.2 times that of the Ni-Sn film reported by Hassoun et al. [161]

(0.45 mAh ¢m™) and 10.4 times that of the 5-um-long Ni-Sn nanowires (0.27 mAh ¢m™). This
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observation confirms that longer Ni-Sn nanowires can increase the areal capacity of nanowire

array electrodes.

However, because of the agglomeration of straight nanowire arrays, the gravimetric capacity
and the cycle life of the electrodes degrade significantly when the nanowire length increases, as
shown in Figure 4.1(e). The gravimetric capacity of the Ni-Sn nanowire electrodes decreases
from ~ 470 mAh g™ to ~ 300 mAh g™ when the nanowire length increases from 5 pm to 40 pm.
The stability of the electrodes also decreases when the nanowire length increases. The 5-pm-long
nanowire electrode lasted over 50 cycles with 92% of the second-cycle capacity retained, while
the 40-um-long nanowire electrode lasted only around 25 cycles before the capacity dropped
dramatically. The loss of gravimetric capacity is due to (1) the limited access of the electrolyte to
the active material caused by the loss of surface area, and (2) the long Li-ion diffusion path

caused by the increase of the nanowire bundle size.

To understand the mechanisms underlying the degraded cycle life in the agglomerated Ni-Sn
nanowires, we have carefully examined the agglomerated nanowire bundles. We use Figure 4.2(a)
to illustrate a micro-sized bundle of the agglomerated nanowires shown in Figure 4.1 (a)-(c). The
cross section of an agglomerated nanowire bundle can be simplified as an isosceles trapezoid,
with the long base a (the average diameter of agglomerated nanowire bundle), the height h (the
length of the nanowires), and the short base b (the diameter of the bundle top area). The
inclination angle « of the nanowires at the edge of bundles can be approximated as « = tan™[(a-
b)/2h]. As summarized in Table 1, a becomes larger when the nanowire length increases. If we
think of a nanowire bent by adhesion as a clamped beam subjected to a moment M at its free end,
M is proportional to the inclination a. Clearly, the data presented in Table 1 indicate that longer

nanowires are subjected to larger bending due to agglomeration.
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We consider a two-dimensional Ni-Sn nanowire beam (Young’s modulus of 100 GPa,
Poisson’s ratio 0.3[162]) on copper substrate (Young’s modulus of 120 GPa, Poisson’s ratio
0.34). The interface between the Ni-Sn nanowire and the copper substrate is regarded as perfect,
I.e., no interfacial damage or failure due to mechanical loading is considered. A bending moment
due to the adhesion in the agglomerated nanowires is applied at the free end of the beam. The
calculation is performed by using the commercial finite element software Abaqus.[163] The
maximum principal stress contour (Figure 4.2(b)) is plotted to demonstrate that the most
probable interfacial failure happens at the root of a nanowire, due to stress concentration. Based
on linear elastic theory[164] and the experimental measurements given in Table 4.1, longer
nanowires have higher maximum principal stress at the root, which results in short life time of

those nanowires when subjected to cyclic loading during charging/discharging processes.

In general, the most severe stress concentration occurs at the root of a bent nanowire, as
demonstrated in the finite-element analysis shown in Figure 4.2(b). The principal stress contour
shows that the stress concentrates at the root of the nanowire due to agglomeration-induced
bending. Bear in mind that the stress concentration level is proportional to the applied moment in
linear elastic problems; higher stresses are concentrated at the root of longer nanowires due to
the agglomeration. This mechanical analysis is confirmed by the micro-structural analysis. In
Figure 4.2(c), the 20-pm-long Ni-Sn nanowires have good connections to the substrate before the
cycling processes. In contrast, in the 40-pm-long Ni-Sn nanowire sample shown in Figure 4.2(d),
we can clearly observe that some peeled off at the edge of the micro-sized bundles, which
experience the most severe mechanical stress due to agglomeration. Earlier works on Ni-Sn
nanowire array electrodes showed that reliable electrical connection between the nanowires and

the current collector is one of the keys to obtaining a stable electrode [118, 165]. The mechanical
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analysis here proves that the high stress-induced fatigue at the interface between the Ni-Sn
nanowires and the Cu substrate is the cause of the shorter cycle life observed in the longer Ni-Sn

nanowire arrays [166].

In short, agglomeration greatly degrades the capacity and the cycle life of straight Ni-Sn
nanowire arrays when the nanowire length increases, by degrading the nanoscale wires to micro-

sized bundles and reducing the mechanical stability.

Figure 4.2 (a) Schematic of an agglomerated nanowire bundle. (b) The clamped beam model
used to study the stress in a bent nanowire and the principal stress contours at the root of a
nanowire. The colors from red to blue correspond to stress concentrations from highest to lowest.
Cross-sectional FE-SEM micrographs of Ni-Sn nanowire bundles with nanowire lengths of (c)
20 pmand (d) 40 pm.
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Table 4.1 Agglomeration-induced inclination of nanowire arrays

o

h/um a/pum b/um o/

5 1.5 0.85 3.7
20 6 2.3 5.3
25 9.5 4 6.3
40 19 5 10

4.4 Performance Improvement of 3D Ni-Sn Nanowire Networks

4.4.1 Capacity Improvement

Table 4.2 Mass loading of active material in Ni-Sn nanowire electrodes

Straight nanowire arrays 3D nanowire networks
Lengh/ Mass loading / Length/ Mass loading /

m mg €m™ {m mg €m™

5 0.58 5 0.73

20 3.21 20 3.4

25 5.08 25 5.18

40 9.47 40 9.86

To mitigate the serious agglomeration of straight Ni-Sn nanowire arrays and to improve the

electrochemical performance of nanowire electrodes, in this study we propose to use 3D Ni-Sn
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nanowire networks as Li-ion battery electrodes. We use a process similar to the synthesis of
straight nanowire arrays for the preparation of 3D Ni-Sn nanowire networks, but with
unconventional PAA templates synthesized using low-cost impure Al sheets. Nano-indentations
in nanochannels of PAA templates have been reported when anodizing low-purity Al sheets and
are regarded as defects [128, 129]. In this study, we utilize the defect-containing PAA templates
to fabricate 3D Ni-Sn nanowire networks. To distinguish them from the conventional PAA
templates used to fabricate straight nanowires, we call these defect-containing PAA templates

synthesized from low-purity Al sheets 3D PAA templates.

