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ABSTRACT OF THE DISSERTATION

Electrochemical and Thermodynamic Study of Electrode Materials on Li-ion Batteries and
Aqueous Energy Storage and Conversion Applications

by

Joon Kyo Seo

Doctor of Philosophy in Materials Science and Engineering

University of California, San Diego, 2017
Professor Ying Shirley Meng, Chair
The energy storage and conversion is one of the key issues for human beings to live
sustainably on earth since our living environment has been deteriorating with the development of

xviii

industrialization. We can alleviate the waste of energy consumption and corresponding
environmental pollutions by storing and converting energy efficiently. The electrochemical cells
are drawing considerable attention recently as a promising solution. In this thesis, electrode
materials for Li-ion batteries and aqueous electrochemical cells are studied, focusing on the
electrochemical and thermodynamic aspects.
First, transition metal difluorides, 𝑀𝐹2 (𝑀 = 𝐹𝑒, 𝑁𝑖, 𝑎𝑛𝑑 𝐶𝑢) are explored. It is found
that the conversion-reaction voltage is associated with the size of the converted metal nanoparticles.
The surface energy of metal nanoparticles reduces the reaction energy, which decreases the
conversion-reaction voltage. In addition, CuF2 electrodes are rechargeable when it is coated with
NiO. NiO alleviates Cu dissolution into an electrolyte and enhances the cyclability of CuF2.
Second, Zn/β-MnO2 alkaline battery is studied as a promising rechargeable energy storage
of high capacity. The nano-sized β-MnO2 cathode in the alkaline electrolyte of LiOH and KOH
exhibit the average discharge capacity of 280 mAh g-1 over the first 100 cycles. It is found that the
β-MnO2 transforms through proton intercalation and conversion reactions. The capacity is
improved further with an addition of 4% mole fraction Bi2O3 in the nanosized β-MnO2.
Third, density functional theory (DFT) calculations are conducted for Li4Ti5O12 (LTO), its
Gadolinium (Gd)-doped, and lithiated phases. The density of states (DOS) of LTO exhibits the
property of an electrical insulator, however Gd-doped LTO is an electrical conductor which
enhances the electrochemical performance. In addition, the formation energy of lithiated LTO
phases is calculated to understand the reaction mechanism of LTO upon lithiation. The calculated
results show that the lithiation proceeds by the two-phase reaction and there is no intermediate
phase between two end phases: Li4Ti5O12 and Li7Ti5O12.

xix

Lastly, oxygen evolution reaction (OER) on YBaCo4O7 (110) is investigated by DFT
calculations. The results indicate that OER can be easily activated by YBaCo4O7 (110) due to its
low overpotential. The free energy diagram exhibits the oxidation from O* to OOH*, which is the
rate-determining step.

xx

Chapter 1: Introduction
1.1 Li-ion batteries
Li-ion battery (LIB) is a rechargeable battery where Li-ion transports among cathode, anode,
electrolyte, and a separator during charging and discharging. The component of a battery is shown
in figure 1.1. Cathode and anode are a mixture of active materials, a polymeric binder, and
conductive carbon deposited on an Al or Cu current collector. Active materials in cathode/anode
are host materials, which electrochemically react to Li-ion during charging and discharging. The
electrolyte is an ionic conductor for Li-ion to transport between cathode and anode, which consists
of organic solvents. A separator is soaked in the electrolyte and located in between cathode and
anode. It prevents an electrical short circuit between two electrodes.

Figure 1.1 The component of a Li-ion battery1

1

The difference of Li chemical potential (𝜇𝐿𝑖 ) in anode and cathode produces electrical energy
in a Li-ion battery. Typically, anode has higher Li chemical potential than cathode as shown in
figure 1.2(a). Therefore anode releases Li+ into the electrolyte and decreases Li chemical potential
while cathode receives Li+ from the electrolyte and increases Li chemical potential. This is called
discharging, which is a spontaneous reaction. The electrolyte is an ionic conductor, which provides
Li+ with a pathway between anode and cathode. The reaction in anode is oxidation and the reaction
in the cathode is reduction. The electron (e-) produced from the anode is unleashed to an electrical
conductor through an external circuit, which provides energy to an electrical load.
Theoretically, Li+ is released from the anode and recombined with the electron in cathode
until Li chemical potential of both anode and cathode match, however it is prevented by a battery
management system. The anode and cathode materials are structurally degraded when the
difference of chemical potential significantly decreases. Therefore, the battery management
system controls the depth of discharge to prohibit degradation, which enables long-cycle
rechargeability.
The electrochemically stable window of electrolyte covers Li chemical potentials of both
anode and cathode. The lowest unoccupied molecular orbital (LUMO) in the electrolyte needs to
have higher energy level than Li chemical potential in anode so the electrolyte does not reduce; If
not, the electron from anode transports to the unoccupied molecular orbital and breaks down the
electrolyte. In addition, the highest occupied molecular orbital (HOMO) in the electrolyte should
be lower than Li chemical potential in cathode. Then the electron that is occupied in the electrolyte
lower than the HOMO does not move to cathode, which negates the electrolyte from oxidizing.

2

Figure 1.2 Discharge and charge reactions in a Li-ion battery
Charging is a non-spontaneous reaction as shown in figure 1.2(b). Li+ migrates from cathode
to anode with the supplied energy in a Li-ion battery. Li in cathode is forced to oxidize, which
lowers the Li chemical potential. Li+ transports to anode and reduces to Li once it merges with the
3

electron transferred from the external circuit. Li chemical potential in the anode increases. At the
end of charge, the gap of Li chemical potential expands between anode and cathode.
1.2 Zn/MnO2 alkaline batteries
A commercial Zn/MnO2 alkaline battery is a primary battery consists of MnO2 cathode, Zn
anode, alkaline electrolyte, a separator, and a carbon rod current collector as shown in figure 1.3.
Compared to a Li-ion battery, a commercial Zn/MnO2 alkaline battery has a different cell design.
A carbon rod is located in the center of MnO2 cathode, which serves as a current collector. A
separator is layered on MnO2 cathode to prevent an electrical shortage with Zn anode. Alkaline
electrolyte is soaked in the separator.

Figure 1.3 The component of a Zn/MnO2 alkaline battery

4

Figure 1.4 Discharge reaction of a commercial Zn/MnO2 alkaline battery
The difference of redox potential in anode and cathode is the driving force that produces the
electrical energy in a Zn/MnO2 alkaline battery as shown in figure 1.4. Typically, Zn anode has
negative value of redox potential in alkaline electrolyte and has higher electron energy whereas
MnO2 cathode has positive value of redox potential in alkaline electrolyte with lower electron
energy. Therefore, Zn anode undergoes oxidation to release high-energy electrons. On the contrary,
MnO2 cathode reduces by receiving electron. This is the spontaneous redox reaction in a
commercial Zn/MnO2 alkaline battery. The electrolyte is an ionic conductor, which provides ionic
phases (e.g. OH- and H-) to anode and cathode while it is oxidizing or reducing. The reaction in
Zn anode is 1/2Zn + 2OH-  1/2Zn(OH)42- + e- and the reaction in MnO2 cathode is MnO2 + H+
+ e-  MnOOH. The electron (e-) is produced from anode and flows to an external circuit,
providing energy to electrical load.
Theoretically, H2 gas could be created during the operation of a Zn/MnO2 alkaline battery
since the redox potential of H2O + e-  1/2H2 + OH- is -0.83 V vs. SHE, which resides in between
5

the redox potential of anode/cathode. Yet H2 gas formation is not an issue in a conventional
Zn/MnO2 alkaline battery as it is a primary battery. H2 gas is captured in the steel housing of a
Zn/MnO2 alkaline battery.
1.3 Electrolyzers
An electrolyzer is an energy conversion application to produce O2 and H2 gases by splitting
H2O. One of the widely used electrolyzers is a proton exchange membrane (PEM) electrolyzer as
shown in figure 1.5. The PEM electrolyzer consists of cathode, anode, electrolyte, and a proton
membrane. Once external voltage is applied, which exceeds the stable H2O window of 1.23 V, an
oxidation reaction occurs on the anode side and a reduction reaction undergoes on the cathode side.
The oxidation reaction is an oxygen evolution reaction (OER), which involves 2H2O  O2 + 4H+
+ 4e-. Once H+ is generated, it goes through the proton membrane and reacts to electron in cathode.
This is a reduction reaction at cathode, which is also known as a hydrogen evolution reaction (HER)
that undergoes 4H+ + 4e-  2H2. Theoretically, PEM electrolyzed can reverse and generate
electricity, which is a PEM fuel cell. H2 gas and O2 gas is utilized while a PEM fuel cell is operating,
which generates H2O as a waste product.

6

Figure 1.5 Water splitting in a proton exchange membrane (PEM) electrolyzer
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Chapter 2: Background and motivation
2.1 Conversion reaction mechanism and materials in Li-ion batteries
The intercalation materials can store Li-ions reversibly because their atomic arrangement
mostly maintains during Li-ion insertion and extraction. The number of available Li-ions in
intercalation materials, however, is limited to 1 Li per formula unit. For example, LixCoO2 layered
cathode materials can be charged and discharged while Li content changes from 0 ≤ x ≤ 1,
theoretically. Upon Li insertion in the LixCoO2 (x = 0), Co reduces from 4+ to 3+ electrochemically.
Due to the limited capacity in intercalation materials, alternative high-capacity materials
have been extensively investigated.2-5 The conversion material is one of the post materials of Liion battery since it can store multi Li-ions per formula unit. The general conversion reaction can
be stated as follows;
MX + nLi+ + ne- = M + nLiX

(1)

where M is transition metal; n is the number of electron; X is either F, O, S, N, etc. For example,
CuF2 cathode reacts to two Li-ions: CuF2 + 2Li+  Cu + 2LiF. While two Li-ions involved in this
reaction, Cu2+ reduces to Cu metal and provides two electrons. On the contrary, an intercalation
material provides a single electron at the most. Conversion materials undergo complete structural
changes as shown in figure 2.1. This reaction is not normally reversible, because LiX on the right
side of equation 1 shows poor electronic conductivity.
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Figure 2.1 Conversion-reaction mechanism in Li-ion batteries6
The theoretical cell voltage (E), or electromotive force (EMF) can be obtained by applying
Nernst equation for the equation 1:

E=

𝑛∆𝐺𝑓 (𝐿𝑖𝑋)− ∆𝐺𝑓 (𝑀𝑋)
−𝑛𝐹

(2)

where 𝐺𝑓 represents Gibbs free energy of formation; F is Faraday constant. Theoretical cell
voltage and capacity for promising MX compounds for Li-ion conversion batteries are listed in
Table 2.1.
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Table 2.1 Theoretical cell voltage (or EMF) and capacity of MX compounds in Li-ion conversion
batteries3

The highest theoretical cell voltage is in AgF (~ 4.16 V) and the largest capacity is in B2O3
(2300 mAh/g). In general, the capacity of conversion materials shows higher values than
intercalation materials because multi Li-ions per formula unit can be stored, however, the cell
voltage is lower than intercalation materials. For example, the commercial LiNi0.5Mn1.5O4 spinel
cathode shows ~4.7 V vs. Li metal.7 Among conversion materials, transition-metal fluorides have
relatively high theoretical cell voltage owing to the strong ionic bonding between the transition
metal and fluorine.5 FeF2, NiF2, and CuF2 have theoretical cell voltage over 2.5 V. In order to get
over the poor electronic conductivity, numerous methods have been applied to network carbon and
conversion materials. For example, nanocomposites of carbon and transition-metal fluorides were
developed, which leads to high conversion voltage with cycling performance.8-10
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2.2 Rechargeability of Zn/MnO2 alkaline batteries
Electrochemical cells for energy storage systems need to meet several requirements such as
low cost, long cycle, high energy density, safety, and reliability. Zn/MnO2 alkaline battery has
drawn attention since it meets most of the requirement. For example, Mn and Zn are earthabundant materials so their costs are extremely cheaper that Li and Co, which are popular elements
of commercial Li-ion batteries. Mn and Zn cost $ 2 and $ 1.5 per pound while Li and Co are $ 30
and $ 25 per pound as of 2015 (figure 2.2).

Figure 2.2 Availability and prices of earth elements11
MnO2 has the theoretical gravimetric capacity of 616 mAh g-1 which is over twofold higher
than LiCoO2 of 272 mAh g-1. The commercial primary Zn/MnO2 alkaline batteries have vast
energy density (> 400Whl-1) as well.12 Considering safety, this electrochemical cell operates in an
aqueous system, which has low possibility of fire from the short electrical circuit.
Rechargeability is the one of issues of the current Zn/MnO2 alkaline batteries for their
commercialization. Figure 2.3 shows the capacity fading in the voltage range of 1.10 V – 1.65 V.13
The concentrated KOH affects the cycle performance, however, all the batteries undergo severe
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capacity fading at early cycles (≤ 25 cycles).

Figure 2.3 Cycling performances of Zn/MnO2 alkaline batteries depending on the concentration
of KOH13
It is reported that controlling the depth of discharge to only 5-10% of the theoretical capacity
promotes rechargeability to 1000-3000 cycles, yet it significantly reduces the energy density to
22Whl-1.13 Therefore it is important to attain high theoretical capacity of MnO2 with long-cycle
reversibility. MnO2 reduces to MnOOH and Mn(OH)2 during discharging and both reduced phases
oxidize back to MnO2 during charging. However, ZnMn2O4 is generated which is an undesirable
phase. It is explained that ZnMn2O4 has resistivity six orders of magnitude higher than that of
MnO2, which is about 108 ohm∙cm.14 Such a high resistivity causes capacity loss and nonrechargeability. The ZnMn2O4 phase is a product of chemical reaction between MnOOH in cathode
and Zn(OH)4 2- in anode. Zn(OH)42- is generated after Zn is oxidized, which migrates to cathode
side and reacts to MnOOH to produce ZnMn2O4.
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2.3 Spinel-type transition metal oxides for Li-ion intercalation reaction
2.3.1 Li4Ti5O12 spinel
Li4Ti5O12 anode for LIB applications is tracked back to the discovery of Li-intercalation
activity on Li titanate materials.15-17 Early studies probed that Li4Ti5O12 showed semiconducting
property upon Li intercalation at the voltage of 1.55 V vs. Li/Li+.18 Relatively higher reaction
voltage of Li4Ti5O12 compared to graphite reduces overall cell voltage, however it prevents an
electrical short circuit among electrodes in a cell. The graphite anode has an intrinsic property that
Li could be electroplated on its surface, which might cause a safety issue. The theoretical capacity
of Li4Ti5O12 is 175 mAh g−1 when a single Li is inserted:19
[Li]8a[Li1/3,Ti5/3]16d[O4]32e + e- + Li+ = [Li2]16c[Li1/3,Ti5/3]16d[O4]32e

(3)

Li4Ti5O12 shows the Fd3m space group, which is composed of Li in 8a and 16d, and Ti in 16d
Wyckoff positions as shown in figure 2.4.
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Figure 2.4 Li4Ti5O12 lattice composed of Li in 8a and 16d, and Ti in 16d Wyckoff positions
Oxygen in the 32e positions coordinates with Li and Ti in tetrahedral and octahedral manners.
Almost zero-strain is found while Li intercalates the Li4Ti5O12. The network of octahedrons in
Li4Ti5O12 provides a three-dimensional Li diffusion path, which limits the volume change during
Li intercalation. Therefore, this material allows a high rate and a long cycle life.
2.3.2 LiNi0.5Mn1.5O4 spinel
LiNi0.5Mn1.5O4 spinel provides a long voltage plateau at around 4.7 V and high energy
density of 650 Wh/kg.20 This capability has drawn attention to consider LiNi0.5Mn1.5O4 spinel as a
promising cathode material for electric vehicles. Li diffusion in the three-dimensional network of
metal-oxygen octahedron (figure 2.5) enables high rate capability and long cycling stability.

14

Figure 2.5 LiNi0.5Mn1.5O4 lattice composed of Li in 8a and Mn or Ni in 16d Wyckoff positions
LiNi0.5Mn1.5O4 shows the Fd3m space group, which consists of Li in 8a; Mn or Ni in 16d
Wyckoff positions, as shown in figure 2.5. Oxygen, 32e Wyckoff position, is tetrahedrally
coordinated with Li and octahedrally coordinated with Mn and Ni. The electrochemical
performance of LiNi0.5Mn1.5O4 is highly dependent on the presence of Mn3+. It is reported that
Mn3+ is redox active and creates a small plateau region at around 4V.21 Some of Mn3+, however,
undergoes disproportionation, which generates Mn2+. Then Mn2+ dissolves toward electrolyte,
which is propelled at an elevated temperature. This side reaction significantly affects the capacity
loss. In order to enhance the cycle performance, several doping approaches have been conducted.
Li, Mg, Fe, Co, and Zn dopants changes minimally in the lattice parameter, which enhances the
cycling performance.22 The surface modification and electrolyte additive effects are also proven
to increase the cycling performance of LiNi0.5Mn1.5O4.23
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2.4 Oxygen evolution reaction in electrolyzers
The water electrolysis is a key mechanism to produce hydrogen and oxygen gas. The scalable
technology to generate hydrogen and oxygen gas is required for sustainable development on
batteries. The hydrogen gas has drawn attention to generate power in fuel cell applications.24 Most
hydrogen gas is created by the process that reforms steam for natural fuels, which produces CO2,
the greenhouse gas, however the water electrolysis produces hydrogen gas without generating CO2
when the energy sources for electrolysis is drawn from the renewables energy such as solar, wind,
and tidal power. Therefore, the water electrolysis needs to enhance its efficiency and reduce its
costs to operate. Limited efficiency of current technology is partially derived from the
overpotential to promote the slow kinetics of the oxygen evolution reaction (OER) at anode in
aqueous solutions.
Understanding fundamental reactions on an atomic scale is important to improve the
performance of catalyst materials. The activity of catalyst is highly dependent on the binding
energy of intermediates. The DFT calculation is an advanced characterization tool that can
calculate the intermediates’ binding energy.25 In general, OER reaction mechanism undergoes four
single-electron reactions. For example, OH, O, and OOH adsorbed catalysts are used as OER
model systems and the free energy diagram is plotted depending on the applied voltage.26 Figure
2.6 shows the free energy diagram of OER on the catalyst surface functioning as applied potential.
The overall OER is spontaneous when the potential is 1.80 V.
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Figure 2.6 Free energy diagram of OER (from left to right) on the CuCo2O4 (111)27

17

Chapter 3: Revisiting the conversion reaction voltage and the reversibility of the CuF2
electrode in Li-ion batteries
3.1 Introduction
Lithium-ion batteries have been used for energy sources in various mobile and stationary
applications. In order to meet the growing demands for mass market adoption, improving the
energy density and reducing the cost of rechargeable batteries are inevitable

28

. Conversion

materials have a high Li storage capacity compared to commercialized electrode compounds of
intercalation reaction 2. Among conversion materials, transition metal difluorides, 𝑀𝐹2 (𝑀 =
𝐹𝑒, 𝑁𝑖 , 𝑎𝑛𝑑 𝐶𝑢), especially show a relatively higher reaction voltage due to the strong M-F ionic
bond 5. In order to achieve the potential implication of these compounds in rechargeable batteries,
there has been wide progress in practical improvement. Badway et al. developed a carbon-metal
fluoride nanocomposite, which is composed of nano-domains of FeF3 with high surface to volume
ratio in carbon matrix. It is demonstrated that the high surface to volume ratio of nano-size FeF3
are electroactively improved 9-10. Later, they introduced another concept of nanocomposite design
that enables CuF2 to have 98% of theoretical discharge capacity within the voltage range of 2.0 4.0 V vs. Li/Li+. The nanocomposite composed of carbon matrix with intercalation compounds
(e.g. MoO3, V2O5, MnS2, etc) promotes electron and ion conductivity 29. Oxygen doping into the
metal fluorides, such as FeOF and Fe2OF4, also has been shown to enhance electrochemical
properties 30-33. It is proposed that substituting O for F increases average conversion voltage and
facilitates cycling stability by incorporating more covalent M-O bonds into the ionic fluoride
structure. Recently, Wang et al. reported reversible ternary metal fluorides, Cu yFe1-yF2

34

. They

proposed the incorporation of Cu into the FeF2 crystal lattice, which promotes the reversible redox
behavior of Cu2+ ↔ Cu0. Although the reversible capacity of Cu content degrades due to the Cu
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dissolution, the ternary fluoride exhibits the low hysteresis with high voltage and capacity.
Despite of progress in conversion materials as promising future batteries, there are still
unsolved issues: (i) The discrepancy between experimental voltage of transition metal difluorides,
𝑀𝐹2 (𝑀 = 𝐹𝑒, 𝑁𝑖 𝑎𝑛𝑑 𝐶𝑢) and the theoretical thermodynamic voltage, and (ii) non-reversible
conversion reaction of CuF2. As for the voltage discrepancy, it is reported that experimental voltage
plateau for 𝑀𝐹2 (𝑀 = 𝐹𝑒, 𝑁𝑖 𝑎𝑛𝑑 𝐶𝑢) is lower than thermodynamic reaction voltage

3, 35

. In

order to understand the origin of the voltage deviation problem, we use density functional theory
(DFT) and calculate the conversion reaction voltage depending on the size of 𝑀 (𝑀 =
𝐹𝑒, 𝑁𝑖 𝑎𝑛𝑑 𝐶𝑢) nanoparticle formed during discharging. We also conduct PITT experiment on
NiF2 and CuF2 electrodes to observe near-equilibrium conversion reaction voltage. The average
size of Ni and Cu nanoparticles during lithiation is measured by STEM to correlate the nano-size
effect of metal particle formation with the reaction voltage.
CuF2 electrode has the highest theoretical voltage among 𝑀𝐹2 (𝑀 = 𝐹𝑒, 𝑁𝑖, 𝑎𝑛𝑑 𝐶𝑢) that
is suitable for power driven mobile devices, however, CuF2 is intrinsically non-reversible in
contrast to FeF2 and NiF2

4, 36

. Wang et al. reported the origin of irreversibility is due to the

separation between large Cu nanoparticles (5-12 nm in diameter) and LiF, which blocks electron
paths 36. Yamakawa et al. suggested that the different diffusivity of the ionic phases (F- and Li+)
brings about the formation of LiF coating on the CuF2/Cu and CuF2/electrolyte interfaces and
hinders the reversible reaction 37. Recently, Hua et al. presented that the degradation mechanism
of CuF2 is associated with Cu dissolution along with LiF consumption 38. In this study, we apply
NiO coating on CuF2 to study the effect of NiO on the reversible CuF2 conversion reaction. As
NiO is not electrochemically active within our voltage range (2.0 - 4.0 V), it does not contribute
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any additional capacity to CuF2. This is opposed to the other metal oxides including MoO3, V2O5,
and MnS2 which have been adopted to CuF2 conversion reaction

29

. ADF-STEM and EELS

techniques are used to comprehend a reversible conversion mechanism of NiO coated CuF2
electrode.
3.2 Experimental
We conduct first principles calculations
40-41

39

based on the spin-polarized GGA and GGA + U

using the Perdew-Burke-Ernzerhof exchange correlation implemented in DFT

plane-wave basis set and the projector-augmented wave (PAW) method

43-44

42

. We use a

as parameterized in

the Vienna ab initio simulation package (VASP) 45. A gamma point mesh is performed with 9 x 7
x 7 k-points for CuF2, 7 x 7 x 11 k-points for NiF2, and 7 x 7 x 9 k-points for FeF2. For metal
nanoparticles, gamma point is used to sample the Brillouin zone, and periodic boundary conditions
are imposed on the unit cell where a vacuum size is larger than a nanoparticle’s diameter to prohibit
interactions among the images. All the atoms are fully relaxed to calculate the optimized structure
with a cutoff energy of 1.3 times the maximum cutoff specified by the pseudopotentials of the
elements on a plane wave basis set. Our GGA + U calculations indicate that the lattice parameters
of metal fluorides are agreed well with experimental measurements and the error is less than 2 %
(Table 3.1).
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Table 3.1 Comparison of lattice parameters between GGA + U calculation and experiments

a (Å)
3.332
(1.06 %)
4.696
(1.00 %)
4.788
(1.99 %)

b (Å)
4.617
(1.20 %)
4.696
(1.00 %)
4.788
(1.99 %)

c (Å)
4.671
(1.19 %)
3.104
(0.67 %)
3.316
(0.18 %)

β (deg)
82.756
(0.65 %)

CuF2

3.297

4.562

4.616

83.293

NiF2

4.650

4.650

3.084

90.000

FeF2

4.695

4.695

3.310

90.000

Compound
CuF2
GGA + U calculation

NiF2
FeF2

Experimental

90.000
90.000

It is noted that we adopt mixing GGA and GGA + U framework proposed by Jain et al 46 in
order to obtain accurate reaction energy and the voltage of conversion reaction. The detailed
explanation on the framework is discussed in results and discussion section.
Table 3.2 The average radius of M (M=Fe, Ni, and Cu) nanoparticle composed of 𝑛 atoms

n
13
55
147
309

Iron

Nickel

Copper

Cuboctahedron Icosahedron Cuboctahedron Icosahedron Cuboctahedron Icosahedron
2.44 Å
2.40 Å
2.37 Å
2.32 Å
2.47 Å
2.41 Å
4.85 Å
4.75 Å
4.80 Å
4.60 Å
4.94 Å
4.81 Å
7.25 Å
7.04 Å
7.26 Å
7.01 Å
7.49 Å
7.29 Å
9.94 Å
9.30 Å
9.71 Å
9.39 Å
10.03 Å
9.74 Å