Figure 4.3(a) shows the cross-sectional FE-SEM micrograph of a 3D PAA template we
prepared by anodizing a 99% Al sheet. Beside the parallel nanochannels with diameters of ~ 240
nm, there are abundant nano-indentations with a characteristic size of ~ 80 nm on the walls of the
straight nanochannels. Some of the nanochannels are even connected by the indentations, as
indicated by an arrow in Figure 4.3(a). Such 3D PAA templates have been used to fabricate 3D
Ni-Sn nanowire networks. Figure 4.3(b) and Figure 4.3(c) show top-view and cross-sectional
images of a 3D Ni-Sn nanowire network fabricated by electrodepositing Ni-Sn alloy in a 3D
PAA template and subsequently removing the template. In contrast to the straight Ni-Sn
nanowire arrays shown in Figure 4.1(a)-(c), the 3D Ni-Sn nanowires are uniformly spaced as
shown in Figure 4.3(b), which clearly demonstrates the elimination of agglomeration. We note
that 3D Ni-Sn nanowire networks with different nanowire lengths from 5 pm to 40 pm have
similar top-view images. In Figure 4.3(c), the straight vertical nanowires are clearly connected
with each other by the horizontal “bridges” which result from the nano-indentations in the 3D
PAA templates. These bridges not only stiffen the nanowire network structures and prevent

agglomeration, but also provide connections between nanowires to facilitate the electron
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transport in the electrodes of Li-ion batteries [11, 165, 167-169]. In addition, the elimination of
agglomeration in 3D Ni-Sn nanowire networks releases the stress at the roots of the nanowires,

stabilizing the connection of the nanowires to the current collector.
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Figure 4.3 (a) Cross-sectional FE-SEM micrograph of a 3D PAA template. (b) Top-view
and (c) cross-sectional FE-SEM micrographs of a 20-um-long 3D Ni-Sn nanowire network. Inset:
higher magnification image of nanowires with the scale bar indicating 1 um. (d) Gravimetric
capacities of 3D Ni-Sn nanowire networks with different lengths. (e) Areal capacity (at the 10th
cycle) as a function of mass loading of active material in straight Ni-Sn nanowire arrays and 3D

Ni-Sn nanowire networks. The test rate is set at C/5.
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All the 3D Ni-Sn nanowire networks with different nanowire lengths from 5 um to 40 um
deliver similar gravimetric capacity with similar cycle life as shown in Figure 4.3(d), in contrast
to the dramatic decrease of cycle life and gravimetric capacity when increasing the nanowire
length in straight Ni-Sn nanowire arrays. Apparently, by eliminating agglomeration, the stress
concentration at the roots of the nanowires due to bending has been effectively released, which
improves the stability of the nanowires. High gravimetric capacity of ~ 450 mAh g™ is retained
in 3D Ni-Sn nanowire networks even when the nanowire length is increased to 40 um. This
improvement mainly comes from the preservation of the large specific surface area and the short
Li-ion diffusion path in long nanowire networks [170]. The retention of high gravimetric
capacity in long 3D Ni-Sn nanowire networks enables the realization of high areal capacity by

increasing the mass loading of the active material.

Figure 4.3(e) shows that the areal capacity of the 3D Ni-Sn nanowire networks increases
almost linearly with the mass loading of active material (see Table 4.2 for the mass loadings of
nanowires with different lengths). In contrast, the rate of the areal capacity increase drops when
the mass loading is increased in the straight Ni-Sn nanowire array electrodes. For example, the
areal capacity of the 40-um-long 3D Ni-Sn nanowire network is 4.3 mAh €¢m?, which is 1.5
times that of the 40-um-long straight Ni-Sn nanowire arrays (2.8 mAh €m?), although the mass

loadings are similar in these two long nanowire samples.

4.4.2 Galvanostatic Charging/Discharging Curves of the Nanowire Electrodes

The main phase in the intermetallic Ni-Sn is NisSn, alloy. The electrochemical processes of

NiszSn, are:
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NisSn, + 17.6Li" + 17.6e” — 4Lis4Sn + 3Ni 4.2)

Liz4Sn — Sn+ 4.4 Li* + 4.4e (charge) (4.2)

Sn+ 4.4 Li" + 4.4 — Lig,Sn  (discharge) (4.3)
Figure 4.4 shows the galvanostatic charging/discharging curves of 20-um-long straight Ni-
Sn nanowire arrays and 3D Ni-Sn nanowire network against Li metal counter electrode at a
current density of 50mA/g. The two structures show similar potential profile. Large irreversible
capacity drops can be observed in both samples during the first cycles, due to two possible
reasons: 1) the irreversible activation step of Ni-Sn alloy (chemical equation (4.1)); 2) formation
of solid-electrolyte-interphase(SEI) [96]. After the second cycle, reversible capacities of the
electrodes are observed, corresponding to the chemical equations (4.2) and (4.3) [3]. Broad
voltage bands between 1.0V and 0.01V are consistent with the observations for the

electrodeposited Ni-Sn nanostructured electrodes in literature [94, 147, 171].
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Figure 4.4 Galvanostatic charging/discharging curves of 20 pm (a) straight Ni-Sn nanowire

arrays and (b) 3D Ni-Sn nanowire network against Li metal counter electrode at a current density

of 50mA/g.
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4.4.3 Rate Capability