Commercial CuF2 (Aldrich) and NiF2 (Alfa Aesar) powders are used for this study. In order
to synthesize carbon-coated metal difluoride, CuF2/C (or NiF2/C), we prepare a milling jar where
80 wt. % of conversion material and 20 wt. % of acetylene black (Strem Chemicals) are mixed
together in the MBraun Ar-filled glovebox (H2O < 0.1 ppm). The jar is sealed with Parafilm before
being transferred to the planetary ball mill (PM 100, Retsch) and the milling is performed for 6
hours at 500 rpm. In addition, NiO (Aldrich) coated CuF2 (NiO-CuF2) with the stoichiometric of
CuF2 : NiO = 85 : 15 wt. % is prepared by the ball milling for 4 hours at 650 rpm under an Ar
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atmosphere. NiO-CuF2 is milled again with acetylene black to synthesize carbon-coated samples
(NiO-CuF2/C). The mass loading of CuF2 and NiF2 in PITT discharge experiment is 1.36 and 1.49
mg cm-2 respectively. Considering the cycling test of CuF2 and NiO-CuF2, 0.84 and 1.17 mg cm-2
of CuF2 are used.
The electrochemical cells are disassembled in an argon-filled glovebox, and the electrodes
are washed with dimethylene carbonate (DMC). Then the electrodes are scraped to produce fine
powder. Small amount of powder is placed on a transmission electron microscopy (TEM) lacy
carbon film supported on a copper grid. SAED patterns, ADF-STEM images, and EELS are
acquired using a JEOL 2010F operated at 197 kV and equipped with a Gatan GIF 200 spectrometer.
The EELS spectra are obtained with a collection half angle of 27 mrad and convergence angle of
10 mrad and with an energy resolution of 0.9 eV. Additionally, the ADF-STEM image as EELS
spectrum image is attained using a TEAM 0.5 aberration corrected instrument operating at 80 KV
at Lawrence Berkeley National Laboratory, equipped with a high brightness Schottky-field
emission electron source. The ADF-STEM image and EELS elemental maps are acquired using a
Gatan Efinia spectrometer; with a collection angle of 52 mrad and convergence angle of 30 mrad.
Cu dissolution into the electrolyte is characterized by inductively coupled plasma optical emission
spectroscopy (ICP-OES) (PerkinElmer Plasma 3700). 25 μL of electrolyte is gathered from a
custom-made electrochemical cell and included into the 25 mL solution matrix (1:1 wt %,
HNO3/HCl). Therefore, the electrolyte is examined at a 1000 times diluted solution 47.
In our study, electrochemical characterization is performed using coin-type (2016) cells. We
use a battery cycler (Arbin) at room temperature. We make working electrodes composed of active
materials (NiO-CuF2/C, CuF2/C or NiF2/C), acetylene black and polyvinylidene fluoride (PVDF)
with 70:20:10 wt. % ratio. Pure lithium metal is used as a counter electrode and polypropylene
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C480 (Celgard) is used as a separator. The coin cells are assembled with the electrolyte consisting
of 1 M LiPF6 dissolved in EC and DMC with a weight ratio of 1:1 (BASF) in the MBraun Arfilled glovebox (H2O < 0.1 ppm). The theoretical specific capacity of CuF2 and NiF2 are 528 and
554 mA h g-1, respectively, which are used to set C rate. PITT is adopted on the first discharge of
CuF2/C and NiF2/C cells with the voltage limits of 2.0 V and 1.0 V, respectively. The voltage step
size is 10 mV with a cut-off current density of C/1000 of active material. In addition,
electrochemical cycling of NiO-CuF2/C and CuF2/C are tested with the constant current density of
C/35. The cell voltage ranges of 2.0 - 4.0 V is applied. The first discharge of CuF2/C and NiF2/C
are performed with the constant current density of C/35, and the discharge voltage limit of 2.0 and
1.0 V, respectively. For the linear potential sweep voltammogram, Cu foil is employed for the
working electrode. Other conditions including a coin-type cell, a separator, electrolyte, and a
reference electrode are same as battery experiments. Scan rate was 1 mV s-1.
3.3 Results and Discussion
3.3.1 Computational model systems
We set up four different sizes of metal nanoparticle models, 𝑀𝑛𝑐𝑢𝑏𝑜 𝑜𝑟 𝑖𝑐𝑜𝑠𝑎 (𝑛 is the number
of atoms in nanoparticle), as shown in figure 3.1(a, b):
𝑐𝑢𝑏𝑜 𝑜𝑟 𝑖𝑐𝑜𝑠𝑎
(𝑖) 𝑀13
(13 atoms and ~0.5 nm in diameter),

𝑐𝑢𝑏𝑜 𝑜𝑟 𝑖𝑐𝑜𝑠𝑎
(ii) 𝑀55
(55 atoms and 0.9 - 1.0 nm in diameter),

𝑐𝑢𝑏𝑜 𝑜𝑟 𝑖𝑐𝑜𝑠𝑎
(iii) 𝑀147
(147 atoms and 1.4 - 1.5 nm in diameter), and

𝑐𝑢𝑏𝑜 𝑜𝑟 𝑖𝑐𝑜𝑠𝑎
(iv) 𝑀309
(309 atoms and 1.9 - 2.0 nm in diameter),
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in order to calculate the conversion voltage of 𝑀𝐹2 (𝑀 = 𝐹𝑒, 𝑁𝑖 𝑎𝑛𝑑 𝐶𝑢), with respect to metal
nanoparticle sizes.

Figure 3.1 Model systems of (a) cuboctahedron and (b) icosahedron for Fe, Ni and Cu, composed
of 13 atoms, 55 atoms, 147 atoms and 309 atoms (Fe cuboctahedron: 0.5, 1.0, 1.4 and 2.0 nm in
diameter; Fe icosahedron: 0.5, 1.0, 1.4 and 1.9 nm in diameter; Ni cuboctahedron: 0.5, 1.0, 1.5 and
1.9 nm in diameter; Ni icosahedron: 0.5, 0.9, 1.4 and 1.9 nm in diameter; Cu cuboctahedron: 0.5,
1.0, 1.5 and 2.0 nm in diameter; Cu icosahedron: 0.5, 1.0, 1.5 and 1.9 nm in diameter). (c) The
crystal structures of FeF2, NiF2 and CuF2. FeF2 and NiF2 are tetragonal, and CuF2 is the monoclinic
24

The average distance between two diametrically opposite vertices is defined to be the size of
a nanoparticle and its radius is listed in Table 3.2. The shapes of the nanoparticle are ideal
cuboctahedron and icosahedron structures, solely consisting of (111) and (100) planes 48, and (111)
plane 49, respectively; These planes correspond to the low Miller index planes with low surface
energies 50 resulting in an optimal configuration of cuboctahedron and icosahedron with minimal
total free energy for a given particle size 51-54. These morphologies are quite similar to the “magic
number” nanoparticle, which also have been found to be thermodynamically stable 48, 55. Because
the activation energy to transform another morphology among ultra-small nanoparticles is very
small 56-57, our model structures can be converted to different structures. This effect is outside of
the extent of the present study.
Table 3.3 Bulk-phase reaction voltages calculated from GGA, mixing GGA/GGA + U, and Gibbs
free energy of formation in thermodynamic table

Method

FeF2

NiF2

CuF2

GGA

3.06 V

3.46 V

3.70 V

Mixing GGA/GGA + U
(This work)

2.58 V

2.91 V

3.56 V

Gibbs free enregy of formation
(Thermodynamic table)

2.66 V

2.96 V

3.55 V

The crystal structures of metal difluorides investigated in our study are FeF2, NiF2 and CuF2,
shown in figure 3.1(c). These crystals have rutile-type structure where transition metals are
surrounded by an octahedron of 6 fluorine atoms. CuF2 crystallizes in the monoclinic structure (P
1 21/n 1 space group) that produces a highly distorted octahedral. NiF2 and FeF2, however, have
tetragonal structure with P 42/m n m space group.
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3.3.2 Influence of metal-nanoparticle size on the conversion reaction voltage
The electrochemical conversion of transition metal difluoride, 𝑀𝐹2 (𝑀 = 𝐹𝑒, 𝑁𝑖 𝑎𝑛𝑑 𝐶𝑢)
with Li is two-electron reaction where divalent metal ion is reduced to metallic phase.
2𝑒 −

𝑀𝐹2 + 2𝐿𝑖 → 2𝐿𝑖𝐹 + 𝑀

(1)

𝑏𝑢𝑙𝑘
Thermodynamic voltage (𝐸𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐
) for the reaction (Eq. (1)) can be obtained from 3

𝑏𝑢𝑙𝑘
𝐸𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐
=

𝐺𝑓 (2𝐿𝑖𝐹) − 𝐺𝑓 (𝑀𝐹2 )
−2𝐹

(2)

where 𝐺𝑓 and F are standard Gibbs free energy of formation from thermodynamic table and
Faraday constant, respectively. It is noted that 𝐺𝑓 is relevant to bulk-phase formation energy so
𝑏𝑢𝑙𝑘
that 𝐸𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐
acquired from 𝐺𝑓 corresponds to the conversion voltage for bulk-phase

reaction. Most experimental reports on 𝑀𝐹2 (𝑀 = 𝐹𝑒, 𝑁𝑖 𝑎𝑛𝑑 𝐶𝑢) conversion reactions
𝑏𝑢𝑙𝑘
however, show that the experimental voltage is much lower than 𝐸𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐
(up to ~1.5 V)
4, 29, 35-37, 58-59

. Interestingly, the discharge reaction does not generate bulk-phase metal. It is reported

that bulk 𝑀𝐹2 is reduced to nanoscale 𝑀 particles (≤ 10 nm) at the first discharge

4, 36-37, 58-59

.

The origin of metal nanoparticle formation is estimated that electrons are tunneled from carbon
conductor to the inside of poor electronic conductivity of 𝑀𝐹2 and forms 𝑀 nanoparticle 37.
In order to understand the influence of metal nanoparticle formation on conversion voltage
by DFT calculation, we replace bulk metal (𝑀) in Eq. (1) with metal nanoparticle composed of 𝑛
atoms (𝑀𝑛𝑐𝑢𝑏𝑜 𝑜𝑟 𝑖𝑐𝑜𝑠𝑎 )
𝑛∙2𝑒 −

𝑛 ∙ 𝑀𝐹2 + 𝑛 ∙ 2𝐿𝑖 →

𝑛 ∙ 2𝐿𝑖𝐹 + 𝑀𝑛𝑐𝑢𝑏𝑜 𝑜𝑟 𝑖𝑐𝑜𝑠𝑎
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(3)

where 𝑀𝐹2 , 𝐿𝑖, and 𝐿𝑖𝐹 are bulk-phase forms. Then, we adopt the framework of mixing GGA
and GGA + U proposed by Jain et al 46. This method connect GGA and GGA + U energies, which
are reasonable methods to calculate ground state properties of materials for delocalized electronic
states (e.g., metal and LiF) and localized electronic states of d orbitals (e.g., transition metal
difluorides), respectively 60. The computational cell voltage (𝐸 𝑛𝑎𝑛𝑜 ) is obtained as
𝐸 𝑛𝑎𝑛𝑜 =

{

[𝑛 ∙ 𝐺 𝐺𝐺𝐴 (2𝐿𝑖𝐹) + 𝐺 𝐺𝐺𝐴 (𝑀𝑛𝑐𝑢𝑏𝑜 𝑜𝑟 𝑖𝑐𝑜𝑠𝑎 )]
}
𝐺𝐺𝐴+𝑈 (𝑀𝐹 )
𝐺𝐺𝐴 (2𝐿𝑖)]
−[𝑛 ∙ 𝐺𝑟𝑒𝑛𝑜𝑟𝑚
2 + 𝑛∙𝐺
−2𝑛

(4)

𝐺𝐺𝐴+𝑈 (𝑀𝐹 )
𝐺𝐺𝐴+𝑈 (𝑀𝐹 )
𝐺𝑟𝑒𝑛𝑜𝑟𝑚
2 is calculated as 𝐺
2 − ∆𝐸𝑀 . ∆𝐸𝑀 connects GGA with GGA + U

schemes and we adopt 1.723, 2.164 and 1.156 eV for Fe, Ni and Cu (per atom), when U are 4.0,
6.0 and 4.0 for Fe, Ni and Cu, respectively 46. In order to confirm that the mixing framework is
suitable for our calculations, we present the comparison of bulk-phase reaction voltage (Table 3.3)
measured from GGA method, mixing GGA/GGA + U method, and Gibbs free energy of formation
in thermodynamic table 61. The voltage from mixing GGA/GGA + U method shows less than 0.09
V difference with respect to the voltage measured from thermodynamic table.
We find that 𝐸 𝑛𝑎𝑛𝑜 for transition metal difluorides (FeF2, NiF2, and CuF2) is lower than
𝑏𝑢𝑙𝑘
𝐸𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐
as shown in figure 3.2(a).
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Figure 3.2 (a) Calculated conversion reaction voltage as a function of the size of 𝑀 nanoparticle
(𝑀 = 𝐹𝑒, 𝑁𝑖 𝑎𝑛𝑑 𝐶𝑢) formed. (b) Surface energy of 𝑀 nanoparticle as a function of its size.
The lower x-axis represents the number of atom contained in metal nanoparticle. The upper x-axis
is the nanoparticle size in diameter which is approximate value. Detailed size information is
demonstrated in Table 3.2
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𝑏𝑢𝑙𝑘
The voltage discrepancy between 𝐸 𝑛𝑎𝑛𝑜 and 𝐸𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐
is 0.19-1.02 V for the metal

nanoparticle size less than or equal to 2 nm. This low voltage upon the formation of metal
nanoparticle resembles the conversion voltage measured from experiments, which also exhibits
lower value than the thermodynamic voltage. Ko et al. displayed that the conversion voltage at the
first discharge was evaluated to be 1.84 V which is lower than the thermodynamic voltage (2.66
V) on the lithiation reaction of FeF2 (very slow C rate approximately C/1000)
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. Another study

used galvanostatic intermittent titration technique (GITT) on the conversion reaction of FeF3
presented a voltage difference 62. The second plateau (2.36 V) is corresponding to the reduction of
Fe2+ to Fe, which is lower than the thermodynamic voltage. The voltage discrepancy is also
commonly found in transition metal oxides cathode materials while nanoscale metal particles are
formed during the lithiation 63-64. Since the experimental voltage is measured from a distribution
of nano-sizes metal nanoparticles when they were formed, it is impractical to directly compare the
average experimental voltage to the calculated voltage at a certain size of metal particle. It is clear,
however, the calculation supports the idea that the formation of metal nanoparticle during
conversion reaction could have a lower voltage compared to the thermodynamic voltage of bulkphase reaction.
In addition, our computational results indicate the particle size growth leads to increasing
𝑏𝑢𝑙𝑘
𝐸 𝑛𝑎𝑛𝑜 . 𝐸 𝑛𝑎𝑛𝑜 approaches 𝐸𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐
when the particle size is larger than 2 nm (figure