Besides the enhanced capacity and much longer cycle life, the 3D Ni-Sn nanowire networks
also show much better rate capability than the straight nanowire arrays, as shown in Figure 4.5.
When increasing the test rate from C/10 to 6C, the 20-um-long straight Ni-Sn nanowire array
electrode can only retain 15% of its initial capacity. In contrast, the 20-um-long 3D Ni-Sn
nanowire network electrode can keep 72% of its initial capacity. The excellent rate capability of
3D Ni-Sn nanowire networks is a result of fast Li-ion transfer to the electrode due to the stable
nanoscale space between nanowires, fast electrode reactions due to the large surface area, and the

short Li-ion diffusion paths due to the small diameters [38].
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Figure 4.5 Areal discharging capacities of the 20-pum-long straight Ni-Sn nanowire array and

3D Ni-Sn nanowire network at different test rates. Inset: normalized capacity versus test rate.
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4.5 Summary of 3D Ni-Sn Nanowire Network

In summary, to mitigate the agglomeration of nanowire arrays, we have successfully
fabricated 3D Ni-Sn nanowire networks. With preservation of the uniform spacing between
nanowires and the nanoscale Li-ion diffusion paths, we have realized linear increase of areal
capacity with respect to mass loading of active material in 3D Ni-Sn nanowire network
electrodes. The cycle life of the 3-D nanowire network electrodes has been prolonged due to the
release of the stress at the roots of the self-supporting nanowire networks. An areal capacity as
high as 4.3 mAh €m™ has been demonstrated in the 3D Ni-Sn nanowire network electrode with a
nanowire length of 40 um, which is 1.5 times that of the straight nanowire array electrode with
the same length. The cycle life has been doubled to be longer than 50 cycles. In addition, the 3D
Ni-Sn nanowire network exhibits an excellent rate capability with 72% of the capacity retained

when the test rate increases from C/5 to 6C.

4. 3D Carbon Nano-Network

5.1 Introduction to 3D Nanoporous Carbon Networks

The rapid development of portable electronics and electric vehicles has led to a great
demand for high energy density, high power, and long cycle-life lithium-ion batteries (LIBs).
Since energy is released or stored in LIBs by the flow of Li ions and electrons between the anode
and cathode electrodes [7, 172, 173], the efficient transport of Li ions and electrons is the key to
the energy and power density of LIBs. Three-dimensional (3D) micro/nanostructured networks

present great benefits for high performance LIBs, such as a large surface area for fast Li ion
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insertion/extraction, interconnecting paths for fast electron conduction, and high porosity for fast
electrolyte diffusion and volume change alleviation [31, 32]. For example, the ultra-high rate of
over 1000C LIB was a result of using porous Ni framework with pore size of ~ 2 um loaded with
lithiated MnO; [11]. High areal capacity and excellent rate performance have also been achieved
in LiCoO,[174], Fes04[120], TiO,[175], silicon [176], etc. with the help of 3D metal networks
[33-38]. However, the use of metallic conducting networks in these 3D electrodes comes with
the intrinsic penalty of heavy inactive materials, which significantly reduces the gravimetric
capacity in LIBs. Thus, 3D porous carbon, which has low mass density with interpenetrating
network that facilitates both ion and electron transport, has been widely explored to overcome
the density barrier [39-46]. Carbon aerogels are a kind of porous carbon consisting of meso-
pores with a size of <10 nm, which offer very high surface areas for LIB and supercapacitors [39,
47-50]. The diffusion of the electrolyte and transport of ions are greatly impeded due to the small
pores in carbon aerogels, especially when the electrodes are thicker than 10pm [51], which
greatly harms the rate capability of the electrodes [52-54]. For example, mesoporous
carbon/Co3z0, composite maintained only 32% of its capacity when the test current was
increased by 10 times from 200 mA g™ to 2000mA g™ [54]. As such, porous carbon with large
pore sizes (> 1 um) were developed to introduce more porosity to the carbon network and to
improve the rate capability of electrodes [55, 56]. A LiFePQO,/carbon composite electrode with 1
um to Spm pores retained 89% of its capacity when the test rate was increased by 10 times from
C/10 to 1C [57, 58]. However, accompanying the improved power performance in these
electrodes, the overall volumetric capacity and energy density of such electrodes are greatly
reduced due to the large size of the pores and the thin active materials, which leaves most space

in the electrodes empty.
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A low mass density conducting network with pore size in the range of hundreds of
nanometers are in great need which could potentially enhance the ion and electron transport
without sacrificing energy density. Some efforts have been made to develop 3D conducting
networks with pore size in the range of several hundred nanometers. Porous carbon with pore
size of ~ 300 nm encapsulated with sulfur retained 52% of its capacity when test rate was
increased by 10 times from C/5 to 2C [59]. Nanoparticles entrapped in carbon inverse opal with
220 nm diameter pores maintained 50% of the capacity when the test current increased 10 times
from 1 A'g™ to 10 A-g™ [60]. All these previous efforts demonstrate the importance of the 3D

conducting network with appropriate pore size in the LIB electrodes.

In this section, we develop a novel 3D carbon nano-network as highly efficient current
collector for the high-power and long-cycle-life LIB electrodes. The 3D carbon nano-network,
synthesized by chemical vapor deposition (CVD) of carbon on 3D PAA templates [177], consists
of parallel trunk carbon tubes connected together by numerous branch tubes to form an
interconnected network, as shown in Figure 5.1(a). The diameters of both the trunk carbon tubes
and the branch tubes are in the range of hundreds of nanometers, which are ideal as 3D porous
current collector for the LIB electrodes as proposed. The thickness of these carbon tube walls is
controllable from a few nanometers to tens of nanometers depending on the carbon CVD time.
The active material, TiO,, is then loaded on the 3D carbon nano-network using the atomic layer
deposition (ALD) process. A large areal capacity of ~ 0.37 mAh ¢m™ is achieved due to the
large areal mass loading of the 60-pm thick 3D C/TiO, electrodes. At a test rate of C/5, the
electrode with 18 nm TiO, coating on the 3D carbon nano-network delivers a high gravimetric
capacity of ~ 240 mAh g™ using the mass of the whole electrode in the calculation. A long cycle

life of over 1000 cycles is demonstrated at 1C with a capacity retention of 91%. The effects of
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the electrical conductivity of carbon nano-network, ion diffusion in the active material, and the
electrolyte permeability on the rate performance of these 3D C/TiO- electrodes are systematically

studied, which gives insights on high performance LIB electrodes with 3D architecture.
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Figure 5.1 (a) Schematics of the 3D C/TiO; electrode. (b) Fabrication process of 3D C/TiO,

electrode.
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5.2 Fabrication of 3D Carbon Nano-Network

5.2.1 Sample Preparation

A 3D carbon nano-network was fabricated through chemical vapor deposition (CVD) of
carbon on the 3D porous anodic alumina (PAA) templates. In an earlier work, we discussed the
fabrication of 3D PAA templates using low purity 1000 series (99% purity, McMaster 9060K16)
Al foils [178]. The 3D PAA template was first sputtered with a 100 nm thick Au layer for
electrical conductance and then electrodeposited with Co at -1.2V vs. Ag/AgCl for 1 min as the
catalyst for the later carbon CVD process [179]. The CVD process with gas flow of 262 sccm Ar,
90 sccm Hj, and 60 sccm C,H4 at 700 °C is used to uniformly deposit carbon on the 3D PAA
template at ambient pressure.[180] The PAA template was then removed by wet etching of
AL O3 in 1M NaOH solution for 5 hours, which leaves the free standing 3D carbon nano-network
ready to be used for loading active materials to form 3D nanostructured electrodes after
supercritical drying. The thickness of the CVD carbon layer is quite linear with the deposition
time. 3.5 hours of CVD is corresponding to 3 nm thick carbon layer coating.

Atomic layer deposition (ALD) is used to load the active LIB material, TiO,, on the 3D
nanoporous carbon in Kinetic mode with ultra high purity (UHP) grade N, as the carrier gas.
Base pressure of the reactor was kept below 1 Torr. An Al,O3 (alumina) seed layer of 2 nm was
pre-deposited by 50 cycles of sequential dosing of trimethylaluminum (TMA) for 150 ms and
water for 750 ms at 150 <C. This layer is needed to ensure proper TiO, nucleation [178]. The
thickness of this seed layer needed to be as thin as possible to reduce the electrical resistance
caused by it. In Figure 5.2(a), TEM image of 20 cycles of Al,O3 coating on the 3D carbon was
shown. The Al,O3 forms particles and leaves the carbon tube surface incompletely covered. This

would cause non-uniform coating of TiO,. To increase the coverage, fifty cycles of Al,O; are
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ALD coated as the seed layer for better nucleation and growth of the TiO, layer. As shown in
Figure 5.2(b), fifty cycles of ALD coated Al,Os; uniformly covers two interconnected carbon
tubes. Thickness of tube wall, which includes one layer of carbon and two layers of ALD coated
Al;O3, is around 7 nm. TiO, was then coated with sequential dosing of 200 ms Titanium

tetrachloride (TiCl,) and 750 ms water at 150 <C.

Figure 5.2 TEM images of the 3D carbon network with (a) 20 cycle and (b) 50 cycle Al,O3

ALD coating.

5.2.2 Structural and Electrical Characterization

The field emission scanning electron microscope (FE-SEM, JEOL JSM-7401F) was
employed to study the morphology of the 3D carbon nano-networks and the 3D C/TiO;
electrodes. Cross-sectional images of the 3D nano-networks were taken by tearing the samples
apart with tweezers to expose fresh cross sections and mounting them on a tilted SEM stage.
Transmission electron microscopy (TEM, Philips CM-10) and high resolution transmission

electron microscopy (HR-TEM, FEI Tecnai F30) were used for structural characterizations.
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Selected area electron diffraction (SAED) pattern was operated under 300keV electron beam
with camera length of 1.2m. Electrical conductivities of the 3D nano-networks were tested with
the four point probe method (Kulicke & Soffa model 3007). The electrodes after electrochemical
cycling test were carefully taken out of the coin-cell battery in the glovebox and soaked and
washed in DMC for 5 times to remove the electrolyte before characterization.

5.2.3 Electrochemical Characterizations

The as-prepared 3D carbon nano-network and 3D C/TiO; nanostructured anodes were tested
by assembling half-cell in the CR2032 coin-type cell with an electrolyte containing 1 M LiPFg in
ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1 volume ratio, Aldrich) and with Li foil
(Alfa Aesar) as counter-electrode. The CR2032 coin-type cells were assembled in an argon-filled
glove box system (Vacuum Atmosphere Nexus model) and tested with a computer controlled
potentiostats/galvanostats system (MTI, 5V1mA). The discharge-charge experiments were

performed galvanostatically within the voltage window of 1.0 - 2.6 V (vs. Li/Li+).