3.2(a)) because nanoscale property of metal resembles the property of bulk metal as the particle
size increases. It is reported that when the metal particle gets larger, the integrity of metal
nanoparticle stabilizes because its Gibbs energy per atom decreases (or increment in cohesive
energy), and eventually reaches to the stability of bulk metal 48. This thermodynamic property is
associated with Eq. (4) that Gibbs energy of 𝑀𝑛𝑐𝑢𝑏𝑜 𝑜𝑟 𝑖𝑐𝑜𝑠𝑎 per atom approached more negative
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value when the particle size increases and results in the increment of 𝐸 𝑛𝑎𝑛𝑜 . In calculation, we
did not presume LiF as a nano-size phase because LiF is typically a bulk matrix in which metal
nanoparticles are distributed.
Importantly, our results also attribute lower conversion reaction voltage to the surface energy
𝑛𝑎𝑛𝑜
of metal nanoparticle (𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒
). The surface energy as an energy penalty toward the reaction

energy needs to be provided to the metal nanoparticle to form during the conversion reaction. We
calculate the surface energy of 𝑀 nanoparticle (𝑀 = 𝐹𝑒, 𝑁𝑖 𝑎𝑛𝑑 𝐶𝑢) as a function of its size
65

𝑛𝑎𝑛𝑜
𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒
=

𝐺 𝐺𝐺𝐴 (𝑀𝑛𝑐𝑢𝑏𝑜 𝑜𝑟 𝑖𝑐𝑜𝑠𝑎 )−𝑛∙𝐺 𝐺𝐺𝐴 (𝑀)
4𝜋𝑟 2

(5)

where 𝐺 𝐺𝐺𝐴 (𝑀𝑛𝑐𝑢𝑏𝑜 𝑜𝑟 𝑖𝑐𝑜𝑠𝑎 ) and 𝐺 𝐺𝐺𝐴 (𝑀) are the Gibbs energy of 𝑀 nanoparticle composed
of n atoms and 𝑀 bulk metal per atom (𝑀 = 𝐹𝑒, 𝑁𝑖 𝑎𝑛𝑑 𝐶𝑢), respectively. 𝑟 is the average
radius which is measured by the distance between the center and vertex atoms of a relaxed
nanoparticle (Table 3.2). It is noted that the surface energy increases as the nanoparticle size
decreases (figure 3.2(b)), which results in the decrement of reaction energy and affects the
reduction of conversion reaction voltage (figure 3.2(a)). This trend is correlated with the fact that
while the particle is getting smaller, the fraction of thermodynamically unstable surface atoms is
increasing with respect to the fraction of relatively stable bulk atom. The cuboctahedron consisting
of 309 atoms has 108 atoms (35%) on the surface. As the size decreases, the fraction of surface
atoms increases to 92% for the cuboctahedron with 13 atoms. We systematically shows the energy
penalty in the conversion reaction associated with the formation of metal nanoparticles by first
principles, which was conceptually discussed in Cabana et al.’s report 2. Although the surface
energy of nanoparticle is primarily studied in our work, other factors including the crystallinity of
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the material 66, interfacial energy 67-68, or electronic conductivity 5 in nanoscale LiF/M framework
can also affect the value and shape of reaction voltage.
3.3.3 Particle size and electrochemical electrode voltage
The conversion reaction of transition metal difluoride involves a local phase nucleation and
evolution during lithiation process. Metal difluoride converts into metal nanoparticle and LiF
phases during lithiation. In order to study the correlation of the metal nanoparticle formation with
the conversion reaction voltage in the fully lithiated status, CuF2/C and NiF2/C are
galvanostatically lithiated (figure 3.3).

Figure 3.3 The first discharge of CuF2/C (a) and NiF2/C (b)
Various TEM/STEM techniques including selected area electron diffraction (SAED) patterns,
ADF-STEM images and EELS spectra are used in order to study the structural and morphological
changes of the CuF2/C and NiF2/C electrodes during lithiation. We have taken 15 different ADFSTEM images, EELS spectra, and 10 different SAED patterns from various regions of the samples
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and the representative of the observed images, EELS spectra, and SAED patterns are presented
here. The bright contrasts in the ADF-STEM image (figure 3.4(a)) corresponds to the area where
the highest concentration of Cu can be seen, as ADF- STEM image contrast is highly sensitive to
atomic number (~Z1.7).

Figure 3.4 Representative ADF-STEM images of (a) lithiated CuF2/C, and (b) lithiated NiF2/C.
The particle size distribution obtained from several ADF-STEM images of (c) lithiated CuF2/C,
and (d) lithiated NiF2/C
The ADF-STEM image of the lithiated NiF2/C in figure 3.4(b) shows the distribution of Ni
nanoparticles (bright contrast) in LiF matrix. It is observed that lithiated CuF2/C and lithiated
NiF2/C are composed of Cu and Ni with average particle sizes of ~ 2.5 nm and ~ 1.5 nm,
respectively. The particle size distributions of Cu and Ni are obtained from several ADF-STEM
images shown in figure 3.4(c, d). The lithiated CuF2/C contains broad particle size ranges from 1
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to 10 nm whereas lithiated NiF2/C consists of Ni particle sizes range from 1 to 5 nm. The
distinction in average particle sizes are attributed to the differences in diffusion rates of Cu and Ni
ions that Cu has a higher diffusivity, thus forming large particles

36-37

. The SAED patterns of the

pristine CuF2/C and NiF2/C nanocomposites confirm the existence of single phase with a
monoclinic and tetragonal–rutile structure as shown in figure 3.5(a) and 3.5(b) respectively.

Figure 3.5 Representative SAED patterns of (a) pristine CuF2/C, (b) pristine NiF2/C, (c) lithiated
CuF2/C, (d) lithiated NiF2/C, and (e) Li-K edge EELS spectra of the lithiated CuF2/C (Li-CuF2),
lithiated NiF2/C (Li-NiF2), and reference LiF
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Upon lithiation, CuF2/C with monoclinic structure converts into cubic structure consists of
metallic Cu and LiF (figure 3.5(c)). Similarly, NiF2 with tetragonal-rutile structure transforms into
metallic Ni and LiF upon lithiation, presented in figure 3.5(d). The presence of LiF in lithiated
CuF2/C and NiF2/C is further verified by the characteristic near-edge fine structure in the Li Kedge spectra (figure 3.5(e)).
Interestingly, large Cu particles are found to be isolated and be dispersed in carbon matrix.
Figure 3.6 shows the ADF image and the corresponding energy-dispersive X-ray (EDX) spectra
of the lithiated CuF2/C.

Figure 3.6 (a) Representative ADF-STEM and (b) EDX spectrum of the lithiated CuF2/C showing
the presence of large Cu metal (about 10 nm) on carbon matrix
It is observed that large Cu particles with ~10 nm are distributed in carbon matrix. This
suggests large Cu particles are being isolated from LiF after first discharge; therefore, they most
probably have less chance to participate in the re-conversion reactions.
Additionally, PITT is applied to CuF2/C and NiF2/C cells in order to measure conversion
reaction voltages under near-equilibrium state (figure 3.7).
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Figure 3.7 PITT discharge of (a) CuF2/C and (b) NiF2/C
This technique controls small voltage steps and monitors the current correlated with the
reaction. We apply the voltage step with 10 mV interval. The voltage step does not proceed to the
next step until the discharge current declines to a current limit of -1.1 and -1.3 μA for CuF2/C and
NiF2/C cells, respectively (C/1000 for both cells). PITT takes ~ 765 and ~ 909 hours for the first
discharge of CuF2/C and NiF2/C, respectively. In case of CuF2/C, the open circuit voltage (OCV)
is 3.09 V and the conversion reaction proceeds without any significant current decrease to the
current limit at 3.02 V (figure 3.7(a)). The reaction continues at the following voltage steps with
shortening plateaus. NiF2/C shows the OCV of 3.07 V and the conversion reaction initiates at 1.77
V after rapid voltage drop (figure 3.7(b)). From our PITT results, we confirmed that the conversion
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reactions of both CuF2/C and NiF2/C occur at lower voltages than the thermodynamic bulk𝑏𝑢𝑙𝑘
𝑏𝑢𝑙𝑘
reaction voltages (𝐸𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
(CuF2) = 3.55 V and 𝐸𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
(NiF2) = 2.96 V). The formation

of metal nanoparticle has a strong influence on the conversion voltage which is lower than
thermodynamic voltage of bulk-phase reaction.
3.3.4 Rechargeable behavior of NiO-CuF2 conversion material
According to the previous reports, two main factors can result in a poor cycling performance
of CuF2: (i) Cu dissolution within the operating voltage window (2.0 - 4.0 V) 37 and (ii) isolated
large Cu particle formation upon lithiation 36. The linear potential sweep voltammogram for Cu
demonstrates that Cu dissolves at ~ 3.5 V within the operating voltage window of CuF2 electrode
(figure 3.8).
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Figure 3.8 Linear potential sweep voltammogram for Cu foil
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In addition, our ADF-STEM images observe a bimodal Cu particle size (figure 3.4(a) and
figure 3.6(a)). The small Cu particles (~2.5 nm in average) are distributed in microstructure of LiF
(figure 3.4(a)), which is similar to the other conversion materials including FeF2 69-70. However,
large Cu particles (~10 nm) are segregated from LiF and located in carbon matrix (figure 3.6(a)).
It is noteworthy that based on our ADF-STEM image, the majority of Cu particles are observed to
be small (~2.5 nm in average) and embedded in LiF (figure 3.4(a)). This contrasts to the previous
TEM work on CuF2, which showed that only isolated large Cu particles (5-12 nm) form upon
lithiation.36
CuF2 is intrinsically non-reversible conversion material in contrast to FeF2 and NiF2, however,
it has the highest thermodynamic voltage with the theoretical specific capacity of 528 mA h g-1. In
the present work, we have developed a novel reversible NiO-CuF2/C electrode. Figure 3.9 shows
the electrochemical voltage profile of CuF2/C and NiO-CuF2/C electrodes in the voltage window
between 2.0 - 4.0 V at a C/35 rate.

Figure 3.9 Voltage profiles of CuF2/C and NiO-CuF2/C electrodes
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CuF2/C delivered 303 mA h g-1 discharge capacity (57% of theoretical capacity). Similarly,
NiO-CuF2/C electrode shows the first discharge capacity of 323 mA h g-1 (61 % of the theoretical
capacity). Both electrodes show quite low voltage plateaus (2.75 V and 2.77 V for NiO-CuF2/C
and CuF2/C, respectively) compared to the thermodynamic voltage of bulk-phase reaction (3.55
V). However, NiO-CuF2/C electrode displays a reversible conversion reaction with specific
capacity of 152 mA h g-1 at the first charge. During the charging process, CuF2/C electrode voltage
starts to drop from ~3.64 V resulting in a charge failure. We ascribe this to Cu2+ dissolution from
the cathode.
In order to gain in-depth insights into the effects of NiO on CuF2 reversibility, the distribution
of Cu and Ni in the lithiated NiO-CuF2/C sample has been studied using STEM-EELS elemental
mapping. As lithium and fluoride-base compounds are extremely beam sensitive, we have
optimized the electron dose and spatial resolution to minimize the beam damage in this work. As
such, the STEM-EELS spectrum image is taken with a total electron dose of 3x104 e/nm2. A
representative ADF-STEM image and the corresponding Cu-L2,3, and Ni-L2,3 edge elemental maps
are shown in figure 3.10.

Figure 3.10 Representative ADF-STEM image of (a) the first discharged NiO-CuF2/C and the
corresponding elemental maps for (b) Cu-L , and (c) Ni-L
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It is observed that the bright contrast is attributed to the areas where the highest concentration
of Cu is in. It is interesting that Ni rich areas are located in the same regions as Cu rich areas. It
also indicates that the lithiation process mostly occurs in areas with high NiO content. We propose
that NiO as an artificial solid electrolyte interphase (SEI). NiO is insoluble solid phase and
electrochemically inactive within the voltage window (2.0 - 4.0 V), which reduces the direct
contact between the cathode and the electrolyte, and possibly alleviates Cu dissolution in the
electrolyte. It has been reported that metal oxides could suppress metal ion dissolution into the
electrolyte 71-73. In addition, the large Cu particles (~10 nm) in carbon matrix are observed in the
first discharged NiO-CuF2/C. Our ADF-STEM and the corresponding EELS spectra of the first
discharged NiO-CuF2/C (figure 3.11 (a, c, d)) show the presence of large Cu particles (~10 nm)
distributed in carbon matrix, similar to what we find from the lithiated CuF2/C (figure 3.6(a)).
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Figure 3.11 ADF-STEM of the first discharged (a) and the first charged NiO-CuF2/C (b). C-K
edge EELS spectra of the first discharged (c) and the first charged (e) NiO-CuF2/C. Cu-L edge
EELS spectra of the first discharged (d) and the first charged (f) NiO-CuF2/C
Interestingly, the large Cu particles are still present in the first charged NiO-CuF2/C (figure
3.11 (b, e, f)). This implies that large Cu particles on the carbon domain have less opportunity to
participate in further cycles.
To investigate the extent of Cu dissolution into the electrolyte, elemental analysis of the
electrolyte is performed using ICP-OES. The first cycled (discharge/charge) CuF2/C and NiOCuF2/C cells are disassembled and their electrolytes are collected. It is noted that CuF2/C cell
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cannot be charged up to 4 V because of its non-reversible feature in contrast with NiO-CuF2/C cell.
For that reason, the electrolyte from CuF2/C cell is collected after the CuF2/C cell fails during the
charging process. We find that Cu dissolution into the electrolyte is alleviated when the electrode
is coated with NiO (figure 3.12).

Figure 3.12 Cu dissolution into the electrolyte from CuF2/C and NiO-CuF2/C electrodes
The concentration of Cu in the electrolyte when using CuF2 electrode is measured to be ∼13
ppb, however, NiO-CuF2 electrode shows the Cu concentration of ~ 0 ppb. This observation
directly indicates NiO coating suppresses the Cu dissolution and alleviate the electrode
degradation.
Recently, a bimodal-size evolution of Ni nanoparticle from NiO-NiF2/C electrode has been
reported by pair distribution function (PDF) analysis that NiO possibly facilitates the conversion
process by providing electronic conductivity 5. NiF2/C electrode, however, is only converted into
smaller Ni nanoparticles because of its insulating property. In order to investigate the phase
transformation in CuF2/C and NiO-CuF2/C, we also conduct PDF for (a) first discharged CuF2/C
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and (b) first discharged NiO-CuF2/C (c) first charged NiO-CuF2/C, and (d) second discharged NiOCuF2/C samples, as shown in figure 3.13.

Figure 3.13 Experimental PDF (Exp. G(r)), refined fit (Calc. G(r)), and difference between Exp.
G(r) and Calc. G(r). The first discharged CuF2/C (a), first discharged NiO-CuF2/C (b), first charged
NiO-CuF2/C (c), and second discharged NiO-CuF2/C (d)
We measure the Cu phase with average nanoparticle size of ~ 2.3 nm from the second
discharged NiO-CuF2/C (figure 3.13 (d)). Cu2O are mainly found from other samples instead of
Cu phase (figure 3.13 (a-c)) which most likely have been resulted from the contamination of
samples by air when they are kept in the Kapton capillaries 37. Although more PDF work is still
needed, our PDF refinement on the second discharged NiO-CuF2/C confirms the formation of Cu
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nanoparticle, which suggests NiO facilitates the CuF2/C reversible reaction.
3.4 Conclusions
In this study, we combine first principles calculations and experiments with the
characterization technique to analyze the conversion reaction voltage for 𝑀𝐹2 (𝑀 =
𝐹𝑒, 𝑁𝑖 𝑎𝑛𝑑 𝐶𝑢) in Li-ion batteries. Based on our calculations, the voltage heavily depends on the
size of metal nanoparticle generated. The formation of metal nanoparticle affects the conversion
reaction voltage which is lower than the thermodynamic voltage of a bulk-phase reaction. We
propose the surface energy of metal nanoparticle as an energy penalty against the free energy of
reaction, bringing about a low voltage. Our ADF-STEM images demonstrate Cu and Ni
nanoparticle formations for the first discharged CuF2 and NiF2, respectively. Similarly, the PITT
results show that the conversion reactions of CuF2 and NiF2 occur at low voltages as a result of
metal nanoparticle formation.
Moreover, we propose a rechargeable CuF2 electrode by introducing NiO. NiO reduces the
immediate contact between the CuF2 and electrolyte, thus suppresses the Cu dissolution. We
suggest NiO can be used as an artificial SEI layer to improve the reversibility of Cu-based
conversion materials. Further research of surface coatings will provide a breakthrough in the class
of high energy density conversion materials.
Chapter 3, in full, is a reprint of the material “Revisiting the conversion reaction voltage and
the reversibility of the CuF2 electrode in Li-ion batteries” as it appears in the Nano Research, Joon
Kyo Seo, Hyung-Man Cho, Katsunori Takahara, Karena W. Chapman, Olaf J. Borkiewicz, Mahsa
Sina, Y. Shirley Meng, 2017. The dissertation author was the primary investigator and author of
this paper.
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Chapter 4: Intercalation and conversion reactions of nanosized β-MnO2 cathode in the
secondary Zn/MnO2 alkaline battery
4.1 Introduction
Ever since Lewis Urry invented a primary Zn/MnO2 alkaline battery back in the late 1950’s,
it has been widely adopted as an energy source for low-power electronics. Recently, the Zn/MnO2
aqueous battery is gaining attention as a rechargeable energy storage for smart grid technology. 13,
74-75

Compared to a Li-ion battery, a Zn/MnO2 aqueous battery has several advantages such as low

material cost, high energy density, better safety, and non-toxicity. To illustrate, the current
rechargeable Zn/MnO2 aqueous battery technology costs under $90 per kWh,13 whereas the cost
for Li-ion batteries are unlikely to fall below $200 per kWh.75 In addition, Zn/MnO2 aqueous
battery operates with water-based electrolytes, furnishing a higher degree of safety making them
an attractive option for grid-scale usage in residential homes and dense urban areas.
MnO2 exists in multiple crystallographic structures including α-, β-, γ-, δ-, λ-, and R-MnO2.
These MnO2 polymorphs are defined by different connection of the basic structural unit, MnO6
octahedron, and various types of tunnels within the crystal structure.76-77 Electrochemical reactions
vary in Zn/MnO2 aqueous batteries dependent on the phase of MnO2 and electrolyte used, however,
the most common discharge mechanism of MnO2 involves a homogeneous reaction and followed
by a heterogeneous reaction.78-81 Once the discharge initiates, protons intercalate into tunnels of
MnO2 through the homogeneous reaction without Mn-O bond breakage, however the bonds begin
to break in the heterogeneous reaction as the discharge proceeds further leading to eventual
deformation of the lattice. During the homogeneous reaction, the voltage changes rapidly, however
the heterogeneous reaction manifests the voltage plateaus due to two-phase reactions.
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Recently, many studies have reported the development of rechargeable Zn/MnO2 aqueous
batteries which utilize mild acidic electrolytes.14, 74-75, 82-86 Lee et al. describe that a Zn/α-MnO2
system in ZnSO4 electrolyte involves Zn/Zn2+ redox at the anode and α-MnO2/Mn2+ at the cathode.
An additional reversible phase of Zn4(OH)6(SO4)‧5H2O (zinc hydroxide sulfate) precipitates on
the cathode’s surface due to Zn2+ and SO42+ in an aqueous electrolyte.82 Pan et al. report that the
rechargeability of Zn/α-MnO2 aqueous battery is significantly improved by adding MnSO4 salt in
the ZnSO4 electrolyte.84 They describe the same redox reactions proposed by Lee et al. with an
undefined hydration number for the zinc hydroxide sulfate. However, the addition of the MnSO4
salt in the electrolyte suppresses the dissolution of Mn2+ and enables longevity of over 5000 cycles.
In addition to the acidic solutions, the basic solutions have been investigated to understand
the rechargeability of Zn/MnO2 aqueous batteries. Gallaway et al. probed the phase transformation
of the cathode/anode in a commercial alkaline ‘AA’ cell.14 They observed ZnMn2O4 (hetaerolite)
forming in the cathode, implying that it is a side product of the chemical reaction between MnOOH
and Zn(OH)42-. The Zn(OH)42- (zincate ion) is generated from Zn(OH)42-/Zn redox at the Zn anode
which then migrates to the cathode where MnOOH is formed after MnO2 is reduced. The ZnMn2O4
phase produced is electrochemically inactive phase and degrades the cycle performance of
Zn/MnO2 aqueous batteries. Turney et al. reported that the formation of Zn(OH)42- is favorable at
the Zn anode where OH- species are concentrated inducing the production of ZnMn2O4.75 In
another study, Hertzberg et al. found that the combination of LiOH and KOH as electrolytes in a
Bi species incorporated Zn/β-MnO2 alkaline battery improved the rechargeability demonstrating
a reversible single-electron reaction for 60 cycles.85 They proposed that a reversible reaction
occurs during the cycling between the reduced phases (Mn(OH)2 and LiMn2O4) and the oxidized
phase (δ-MnO2). This reaction mechanism, however, is contentious due to δ-MnO2 being measured
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solely during the first charged state and not in any of the subsequent cycles.
Optimizing the utilization of two electrons in MnO2 is an essential for high-energy stationary
storage. Many studies have demonstrated that the capacity increases using nanostructured
materials.77,

87-88

Chen et al. reported that nanosized γ-MnO2 shows almost two-times higher

discharge capacity than bulk γ-MnO2.87 They suggested that broad surface area in nano-scale
MnO2 enlarges contact between MnO2 active materials and an electrolyte which lowers internal
resistance and facilitates proton diffusion. In order to utilize large capacity and improve the
reversibility of reactions in alkaline solutions, we synthesized nanoscale β-MnO2 and assembled
the Zn/β-MnO2 alkaline battery with the LiOH and KOH electrolytes. The average discharge
capacity shows 280 mAh g-1 throughout 100 cycles, which is higher than the capacity of the battery
made of commercial β-MnO2 by 116 mAh g-1. Furthermore, we studied the phase transformation
of nanosized β-MnO2 in Zn/β-MnO2 alkaline battery. The result indicates that the proton
intercalation reaction is followed by two-phase conversion reactions at the first cycle, however, a
different reaction mechanism is observed at the hundredth cycle. Li and H co-inserted λ-MnO2
spinel and λ-MnO2 spinel are formed at the hundredth discharged and charged state, respectively.
Lastly, we incorporated β-MnO2 cathode with 4% mole fraction of Bi2O3 to enhance the
electrochemical performance. The average discharge capacity is 369 mAh g-1 throughout 100
cycles. Bi2O3 additive reacts with Zn(OH)42-, which alleviates the capacity loss driven by the
formation of irreversible ZnMn2O4.
4.2 Experimental
β-MnO2 was synthesized by a thermal decomposition process beginning with dissolving 10
g of Mn(NO3)2·4H2O in 16 mL deionized (D.I.) water. The solution was stirred with a magnetic
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stir-plate while being heated to increase the reaction temperature to 140 °C. Once the temperature
reached 140 °C, the reaction was held at that temperature until the initially clear solution developed
a black color with high viscosity indicating the oxidation to the Mn4+ state. Then, the black solution
was transferred to a preheated vacuum oven and kept at 125 °C overnight to facilitate complete
drying of the MnO2 product and to eliminate excess NOx gases. The sample was removed from the
vacuum oven after 12 h and transferred to a preheated box furnace heated to 125 °C. The
temperature of the oven was programmed to increase up to 325 °C with a step of 5 °C/min, then
to hold the temperature at 325 °C for 5 h. After natural cooling, the solid sample was ground with
a mortar and a pestle to turn it into fine powder.
The working electrode is composed of the β-MnO2 active material (synthesized β-MnO2,
commercial β-MnO2, or synthesized β-MnO2 with 4 % mole fraction of Bi2O3), carbon black
Super-P, and polytetrafluoroethylene (PTFE) with a 60:30:10 weight ratio. The electrode was
implanted onto a Ni foam current collector and pressed using a hydraulic press with a pressure of
eight tons. The pressed electrode was then covered with one layer of polyvinylidene chloride, two
layers of nonwoven separator (FS 22145 from Freudenberg LLC) and a Zn plate counter electrode.
They were sandwiched between two acrylic plates, which were held together tightly with screws.
After an assembly, the battery was immersed in a 20 mL beaker with 10.5 mL of 1 M KOH and 3
M LiOH electrolyte. Parafilm was used to seal the beaker. All batteries in this study were tested at
C/10 current rate for the first cycle and C/5 for the following cycles. Considering the rate capability
tests for synthesized β-MnO2 with/without Bi2O3, the discharge/charge process was carried out
over the course 20 cycles for each stage except for the last stage (9 cycles). Constant current rates
were calculated using the theoretical two-electron capacity of MnO2 which is 616 mAh/g. The
voltage range used is 0.5 < V < 1.8. The constant voltage of 1.8 V was applied at the end of constant
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current charging until the current decreased to 10% of the current rate. The batteries were cycled
using an Arbin battery cycler at room temperature. In addition, the electrochemical stability
window of electrolyte was measured using a Solartron 1260 Impedance Analyzer. The linear
sweep voltammetry was taken on Ni foam electrodes compared against Hg/HgO reference
electrode in 1M KOH and 3M LiOH electrolyte at a scan rate of 1 mV/s.
The in-house XRD samples were synthesized and commercial β-MnO2 powder, and cycled
β-MnO2 electrodes. Cycled electrodes were collected at 1.25 V, 1.05 V, 0.5 V and 1.8 V during the
first cycle of synthesized β-MnO2 in Zn/β-MnO2 alkaline batteries. Those electrodes were washed
with running D.I. water and soaked in the D.I. water overnight. After washing, electrodes were
dried in 60 ℃ for 3 hours. All the XRD data were collected at an ambient temperature on a Bruker
D8 Advance diffractometer at 40 kV, 40 mA for Cu Ka (λ = 1.5418 Å), with a scan speed of 5 s
per step, a step size of 0.02° in 2θ, and a 2θ range of 10–80°.
Cycled electrodes of synthesized β-MnO2 collected at the hundredth discharge/charged state
were selected for synchrotron XRD analysis. The cycled electrodes were washed with running D.I.
water and soaked in the D.I. water overnight. After washing, electrodes were dried at 60 ℃ for 3
hours in the oven. Synchrotron XRD spectra were acquired at the Advanced Photon Source (APS)
at Argonne National Laboratory (ANL) on beamline 11-BM (λ= 0.4145 Å). The beamline uses a
sagittal focused X-ray beam with a high precision diffractometer circle and perfect Si(111) crystal
analyzer detection for high sensitivity and resolution. Synchrotron XRD spectra were plotted based
on λ= 1.5418 Å to compare with the in-house XRD spectra.
XPS was performed using a Kratos AXIS Supra at the Laboratory for Electron and X-ray
Instrumentation. Cycled samples were prepared by washing with running D.I. water, soaking the