5.3 Structural and Electrical Characterization of 3D Carbon Nano-Network and 3D C/TiO,

Electrodes

Figure 5.3(a) shows the optical image of a 20 cm? free-standing 3D carbon nano-network.
The size of these samples is scalable depending on the size of starting Al foils for PAA template
fabrications. The sample has a thickness of 60 m, which is determined by the thickness of the
3D PAA template. Figure 5.3(b) shows the cross-sectional scanning electron microscope (SEM)
image of a 3D carbon nano-network after 3.5 hour CVD carbon coating. The 3D carbon network
consists of parallel trunk tubes (colored to red on left side), which are connected together by

branch tubes (colored to green on left side) to form a freestanding film. No agglomeration of the
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carbon tubes were observed due to the support of the branch tubes between the neighboring
carbon tubes. The interconnection of carbon tubes inside the sample was also readily observable
by the transmission electron microscope (TEM) characterization, as shown in Figure 5.3(c) and
1d. The tube diameter is ~ 250 nm, which is dictated by the characteristics and the fabrication
process of PAA templates [177]. The high-resolution TEM (HRTEM) image in Figure 5.3(e)
shows partially crystalline structure of the carbon layer. The selected area electron diffraction
(SAED) pattern in the inset figure is consistent with the HRTEM image, showing both

amorphous diffraction rings and crystalline diffraction points.

Figure 5.3 (a) Optical image of a free-standing 3D carbon nano-network. (b) cross-sectional
SEM image and (c) TEM image of the 3D carbon nano-network from 3.5 hours of carbon CVD.

(d) & () HR-TEM image of the 3D carbon nano-network from the marked area in (c) and (d),
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respectively. Inset: electron diffraction pattern of the 3D carbon nano-network. (f) HR-TEM
image of the 3D carbon nano-network with ALD TiO; coating. Inset: electron diffraction pattern

of the 3D C/TiO, nano-network.
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Figure 5.4 TEM images of the 3D carbon network with (a) 150 cycles, (b) 300 cycles, and

(c) 600 cycle ALD TiO; coating. Inset in (c): cross-sectional view of a C/TiO, tube in c) with the

scale bar of 100 nm. (d) Areal mass loadings and thicknesses of ALD TiO, vs. ALD cycle

number.

TiO, layers with different thicknesses were coated on the 3D carbon nano-networks using

the atomic layer deposition (ALD) process [181]. To facilitate the uniform ALD TiO, process, an
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Al;O3 (alumina) seed layer of 2 nm was pre-deposited. Figure 5.3(f) shows a HR-TEM image of
the layered structure with the 7 nm TiO; coating with ALD coating of 150 cycles. The SAED
pattern in inset Figure indicates the amorphous nature of TiO, coating, which is due to low

deposition temperature (150 <€) in the ALD coating process [182, 183].

Thickness of TiO, was increased to 18 nm and 27 nm by increasing the ALD coating cycle
number to 300 and 600, respectively. Figure 5.4(a) shows that the thickness of the tube wall is
around 21 nm after 150 cycles of ALD TiO; coating. Subtracting the thickness of the carbon
layer of 3 nm and the thickness of the 50 cycle Al,O; seed layer of 2 nm (Figure S4b), the
thickness of 150 cycles of ALD TiO, coating is around 7 nm. Similarly Figure 5.4(b) shows that
thickness of 300 cycle ALD TiO, coating is ~ 18 nm while Figure 5.4(c) shows thatthe thickness
of 600 cycles of ALD TiO, coating layer is around 27 nm , with the total wall thickness of 61 nm.
With the 27 nm TiO, coating, the space between and inside the carbon tubes narrower but is still
preserved, considering the tube diameter of 250 nm. Figure 5.4(d) shows the thickness and mass
loading of the TiO, layers corresponding to the number of the ALD coating cycles. With

increased cycles, the thickness and mass loading increase with similar rates.

As the conducting network for LIB electrodes, the 3D carbon nano-network is expected to
have high electrical conductivity. The in-plane (vertical to the main carbon tube direction)
electrical conductivity of the 3D carbon nano-network with 3 nm thick of carbon layer was tested
to be ~ 110 S'm™ using the four-probe method, as shown in Figure 5.5(b). The electrical
conductivity of the 3D carbon nano-network can be readily tuned by adjusting the thickness of
carbon coating via changing the CVD time. After 10 hours of CVD, the thickness of the carbon
layer is increased to 8 nm and the electrical conductivity is increased to 159 S'm™. In a typical

LIB, the bottleneck of the transport comes from the ionic conductivity of the electrolyte, (1 M
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LiPFg in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1 volume ratio, Aldrich)), which
is ~ 10" s'm™ [184, 185]. Here, the electrical conductivity of the as-obtained carbon nano-
network is much greater than the ionic conductivity. Thus, it should be able to meets the
requirement of electron transport for high power performance in LIB electrodes [186]. Study on
phospho-olivines shows that when the electrode conductivity increase from 107 s'm™ to 10™ s'm’
! through doping, the rate capability was significantly increased (about 57% capacity retention
from C/10 to 10C) [187]. By incorporating the 3D carbon nano-network with low conductivity

active materials, their rate capabilities should be increased by increasing the electrical

conductivity.
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Figure 5.5 (a) Thickness of carbon layer with different CVD times. (b) Measured electrical
conductivity of 3D carbon networks with different carbon layer thicknesses. (c) Current-voltage
curve of 3D C/TiO, electrodes with 2 nm Al,O3; coating and different ALD TiO, coating

thicknesses on a 3nm carbon nano-network.

As shown in Figure 5.5(a), the carbon layer is around 3 nm thick after 3.5 hour CVD. After 10
hours of CVD, the thickness of the carbon layer is increased to around 8 nm. Figure 5.5(b)

presents the current-voltage curves of the 3D carbon networks with different carbon layer
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thicknesses, using the four-point electrical measurement. Electrical conductivity of the 3nm thick
3D carbon network is ~ 110 s m™. The electrical conductivity increases to ~ 159 s m™ when the
carbon layer thickness is increased to 8nm. Figure 5.5(c) shows the measured current-voltage
curves of the C/TiO; electrodes with different TiO, thicknesses after coated with 2 nm Al,Os;
ALD seeding layer on 3 nm carbon nano-network. The electrical conductivity values are 93.5
sm™, 86.2sm™ and 78.1 s m™ for 7 nm, 18 nm, and 27 nm TiO layers, respectively.

To evaluate the performance of a 3D carbon nano-network as the 3D conductive network in
an electrochemical cell, we conducted proof-of-concept studies using TiO, as the
electrochemically active material, since TiO, has been considered as an attractive material for
use in LIB anodes due to its low cost, safety, and environmental benignity [188, 189]. The
electrical conductivity of amorphous TiO is very low, ~ 10™? s'm™, which significantly limits its
electrochemical performance [190]. Many efforts have been made to increase the electrical
conductivity of TiO,-based anodes by carbon coating, mixing with single-wall carbon nanotubes,
mixing with graphene, etc. [191-194]. In this work, by incorporating the 3D conducting carbon
nano-network with TiO,, the 3D C/TiO, electrodes have conductivities in the range of 78.1-93.5

s'm™, as shown in Figure 5.5(c).
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5.4 Areal and Gravimetric Capacities of 3D C/TiO, Electrodes

a) TiO, thickness: | ) 400 Weighted by TiO, only: | ©) 261
+— 0 nm e l

0.5 T 7 nm 4
i/ 7nm 2380 —o—18 nm 24

£ ’ 18 nm < } 2.2

20.4 [ o7 & 300! ‘A—m27nm 2

g S = 18 B S 20

~0.3 1 —] S 1.8

2 )

o © i o 1.6

§o 24 3 ,

o oz ol 150 Weighted by whole electrode: 1.4+

- T © & znd

S 0.1 £ 7nm 1.2

S 51001 , 1g 10" 1
< - @ i

“ a +— 27 nm 1.0
0'0 T T T T ! 50 T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100 0 i 100 200 .300 4001
Cycle number Cycle number Discharge capacity (mAh g™)

Figure 5.6 (a) Areal capacities of the 3D C/TiO; electrodes with different TiO; thicknesses
on 3 nm 3D carbon nano-network where Coulombic efficiency of the 3D C/TiO, electrodes with
7 nm TiO, coating on 3 nm 3D carbon nano-network is shown to the right. (b) Gravimetric
capacities of the 3D C/TiO; electrodes with different TiO, thicknesses on 3 nm 3D carbon nano-
network. (c) Galvanostatic discharging/charging curves of the 3D C/TiO; electrode with 7 nm
TiO, coating on 3 nm 3D carbon network. Test rate is C/10 for the first two cycles and then C/5

for the rest of the curves.

The electrochemical performances of the 3D C/TiO, electrodes with different TiO,
thicknesses were studied systematically. As shown in Figure 5.6(a), the 3D carbon nano-network
with thickness of 60 pm delivers an areal capacity of ~ 0.03 mAh €m™ without any TiO, coating
at C/5. With the ALD TiO, coating, the areal capacities of the electrode were significantly
increased to ~ 0.15 mAh €m™ for the 7 nm thick TiO, sample and ~ 0.37 mAh €¢m™ for the 27
nm thick TiO, sample. In the previous works, anodized 9 pm long TiO, nanotube arrays
performed an areal capacity of 0.45 mAh cm™ at C/10 [195], and anodized 8.2 pm long TiO>
nanotube arrays delivered an areal capacity of 0.15 mAh cm™ at C/2 [196]. Although these

nanotube arrays show high areal capacities, their gravimetric capacities and rate capabilities are
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very poor due to the lack of electrical conducting medium. For example, the 9 pm long TiO;
nanotubes delivered 170 mAh g™ at C/10 and an even smaller capacity of 90 mAh g™ at 2C [195].
Some efforts to increase the rate capability have been made by incorporating 3D conducting
networks into TiO; electrodes. A 3D electrode of TiO, on Al nanorods reaches 0.01 mAh ¢m™ at
C/5[175] and a 32 pm thick 3D Ni nanowire network coated with ALD TiO; delivered an areal
capacity of 0.13 mAhcm? at C/4 [178]. Although such 3D nanostructured TiO, electrodes
achieved high areal capacities, the heavy metal conducting networks reduce the weight
percentage of the active materials and thus reduced the overall gravimetric capacity of the
electrodes. In comparison, our novel lightweight 3D carbon nano-network can potentially realize

high areal capacity, high gravimetric capacity, and high rate capability simultaneously.

In Figure 5.6(b), the gravimetric capacities of TiO, in the 3D nanostructured C/TiO;
electrodes were calculated by subtracting the areal capacity of the 3D carbon network from the
electrodes’ areal capacity and divided by the mass loading of TiO,. The gravimetric capacities of
7 nm and 18 nm thick TiO; coatings showed a similar value of ~ 260 mAh g™ at C/5. This value
is higher than earlier works on pure TiO, nanotubes (223 mAh g at 1C) [197], TiO./carbon
core-shell electrodes (161 mAh g* at C/5) [198], and porous TiO, nanowire arrays (191 mAh
g ! at 1C), benefitting from the conducting network [199]. For the 3D C/TiO, with the TiO,
thickness of 27 nm, the reversible gravimetric capacity becomes smaller, ~ 195 mAh g™, than

that of the thinner ones.