48

electrode in the D.I. water overnight, and drying in 60 ℃ for 3 hours. The XPS was operated using
Al anode source at 15 kV. All XPS measurements were collected with a 300 μm by 700 μm spot
size without using a charge neutralizer during acquisition. We used a step size of 0.3eV for survey
scan and 0.1 eV for high-resolution scans. All the spectra was calibrated with carbon 1s sp3 at
284.8 eV.
The SEM/EDS samples selected were synthesized and commercial β-MnO2 powders, Bi2O3
and immersed Bi2O3 powder in 6M Zn nitrate solution. The sample of immersed Bi2O3 powder
was prepared by washing with running D.I. water, soaking the powder in the D.I. water overnight,
and drying in 60 ℃ for 3 hours in the oven. All powder samples were loaded onto a SEM holder
using a carbon adhesive tape. The images were obtained using a 15 kV energy source using the
FEI/Phillips XL30 ESEM.
First principles calculations were conducted based on spin-polarized GGA+U 40-41 using the
Perdew–Burke–Ernzerhof of exchange and correlation functionals.42 A plane-wave basis set and
the projector-augmented wave (PAW) method
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were used as parameterized in the Vienna ab

initio simulation package (VASP).45 A gamma point mesh is performed with 7 × 7 × 7 k-points for
λ-MnO2. All the atoms were fully relaxed to calculate the optimized structure with a cutoff energy
of 1.3 times the maximum cutoff specified by the pseudopotentials on a plane-wave basis set. The
scheme proposed by Persson et al89 was adopted in order to obtain an accurate standard Gibbs free
energy of formation.

49

4.3 Results and Discussion
4.3.1 The influence of a particle size
The powder of synthesized and commercial β-MnO2 are measured by in-house X-ray
diffractometer as shown in figure 4.1(a).

Figure 4.1 (a) In-house XRD patterns for synthesized and commercial β-MnO2 (Alfa Aesar); (b)
Mn 3s splitting in the XPS result of synthesized β-MnO2; (c) SEM images for synthesized (red
box) and commercial β-MnO2 (orange box); (d) Cyclic performance for synthesized β-MnO2 and
commercial β-MnO2 at C/10 current rate for the first cycle and C/5 for the following cycles
The peak broadenings are observed in synthesized β-MnO2, however, the peak positions
match the reference β-MnO2 (ICSD #73716). The X-ray photoelectron spectroscopy (XPS) result
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confirms Mn 3s multiplet splitting with ΔE = 4.62 eV in figure 4.1(b); this value agrees well with
ΔE = 4.65 eV found in commercial β-MnO2 (Alfa aesar) as shown in figure 4.2.90
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Figure 4.2 Mn 3s splitting in the XPS result of commercial β-MnO2 (Alfa aesar)
The scanning electron microscope (SEM) image shows agglomerated secondary particles
from the synthesized β-MnO2 (the red color box) and chunky particles with small parasites from
the commercial one (the orange color box) in figure 4.1(c). The primary particle has the size range
of less than 50 nm in the synthesized β-MnO2. The BET (Brunauer–Emmett–Teller) surface
analysis conducted by the nitrogen sorption isotherms at -196 °C by Autosorb - iQ (Quantachrome)
indicates ~21 times larger surface area for the synthesized β-MnO2 than the commercial β-MnO2
in Table 4.1.
Table 4.1 BET surface area for synthesized and commercial β-MnO2
Synthesized β-MnO2

Commercial β-MnO2

BET surface area / m2 g-1
52.92
2.57
The cyclic performance of Zn/β-MnO2 alkaline batteries is tested in 3 M LiOH and 1 M KOH
containing electrolyte as shown in figure 4.1(d). The first discharge capacity of synthesized βMnO2 is 574 mAh g-1 which is about 93% of the MnO2’s theoretical capacity of 616 mAh g-1. On
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the other hand, the commercial β-MnO2 produces 464 mAh g-1 at the first discharge, which is only
about 75% of the theoretical capacity. The average discharge capacity of synthesized β-MnO2
shows 280 mAh g-1 over 100 cycles, which is higher than that of commercial β-MnO2, 164 mAh
g-1. The coulombic efficiency defined by the percentage of charge capacity over discharge capacity
is less than 100 %. This is due to the additional capacity produced by H2 and O2 gases, which are
generated within the battery’s operating voltage (figure 4.3). We estimate the amount of gas
generation is different during the anodic and cathodic reaction of an electrolyte, which affects the
overall coulombic efficiency of a battery. The gases are released from the customized beaker cell
and its configuration is demonstrated in the experimental.

Figure 4.3 The electrochemical stability window of 1M KOH and 3M LiOH electrolytes on Ni
foam electrodes
The gap between the first discharge capacities from two batteries is most likely due to the
particle size of active materials. The nanoscale β-MnO2 particles have broader electrochemical
surface area than the bulk β-MnO2 particles, which increases the effective contact points with the
electrolyte, leading to low internal resistance and short diffusion pathways.77,

88

In addition,

insufficiently coordinated surface atoms of the synthesized β-MnO2 nanoparticle are expected to
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facilitate chemical adsorptions from aqueous solutions and undergo electrochemical reactions. Han
et al. reported the effect of the nanosized particle on an adsorption energy of chemicals in aqueous
media.91 It shows that the adsorption energy of chemicals on the surface of a nanoparticle is
stronger than that on the surface of a bulk material. A nanoparticle holds the high ratio of
undercoordinated surface atoms to coordinated atoms, thus their chemisorption is greater than that
of the bulk materials. Considering our nanosized β-MnO2 case, facile electrochemical reactions
are expected to undergo once H2O adsorption from aqueous electrolytes is encouraged. The
reaction mechanism of synthesized β-MnO2 will be discussed further in this study. A cohesive
energy per atom of a nanoparticle is another factor affecting the surface chemisorption. 48 Atoms
in a nanoparticle are bound to each other by weak cohesive energy, which makes it energetically
less stable than a bulk material. Thus, a nanoparticle in an aqueous media is likely to bind with
nearby molecules to stabilize, stimulating electrochemical reactions.
4.3.2 The reaction mechanism of nanosized β-MnO2 during the first cycle
Ex situ in-house X-ray diffraction (XRD) patterns are measured for synthesized β-MnO2
cathodes during the first cycle of Zn/β-MnO2 alkaline batteries (figure 4.4). The reaction
mechanism of synthesized β-MnO2 nanomaterial is proposed as follows:
Electrochemical reaction (the first discharge):
β-MnO2 + H2O + e- → γ-MnOOH + OH-

(1)

γ-MnOOH + H2O + e- → Mn(OH)2 + OH-

(2)

Electrochemical reaction (the first charge):
Mn(OH)2 + 2OH- → λ-MnO2 + 2H2O + 2e-

(3)

1/3Mn3O4 + 4/3OH- → λ-MnO2 + 2/3H2O + 4/3e-

(4)
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Chemical reaction:
γ-MnOOH + 1/2Mn(OH)2 → 1/2Mn3O4 + H2O

(5)

To further validate the reaction mechanism characterized by ex situ in-house XRD patterns, the
theoretical reaction voltage (E) for each electrochemical reaction proposed in Eq. (1-4) is
calculated by applying the Nernst equation as follows:
E = E° + 2.303 ‧

𝑅𝑇
𝐹

‧ pOH – (–1.119)

V vs. Zn(OH)42- | Zn

(6)

where E° is the standard reduction potential (table 4.2) which is obtained by the standard Gibbs
free energy of formation (table 4.3); R is the gas constant (8.314 J K-1 mol-1); T is the room
temperature (298.15 K); F is the Faraday constant (96.485 kJ mol-1); pOH is the potential of
hydroxide.
Table 4.2 Standard reduction potentials
β-MnO2 /
γ-MnOOH, OH-

γ-MnOOH /
Mn(OH)2, OH-

Mn(OH)2, OH- /
λ-MnO2

Mn3O4, OH- /
λ-MnO2

0.12

-0.23

-0.05

0.11

E° (V vs.
SHE)

Table 4.3 Standard Gibbs free energy of formation
β-MnO2
(s)
Gf° (kJ) -466.4192

γ-MnOOH
(s)

Mn(OH)2
(s)

Mn3O4
(s)

λ-MnO2
(s)

H2O
(l)

OH(i)

-557.7393

-615.0094

-1283.294

-464.67

-237.1394

-157.2494

The theoretical value of pOH = -0.6 or pH = 14.6 is used since the electrolyte consists of 3
M LiOH and 1 M KOH, where 4 M OH- exists in total. The Zn anode has a redox couple with
Zn(OH)42- in alkaline media,14,

95

thus we measure E with respect to the standard reduction

potential of Zn(OH)42- | Zn (1.119 V vs. SHE).96 The ideal voltage curve of a Zn/β-MnO2 aqueous
battery fabricated with synthesized β-MnO2 nanomaterial is presented in figure 4.4(b). The
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theoretical voltage profile (dotted line) matches well with the experimental voltage profile, which
will be discussed in detail.

Figure 4.4 (a) Ex situ in-house XRD patterns for synthesized β-MnO2 nanomaterial and its
intermediate phases during the first cycle. The vertical line presents XRD patterns from ICSD
database (β-MnO2: #73716, γ-MnOOH: #84949, Mn3O4: #643199, and λ-MnO2: #193445).
Detailed XRD patterns are shown in figure 4.4. (b) The voltage profile for the first
discharge/charge of a Zn/β-MnO2 alkaline battery at C/10 current rate. The colored circles
represent points that synthesized β-MnO2 nanomaterial and cycled β-MnO2 cathode samples are
collected. The dotted line indicates the theoretical voltage profile at pH=14.6
As mentioned above, XRD results indicate that synthesized powder is β-MnO2 in figure
4.4(a). This material belongs to the tetragonal crystal lattice where Mn-O octahedrons are
connected in a corner-sharing and an edge-sharing manners as shown in figure 4.6. Void tunnels
and Mn-O octahedrons are positioned 1 x 1. Upon the initiation of the first discharge, protons from
H2O molecules adsorbed on the surface of nanosized β-MnO2 intercalate into the void tunnels and
form γ-MnOOH at the end of the first-electron reaction (Eq. (1)). The XRD pattern of γ-MnOOH
is obtained at 1.05 V (figure 4.4). γ-MnOOH has the monoclinic crystal lattice where the original
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1 x 1 void tunnels in β-MnO2 are occupied with protons as shown in figure 4.6. It is noted that the
tetragonal crystal lattice of β-MnO2 is maintained at an early stage of proton intercalation. The
XRD result at 1.25 V during the first discharge shows the overall peak intensity of β-MnO2
decreasing, yet the phase still holds the tetragonal crystal lattice (figure 4.6).