Figure 5.6(b) shows the gravimetric capacity based on the whole electrode when we count in
the capacity and mass of the 3D carbon network, which is ~ 228 mAh g™ for the 7 nm TiO,
electrode and ~ 235 mAh g™ for the 18 nm TiO, electrode. By using light-weight carbon instead
of a metallic conducting network, the gravimetric capacity of the whole electrode is increased
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efficiently compared to earlier works on nanostructured TiO, electrodes. With only 15 wt%
active material TiO, and 81 wt % inactive Ni, the overall gravimetric energy density of the
electrodes was only ~ 37 mAh g™ [178]. The gravimetric capacities based on whole electrodes
are only 87 — 175 mAh g™ in other nanostructured TiO; electrodes such as nanocrystallites,
nanoparticle, nanowires, and nanotubes with 50% - 70% weight percentage of TiO, where
carbon black and polymer binders are often added [200-205]. By using a light-weight carbon
conducting network and eliminating polymer binder, the gravimetric capacity of the whole

electrode is efficiently increased with our 3D C/TiO; electrodes.

Figure 5.6(c) shows the galvanostatic discharging/charging curves of the 3D C/TiO,
electrode with 3 nm thick carbon and 7 nm thick TiO, tested at C/5. Due to the amorphous nature
of the ALD deposited TiO, [178], the electrode shows large irreversible discharging capacity at
the first cycle with a broad plateau within 1.1 V- 1.7 V, which is different from crystallized TiO5,
which has a typical voltage plateau at 1.7 V [199]. Large irreversible capacities in the first cycles
are due to the formation of a solid-electrolyte interface [206-208]. We also note that the capacity
in the first cycle is larger than the theoretical capacity of TiO,, 330 mAh-g™, due to the storage of

Li ions in the grain boundary and interfaces of the nanostructured TiO, [209].

5.5 Cycle Lives of 3D C/TiO; Electrodes

Although the conducting additives and polymer binders are not used in the 3D C/TiO;
electrodes, the as-obtained electrodes still show very long cycle life. Figure 5.7(a) shows the
prolonged electrochemical test of the 3D C/TiO; electrodes with different TiO, thicknesses at the

test rate of 1C. The 3D C/TiO; electrode with 7 nm thick ALD TiO, shows very stable
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performance and lasts more than 1000 cycles. However, as the thickness of the TiO, increases,
the cycle life of the electrodes decreases. The capacity starts to degrade after 700 cycles for the
18 nm TiO; electrode and after 400 cycles for the 27 nm TiO, electrode. For comparison, 3D
TiO, nano-network without any conducting network was fabricated by depositing TiO, on 3D
PAA template through ALD and removing the 3D PAA template with NaOH solution. Without a
3D carbon nano-network, the 3D TiO, electrode with 7 nm TiO, layer delivers a small
gravimetric capacity ~ 100 mAh g™, which degrades quickly to less than 50 mAh g™ in 180
cycles. The fast degradation was also observed in earlier studies on nanostructured TiO,
electrodes, which are plotted in the same figure for comparison [170, 200]. This comparison
clearly proves that the 3D carbon network helps prolong the cycle life of the 3D C/TiO,

electrodes.

An ex-situ TEM study of the electrodes was conducted to observe the change of the
electrodes during the prolonged electrochemical test. The 3D C/TiO; electrode with 7 nm TiO,
coating was carefully taken out of the coin cell after 150 cycles of electrochemical test and
characterized with TEM. Figure 5.7(b) shows that the tubular structures are retained in the
electrodes after 150 cycles, confirming the structural stability of the 3D C/TiO, electrode. The
TiO, layer is still attached to both inside and outside of the carbon tubes. The total wall thickness
increases to 33 nm with the TiO, layer thickness increases to 12 nm (the middle layer consisted
of carbon and ALD Al,O3 is increased to 9 nm) after lithiation. Figure 5.7(c) shows the TEM
images of the 3D C/TiO, electrode with 27 nm TiO, after 500 cycles. The carbon tube structure
still remained, but some of the tubes lost the TiO, layer and the corresponding wall thickness

reduced to ~ 14 nm. TiO, falling off from the carbon tubes leads to the capacity reduction.
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Although the volume change of TiO; is only 3%, the repeating insertion/extraction of Li ions can

cause the detachment of TiO; layer from the carbon network [210, 211].
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Figure 5.7 (a) Stability of the 3D C/TiO; electrodes with different thicknesses of TiO, on 3
nm carbon nano-network at test rate of 1C. Also shown on the figure are TiO, nanostructures
from references [170, 200], and 3D TiO, without 3D carbon nano-network. (b) TEM image of
the C/TiO, electrode with 7.5 nm TiO, on 3 nm C nano-network after 150 cycles. (c) TEM

image of the C/TiO; electrode with 27 nm TiO, on 3 nm C nano-network after 500 cycles.
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5.6 Rate Capabilities of 3D C/TiO; Electrodes
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Figure 5.8 (a) Rate capability of 3D C/TiO, electrodes with different thicknesses of ALD
TiO, coatings on 3 nm carbon nano-network. (b) Rate capabilities of TiO, electrodes with
different conducting networks. (c) Rate capability of 3D C/TiO, electrodes with 3 nm carbon

nano-network compared to the rate capability of TiO; film and 3D Ni/TiO..