Figure 4.5 Ex-situ in-house XRD patterns for synthesized β-MnO2 nanomaterial and its
intermediates during the first cycle
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The crystal lattice gets distorted as the proton concentration increases and becomes
monoclinic at the end of the first-electron reaction at 1.05 V (figure 4.4(a)). Kordesch et al.
proposed that the first-electron reaction of MnO2 in a Zn/MnO2 alkaline battery is a solid-solution
intercalation reaction.97 This reaction is a homogeneous step because Mn-O bonding in the host
MnO2 does not break and form a new bonding while the proton is intercalating. The theoretical
voltage for β-MnO2 | γ-MnOOH redox couple shows the average voltage of 1.28 V upon the proton
intercalation, which locates within the experimental voltage curve of the first-electron reaction
(figure 4.4(b)).
During the second-electron reaction, γ-MnOOH is reduced to Mn(OH)2 by a two-phase
conversion reaction (Eq. (2))98-99 and Mn3O4 is formed by a sluggish chemical reaction in parallel
(Eq. (5)).14, 81, 99 Mn(OH)2 has the trigonal crystal lattice where the layer of edge-sharing M-O
octahedrons and the layer of the proton are aligned along the c-axis as shown in figure 4.6. Mn3O4
has the tetrahedral crystal lattice where corner-sharing Mn-O tetrahedrons and edge-sharing MnO octahedrons are interconnected (figure 4.6).
It is noted that the XRD result shows Mn3O4 solely at the end of discharge (0.5 V) in figure
4.4(a). However, the first discharge is a two-electron reaction as its experimental capacity is 574
mAh g-1 so in reality Mn4+ in β-MnO2 reduces to Mn2+ in Mn(OH)2.98-99 Mn3O4 cannot be
transformed from γ-MnOOH by an electrochemical reduction since Mn3O4 has two Mn3+ and one
Mn2+. If this reaction happens, only 1/3 electron is involved, which is insufficient to demonstrate
the first-discharge capacity. The reduction of γ-MnOOH to Mn(OH)2 is the second-electron
reaction as it involves one electron.
It has been reported that Mn3O4 is formed by the sluggish chemical reaction between γ-
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MnOOH and Mn(OH)2 while the β-MnO2 reduces to Mn(OH)2 electrochemically.14, 81, 99 We think
that further chemical reaction in our battery contributes to not detecting Mn(OH)2 but detecting
Mn3O4 from the cathode sample. We collected the cathode sample by ex situ method to measure
XRD. Additional Mn3O4 begins to form when the electrochemical test stopped at 0.5 V and its
amount increases extensively until the ex situ sample is collected. Holton et al. showed the
formation of Mn3O4 is a slow reaction.81, 98 They measured Mn3O4 when experiments were tested
over the extended time duration. Hertzberg et al., however, did not detect the Mn3O4 but Mn(OH)2
while conducting in situ X-ray diffractometer.85 Mn3O4 formation is alleviated in the relatively
short-time frame. In addition, the theoretical voltage of γ-MnOOH | Mn(OH)2 redox couple
demonstrates the formation of Mn(OH)2 during the second-electron reaction. The voltage is 0.93
V, which corresponds well with the experimental voltage plateau during the second-electron
reaction (figure 4.4(b)).

Figure 4.6 Schematic illustration of the electrochemical reaction mechanism of nanosized β-MnO2
during the first cycle
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At the end of the first charge, λ-MnO2 is measured (figure 4.4(a)) as a result of Mn(OH)2
oxidation (Eq. (3)). λ-MnO2 is a spinel phase with the cubic crystal lattice where M-O octahedrons
are interconnected in an edge-sharing manner with a 3D network of 1 x 1 void channel (figure 4.6).
The XRD pattern at 1.80 V has weak and broadened peaks because of the amorphous-like
nanoscale phase as shown in figure 4.4(a). Nonetheless, this phase belongs to λ-MnO2. Among
XRD patterns of MnO2 polymorphs (figure 4.6), λ-MnO2 has a peak at ~19.1º which corresponds
to a peak in XRD pattern measured at 1.80 V (figure 4.4(a)).
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Figure 4.7 XRD patterns of MnO2 polymorphs from ICSD database
The theoretical voltage of Mn(OH)2 | λ-MnO2 redox couple (1.12 V) supports the formation
of λ-MnO2, which is closed to the experimental voltage plateau during the first charge shown in
figure 4.4(b). It is noted that the first charge capacity is 353 mAh g-1, which is 57 % of the
theoretical capacity for two-electron reaction. We ascribe the capacity loss to any unreacted
Mn(OH)2 which dissolves in the electrolyte as OH- coordinated-complex ions or [Mn(OH)n+2]n-,100
because Mn2+ in Mn(OH)2 is soluble in highly concentrated basic solution.
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It is interesting that Mn3O4 generated during the discharge is not measured at 1.80 V because
it is also oxidized to λ-MnO2 (Eq. (4)). Mn3O4 has poor electrical conductivity (108 ohm‧cm)14
which hinders electrochemical reactions in Zn/MnO2 alkaline batteries. However, Mn3O4 converts
into λ-MnO2 in this study and we attribute it to the particle size of Mn3O4. We think that our
synthesized active materials remain as nanoscale particles during phase transformations, which
compensates for the intrinsic high resistivity of Mn3O4 and facilitates electrochemical reactions.
Compared to bulky Mn3O4, nanoscale Mn3O4 has advantages in terms of large electrode/electrolyte
interface for electrochemical reactions, superior conductivity by embedding into carbon network,
and short electron/ion transport distance.101 Recently, nano-size Mn3O4 has been reported on its
high reversible capacity and enhanced coulombic efficiency as an anode material in Li-ion
battery.101-103 The theoretical redox potential of Mn3O4 | λ-MnO2 is calculated as 1.28 V, which is
also closed to the experimental voltage plateau during the charge (figure 4.4(b)).
4.3.3 The reaction mechanism at the hundredth cycle
The ex situ synchrotron X-ray diffraction (SXRD) pattern is measured at the hundredth
discharged/charged state of the synthesized β-MnO2 cathode in Zn/β-MnO2 alkaline battery. Li
and H co-inserted λ-MnO2 spinel is formed at the hundredth discharged state as shown in figure
4.8(a). 111 and 311 peaks from the Li and H co-inserted λ-MnO2 spinel are aligned with the peaks
from ex situ SXRD. The presence of Li is confirmed at the hundredth discharge state by the Li
signal in Li 1s region of XPS result as shown in figure 4.8(b), which supports the formation of Li
contained phase. We investigate other lithiated λ-MnO2 spinel phases to see if their XRD patterns
match the ex situ SXRD pattern. However, none of them has any good match as shown in figure
4.8.
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Figure 4.8 XRD patterns of lithiated Mn oxide spinels from ICSD database and the SXRD pattern
at the hundredth discharge
As the lithium concentration in λ-MnO2 spinel increases, XRD peaks moves to low 2θ
altogether, which does not correspond to the ex situ SXRD pattern. It is noted that the specific
stoichiometry of the Li and H co-inserted λ-MnO2 spinel is not defined quantitatively, however,
we anticipate the Li and H co-inserted λ-MnO2 spinel is generated based on our ex situ SXRD and
XPS.
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Figure 4.9 (a) Ex situ SXRD pattern from the cathode at the hundredth discharged state, the
reference ZnMn2O4 (ICSD #15305) and the reference Li & H co-inserted λ-MnO2 spinel (ICSD
#85606); (b) XPS spectra for Li 1s and Mn 3p region; and (c) Zn 2p region from the cathode at the
hundredth discharged state; (d) Ex situ SXRD pattern from the cathode at the hundredth charged
state, the reference ZnMn2O4 (ICSD #15305) and the reference λ-MnO2 spinel (ICSD #193445)
We estimate delithiated λ-MnO2 spinel is formed at the hundredth charged state as shown in
figure 4.9(c). 111 and 311 peaks from delithiated λ-MnO2 spinel are aligned with peaks from
measured ex situ SXRD pattern. We believe this phase is formed by the extraction of Li and H
process during charging as shown in figure 4.10. Li 1s region from XPS result has not detected Li,
supporting the formation of delithiated spinel phase. In addition, an increase in the ratio of Mn4+’s
amount to Mn3+’s indicates delithiation upon charging as shown in figure 4.9(b, d). The ratio is
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about 1:1 at the hundredth discharge and it increases to 3:2 at the hundredth charge. Mn 3+ is
partially oxidized to Mn4+ when Li+ leaves the cathode.
We measure irreversible ZnMn2O4 from both the hundredth discharge/charge states in the ex
situ SXRD pattern (figure 4.9(a, c)). In Zn/MnO2 alkaline batteries, Zn(OH)42- is formed during
the anode discharge reaction:95
Zn + 4OH- → Zn(OH)42- + 2e-

(7)

Once Zn(OH)42- is formed, it reacts to MnOOH in a cathode electrode chemically:104
2MnOOH + Zn(OH)42- → ZnMn2O4 + 2H2O + 2OH-

(8)

ZnMn2O4 has the tetrahedral crystal lattice where corner-sharing Zn-O tetrahedrons and edgesharing Mn-O octahedrons are interconnected (figure 4.10).

Figure 4.10 The reaction mechanism of β-MnO2 during the hundredth cycle
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Mn and Zn have 3+ and 2+ oxidation states, respectively. ZnMn2O4 is known to have higher
resistivity than MnO2 in six orders of magnitude, which causes a loss of conductivity in the cathode
electrode.14 In this study, ZnMn2O4 is not found in the first cycle as shown in figure 4.4(a), however,
we find it at the hundredth cycle from both the discharged/charged states in figure 4.10. We expect
its amount in the cathode increases as the cycle of Zn/β-MnO2 alkaline battery proceeds, which
leads to capacity fading.
4.3.4 The effect of Bi2O3 additive
It is reported that the adding Bi3+ either chemically or physically to the MnO2 cathode
improves the cycling performance of Zn/MnO2 alkaline batteries.105-107 Recently Shin et al.
suggested that zincate ion is deposited on the Bi2O3 and prolongs the cycle life of Zn-based
batteries.73 As we mentioned, zincate ion undergoes a chemical reaction with Mn species in a
cathode and produces ZnMn2O4, which is a highly irreversible phase in Zn/MnO2 alkaline batteries.
In order to alleviate the side effect of zincate ion, we physically mix Bi2O3 into the synthesized βMnO2 nanomaterial with 4% mole fraction and measure the performance of Zn/β-MnO2 alkaline
battery. It is noted that the average discharge capacity is 369 mAh g-1 over 100 cycles (figure
4.11(a)). This indicates increased capacity compared to the commercial β-MnO2 and synthesized
β-MnO2 nanomaterial (164 and 280 mAh g-1 in average over 100 cycles, respectively).
Furthermore, the synthesized β-MnO2 nanomaterial with Bi2O3 shows improved rate capability as
shown in figure 4.11(b). This exhibits higher discharge capacity and better cycling stability than
the synthesized β-MnO2 without Bi2O3. To be specific, the synthesized β-MnO2 with Bi2O3 has the
average capacity of 506 mAh g-1 at the first stage and retain 86% of 506 mAh g-1 (434 mAh g-1) at
the last stage. However, the synthesized β-MnO2 without Bi2O3 has the average capacity of 403
mAh g-1 at the first stage and 292 mAh g-1 at the last stage, which indicates 72% is recovered. In
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order to investigate the role of Bi2O3 in the rechargeable Zn/MnO2 alkaline chemistry, Bi2O3
powder was immersed in the 6 M Zn nitrate solution. SEM images show that original disordered
structures transform to relatively ordered structures with island meshes in a Zn2+ solution (figure
4.12). The energy dispersive X-ray spectroscopy (EDS) mapping for immersed Bi2O3 powder that
was carefully cleansed and dried indicates the presence of Zn species on the surface of the Bi2O3
(figure 4.13). These SEM and EDS analyses imply that Zn2+ reacts with the surface Bi2O3. As was
discussed for Zn/MnO2 alkaline batteries, Zn(OH)42- or potentially a combination of Zn2+ and OHin alkaline solution undergo chemical reactions with Mn species to produce an electrochemically
irreversible phase consisting of ZnMn2O4. Our results suggest that the formation of ZnMn2O4 can
be alleviated through Zn(OH)42- reactions with Bi2O3 which lessens the likelihood that Mn species
will react with Zn(OH)42-.

Figure 4.11 (a) Cyclic performance for the synthesized β-MnO2 with Bi2O3 additive. The inset
indicates the voltage curve at the hundredth cycle; (b) Rate capability test for the synthesized βMnO2 with and without the Bi2O3 additive are conducted with C/10, C/5, C/2, 1C, and C/10 in
sequence
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Figure 4.12 SEM images of (a) Bi2O3 powder and (b) immersed Bi2O3 powder in 6M Zn nitrate
solution

Figure 4.13 (a) SEM image of immersed Bi2O3 powder in 6M Zn nitrate solution and (b)
corresponding EDS mapping for Zn Kα1 and Bi Mα1