One of the greatest advantages of the 3D nanostructured electrode is the ability to enhance
the transport of Li ions and electrons and improve the rate performance. Although the point has
been proven in other works, the detailed influence in the Kinetic process was not clearly
discussed. It is necessary to understand them and optimize electrode structure accordingly to
further improve power performance of electrodes. Figure 5.8(a) shows the measured rate
capabilities of 3D C/TiO, electrodes with different TiO, thicknesses on a 3 nm carbon nano-
network. Here, 1C yields 235 mA g™ for 7 nm, 200 mA g™ for 18nm and 140 mA g* for 27 nm
thick TiO,. During the first 30 cycles, the test current was controlled to increase the
charging/discharging rate after every 5 cycles. When the test rates are slow (< C/2.5), the 3D
CI/TiO; electrodes with 7 nm and 18 nm TiO, show very similar capacities, while the 28 nm TiO,
electrode shows lower capacities. At low test rates, the thickness of the TiO; layers is so low that

the Li ions are able to diffuse through the active materials without impacting the rate capability.
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However, when the TiO, layer is thick enough, Li ion diffusion time through the solid TiO, is
longer than the time at low test rate, which leads to the decrease of capacity. At higher rates, all
three of the samples show considerable capacity loss and larger capacity loss with thicker TiO,
layers. For example, at a test rate of 10C, the 7 nm TiO, sample only delivers a gravimetric
capacity of ~117.5 mAh g™, which is 38% of its capacity at C/10. The thicker the TiO, coatings

are, the less capacity is retained at high rates.

There are three different mechanisms that cause faster degradation in capacity at high rates:
1) Longer diffusion length and diffusion time of the Li ions in the thicker TiO; layer reduce the
rate capability. 2) Current collection ability of the 3D carbon network may not be sufficient for
the fast Li ion reaction. 3) Starting with the same pore size in the PAA templates, a thicker TiO;
layer reduces the pore size in the electrode that greatly affects the permeability of Li ions, which

ultimately consumes more Li ions and causes faster Li ion depletion.

The transport of electrons is becoming a more and more important factor for high power
batteries as the dimension of active materials is reduced to nanometers with the help of
nanotechnology [212]. We have compared rate capability of nanosized TiO, with different
conducting networks in Figure 5.8(b), along with a few examples of TiO, nanostructures from
literature, which are mixed with carbon black or graphene for electrical conduction [170, 193,
213]. The data of TiO, on 3D Ni nanowire network are cited from our earlier work, where the
conductivity of the 3D Ni nanowire network is ~ 10° s m™ [178]. Both the TiO, without any
conducting network and the cited TiO,, made by mixing carbon black or graphene in
conventional ways, show a lower capacity than our 3D C/TiO, network. Although the electrical
conductivity of the 3D carbon network with 3 nm carbon layer is only ~ 110 s m™, it is more

efficient than the random distributed carbon black or graphene for electron transport.

73



Furthermore, the rate capability can be improved with further increased conductivity by
increasing carbon layer thickness from 3 nm to 8 nm. The rate capability of the Ni/TiO;
electrode is even higher when the network electrical conductivity is further enhanced by the
more conductive metal network. Considering that the metal conducting network would reduce
the gravimetric capacity of the electrodes by introducing heavy inactive materials, further
improvement of the power performance should be realized by methods such as crystallization of

carbon to increase the conductivity of the 3D carbon network.

Large capacity loss still happens at high rates even when the highly conductive 3D Ni
network is used, due to the Li ion permeation and depletion resulting from the 3D architecture.
To thoroughly exam the effects of the permeation and depletion of the Li ions on rate capability,
Figure 5.8(c) compares the TiO; film, the 3D Ni/TiO; electrode, and the 3D C/TiO, with similar
TiO, thicknesses. The TiO, film is directly coated by ALD on Cu foil as a current collector, the
electrons are directly transported to the current collector and the electrolyte has direct access to
the TiO, without any permeation resistance or depletion problem. At low rates (<1C), the 3D
Ni/TiO, and the TiO, film exhibit similar capacity loss, which demonstrates that the permeation
of Li ions in the 3D architecture is sufficient and does not harm the rate capability in this period.
The 3D C/TiO, with lower electrical conduction shows much worse capacity loss, indicating that
the transport of electrons play an important role in the rate capability at low rates. When the test
rate is higher than 1C, the capacities of both 3D Ni/TiO, and 3D C/TiO, drop dramatically, while
that of the TiO; film drops slightly. Thus, the permeation and depletion of Li ions resulting from

the 3D configuration play a much more important role in the capacity loss at high test rates.
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5.7 Summary of 3D Carbon Nano-Network

In summary, we have successfully fabricated a 3D carbon nano-network through CVD of
carbon on 3D PAA template. The 3D carbon nano-network exhibits a strong ability to enhance
the battery performance since its 3D network architecture and numerous gaps can facilitate the
transport of Li ions and electrons. As a demonstration, ALD TiO, on the 3D carbon nano-
network delivered a large areal capacity of ~ 0.37 mAh €m™ due to the large areal mass loading
of the 3D C/TiO; electrodes. The electrodes also delivered a high gravimetric capacity of ~ 240
mAh g™ based on the whole electrode at the test rate of C/5 and a long cycle life of over 1000
cycles at 1C. The effects of the electrical conductivity of carbon nano-network, ion transport in
the active material, and the electrolyte permeability on the rate performance of these 3D C/TiO;
electrodes are systematically studied. This work provides a significant guide to build 3D

electrodes for high performance LIBs.
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