4.4 Conclusions
This study has demonstrated that synthesized β-MnO2 nanomaterials have high utility for
rechargeable Zn/β-MnO2 alkaline batteries. The nanosized β-MnO2 cathode in the 1 M KOH and
3 M LiOH mixed electrolyte shows higher rechargeable capacity compared to the bulky β-MnO2
cathode’s capacity. The β-MnO2 nanomaterials have large surface area and strong surface-
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chemisorption property to facilitate electrochemical reactions in alkaline solutions. In addition, the
phase transformation of synthesized β-MnO2 nanomaterial involves proton intercalation reactions
followed by two-phase conversion reactions during the first cycle. At the hundredth cycle, Li and
H intercalate together into the host structure of λ-MnO2 spinel. Additionally the physical
incorporation of Bi2O3 into synthesized β-MnO2 nanomaterials shows an excellent average
discharge capacity of 369 mAh g-1 over 100 cycles. The findings of this study may provide useful
insights towards the development of rechargeable Zn/MnO2 alkaline batteries in high-energy and
low-cost stationary energy storage.
Chapter 4, in full, is currently being prepared for submission for publication of the material.
Joon Kyo Seo, Jaewook Shin, Hyeseung Chung, Po Yu Meng, Xuefeng Wang, Y. Shirley Meng.
The dissertation author was the primary investigator and author of this material.
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Chapter 5: First principles studies on electrode materials for Li-ion batteries and
electrolyzers
5.1 Introduction
In this chapter, first principles calculations are conducted extensively for Li4Ti5O12 as an
anode material and LiNi0.5Mn1.5O4 spinel as a cathode material in Li-ion batteries, and YBaCo4O7
as a catalyst for OER in water electrolyzers.
Li4Ti5O12 exhibits relatively low capacity and high voltage compared to the most
commercially available Li-ion anode, graphite (175 vs 372 mAh·g−1 and 1.55 vs ∼0.1 V
Li/Li+).108 The high redox potential of Li4Ti5O12 lies in the electrolyte stability window.109 This
enables cycling without forming deleterious passivation layers, which is a problem for long-term
stability of conventional graphite anode and popular alternatives such as silicon.110 The two-phase
reaction, which leads to moderate capacity, is also highly facile. It proceeds between two members
(Li4Ti5O12 and Li7Ti5O12) that possess the same crystallographic space group: Fd-3m. Even upon
intercalation of 3 Li+ per formula unit, there is only a 0.2% volume change of the spinel lattice.15
The stability, robustness, and safety of Li4Ti5O12 have enabled successful commercialization.111
While the ionic conductivity of Li4Ti5O12 is comparable to that of other Li-ion anodes, a major
shortcoming is its inherently low electronic conductivity.112-115 Li4Ti5O12 is considered to be an
insulator with experimentally reported band gaps normally between 3.0 and 4.0 eV.116-117 To
circumvent this problem, we ab-initio investigate the effect of Gd doping upon the enhanced
electrochemical performance of Li4Ti5O12. Although it is a common dopant used in
electrochemical systems and has been shown to significantly improve the rate capability of LIB
cathode materials 118, full details of the effects of Gd-doping in spinel Li4Ti5O12 anode materials
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have not been reported until now. Ground state Gd has a special electronic structure of a half full
4f electron shell, thus we expect that doping Gd3+ ion is beneficial to enhance the rate performance
of Li4Ti5O12. We demonstrate the results and explain the beneficial characteristics of doping Gd3+
into Li4Ti5O12. In addition, understanding exactly how the two-phase transformation between
Li4Ti5O12 and Li7Ti5O12 proceeds and which of the factors that promote the two-phase
transformation is still relatively ill-defined because few diffraction techniques are able to
physically differentiate them.119-120 We perform DFT calculations to fully describe the two-phase
reaction and structures formed. The band gaps of Li4Ti5O12 and its lithiated form are calculated.
Recently, LiNi0.5Mn1.5O4 (LNMO), which is one of derivatives of 4 V-spinel LiMn2O4 (LMO)
electrode, has drawn attention for powering electric vehicles and stationary energy storage.121-124
Substituting Mn with Ni has proven to be an effective way to enhance the electrochemical
performance of LMO. Ni-doped LMO shows a high operating voltage (~4.7 V vs. Li), however
the poor capacity fading still remain as a major challenge in its widespread application.20, 125-130 In
order to commercialize the LNMO material, it is important to operate LIB at fast Li insertionextraction kinetics and high temperature. Despite the fact that the LNMO material undergoes
minimal structural changes at low voltage (< 4.4 V), undesirable change of the spinel lattice often
occurs at high voltage. This is one of the factors that degrades the reversible energy density of the
LNMO material. Several studies have been conducted on the structural changes of bulk LNMO by
advanced characterization techniques.131-132 Based on observation, degradation mechanisms are
proposed: (1) the Jahn-Teller distortion,133-135 (2) cation mixing between Li and Mn, and (3) the
dissolution of Mn2+ ion into the electrolyte.136-138 These investigations provide better
understanding on the degradation mechanisms in bulk, however, a detailed atomic scale changes
on the surface structure of the LNMO is still needed.122, 139 In this thesis, the first principles
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calculations were carried out to understand how the surface reconstruction degrades LNMO as
Mn2+ phase forms. Our results demonstrate that LNMO (111) undergoes the surface reconstruction
to minimize the surface energy, but reconstructed Mn3O4 contains soluble Mn2+ ions, which can
cause Mn dissolution into an electrolyte.
Oxygen evolution reaction (OER) is the essential step for water electrolysis. In general, the
OER undergoes the complex four-electron transfer process, thus it displays large overpotential.
Multiple catalysts have been developed to alleviate the overpotential and some of them show
successful functionalities. For instance, the simple peroxide-type catalysts such as IrO2 and RuO2
have been adopted in the industrial water electrolysis.140 Perovskite-type Ba0.5Sr0.5Co0.8Fe0.2O3
(BSCF) and spinel-type (Fe, Co, Mn)3O4 have also shown high OER activity in alkaline
solutions.141-144 It is noted that an octahedral site coordinated with six oxygens has been regarded
as an OER active site regardless of catalysts’ crystal structures. In this study, however, we show
tri-oxygen-coordinated Co on YBaCo4O7 (110) as an OER active site since it has the lowest OH
adsorption energy compared to other surface Co coordinated with different numbers of oxygen.
We select the OER active site, which displays strong OH adsorption energy because the OER
initiates from OH adsorption. Our calculations demonstrate that the OER activity is promoted on
the tri-oxygen-coordinated surface Co in YBaCo4O7 (110). In addition, we find that OH* and O*
formations are energetically favorable (exothermic), whereas OOH* and O2 formation steps are
unfavorable (endothermic) at the equilibrium potential (U = 1.23 V). When the applied potential
(U) is 2.24 V, all free energy steps become exothermic and all OER procedure are completed.
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5.2 Experimental
In the study of Gd doping Li4Ti5O12, first principles calculations were based on the spinpolarized Generalized Gradient Approximation (GGA)

40

using the Perdew-Burke-Ernzerhof

(PBE) exchange-correlation implemented in Density Functional Theory (DFT)

42

. We used a

plane-wave basis set and the Projector Augmented Wave (PAW) method to replace the interaction
potentials of the core electrons, as parameterized in Vienna Ab initio Simulation Package (VASP)
43-44

. In all calculations, Li (2s1), Ti (3p6 3d3 4s1), O (2s2 2p4), and Gd (4f7 5s2 5p6 5d1 6s2) are

treated as the valence electron configurations. A gamma point mesh with 9 x 9 x 3 k-points was
specified in the Brillouin zone and periodic boundary conditions were utilized in the model
systems. All the atoms were fully relaxed to simulate the optimized structure of each lattice model,
with a cutoff energy of 368 eV on a plane wave basis set. The calculated lattice constant for
Li4Ti5O12 was 8.43 Å in this work; this value shows only a small discrepancy from the
experimentally measured value of 8.35 Å, with the error of 0.96% 145.
In the study of two-phase reaction between Li4Ti5O12 and Li7Ti5O12, the GGA by PBE, as
implemented in the VASP, was adopted to describe the exchange-correlation energy of electrons
in Li4Ti5O12.40,

42, 45

The interaction potential of the core electrons was replaced with PAW

pseudopotentials.43 In all calculations, Li (1s22s1), Ti (3p6 3d3 4s1), and O (2s2 2p4) are treated
as the valence electron configurations. A gamma point mesh with 6 × 6 × 2 k-points was specified
in the Brillouin zone, and periodic boundary conditions were imposed on our calculations. The
plane-wave energy cutoff was set at 520 eV, which is 1.3 times higher than the maximum cutoff
specified by the pseudopotential of oxygen in the VASP. We set the electronic energy difference
required for convergence at 10−4 eV. All the atoms were fully relaxed to simulate the optimized
structure of each lattice model. The density of states (DOS) for structurally optimized Li4Ti5O12
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and L7Ti5O12 were calculated using the tetrahedron method with Blöchl corrections. 146 We used
the Heyd−Scuseria−Ernzerhof (HSE06) hybrid functional to produce the exact band gaps of
Li4Ti5O12 and Li7Ti5O12.39,

147

We also tuned 30% of the exact Hartree−Fock (HF) exchange

contribution to the hybrid functional in order to benchmark the experimental band gap of Li4Ti5O12.
In the study of surface degradation of LNMO, the Perdew-Burke-Ernzerhof (PBE)
formulation of the generalized gradient approximation (GGA), as implemented in the Vienna Ab
initio Simulation Package (VASP), was adopted to describe the exchange-correlation energy of
electron in LNMO.40, 42, 45 We used pseudopotentials generated by the Projector Augmented Wave
(PAW) method to replace the interaction potentials of the core electrons.43 The appropriate k-point
mesh of 3 x 3 x 3 and 2 x 2 x 1 were specified for the bulk and the surface calculations of LNMO.
In surface models, vacuum space is thicker than the slab thickness to prohibit interactions among
the images. All the atoms were fully relaxed in the bulk calculation. In surface calculations,
however, the first eight layers from the bottom have been fixed and the rest of layers were relaxed.
The Dudarev’s rotationally invariant DFT+U functional was adopted to treat the 3d electrons in
Mn and Ni ions.41 The effective U values are 3.9 and 6.0 eV for Mn and Ni.46 All calculations are
performed with the cutoff energy of 520 eV on a plane wave basis set. The calculated lattice
parameter for LNMO was found to be 8.31 Å in this report, which shows a small discrepancy from
the refined value of 8.17 Å with the error of 1.71%.
In the study of OER on YBaCo4O7, we use the Vienna Ab initio Simulation Package (VASP)
with the Perdew-Burke-Ernzerhof (PBE) formulation of the generalized gradient approximation
(GGA) to describe the exchange-correlation energy of electron in YBaCo4O7.40,

42, 45

The

interaction potentials of the core electrons were replaced by pseudopotentials generated by the
Projector Augmented Wave (PAW) method.43 The appropriate k-point mesh of 4 x 4 x 2 and 2 x 2
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x 1 were specified for the bulk and the surface calculations of YBaCo4O7. In surface models,
vacuum space is thicker than the slab thickness to prevent interactions among the images. All the
atoms were fully relaxed in the bulk calculation. However, the first four layers from the bottom
have been fixed and the rest of layers were relaxed in surface calculations. In order to treat the 3d
electrons in Co ions the Dudarev’s rotationally invariant DFT+U functional41 was adopted with
the effective U = 3.32.148 We use the cutoff energy of 520 eV for all calculations on a plane wave
basis set.
5.3 Results and Discussion
5.3.1 Li4Ti5O12 spinel as anode material in Li-ion batteries
In order to further elucidate the electronic and structural changes of Gd-doped materials, we
used DFT to calculate energetically optimized lattice models of pristine and doped Li 4Ti5O12.
Those structures are represented in figure 5.1.

Figure 5.1 Model systems and structural optimizations of the (a) Li4Ti5O12 lattice, as well as (b)
Li, and (c) Ti sites, where Gd doping is most thermodynamically stable
Figure 5.1(a) shows the unit cell consists of both tetrahedral 8a and octahedral 16d sites
coordinated by oxygen in 32e sites. While 8a sites are solely occupied by Li ions, octahedral 16d
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sites are occupied by both Li and Ti ions with the compositional ratio of 1:5 (1 Li for every 5 Ti).
The lowest energy structure, which is demonstrated in figure 5.1(a), was obtained when
octahedrally coordinated Li was farthest away from one another. This was the case when Li ions
in 16d sites were separated by four cation layers along the c-axis 149-150.
The range of 8a and 16d sites shown in the unit cell of figure 5.1(a) was explored as a
candidate for potential Gd doping. Considering the case of Gd being doped into any of the Li ion
sites, Li4Ti5O12 with Gd substituted into the 16dLi1 site resulted in the lowest energy among the
possible candidates. This is represented by the structure in figure 5.1(b). The other doping cases
show relatively higher energy, ranging from 176 meV to 373 meV per formula unit, with respect
to the most stable structure. In addition, the calculation of Gd doped into the original Ti ion sites
(figure 5.1(c)) exhibits that Li4Ti5O12 with Gd substituted into the 16dTi7 site has the lowest energy.
The other candidates show relatively higher energy, ranging from 93 meV to 252 meV per formula
unit, with respect to the most stable structure. The energy of Gd doped into the 16dTi10 structure is
almost identical to the most stable structure (only 0.16 meV energy difference), which is due to
the similarity in their atomic arrangement; both of positions share the edge with the 16d Li site. A
summary of these values is provided in Table 5.1.
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Table 5.1 Gibbs energy per formula unit for doping cases with respect to the energy of the most
stable structure
Gd doped into the original

Gd doped into the original

Li ion sites

Ti ion sites

Gd doping site

Relative energy (meV)

Gd doping site

Relative energy (meV)

16dLi2

372

16dTi1

243

8aLi1

280

16dTi2

247

8aLi2

280

16dTi3

252

8aLi3

373

16dTi4

244

8aLi4

176

16dTi5

241

8aLi5

176

16dTi6

252

8aLi6

373

16dTi8

93

16dLi1

0

16dTi9

93

16dTi10

0.16

16dTi7

0

In order to investigate the effect of Gd doping upon the enhanced electrochemical
performance of Li4Ti5O12, we utilize the DFT band structure calculation on Li4Ti5O12,
Li3.5Ti5Gd0.5O12, and Li4Ti4.5Gd0.5O12, as shown in figure 5.2(a-c), respectively.
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Figure 5.2 Density of states (DOS) of Li4Ti5O12 and Li3.5Ti5Gd0.5O12 where Gd is doped into the
16dLi1 site, as well as Li4Ti4.5Gd0.5O12 where Gd is doped into the 16dTi7 site; the Fermi energy is
normalized to 0 eV
In figure 5.2(a), the band gap of Li4Ti5O12 is about 2 eV, which is in the range of previous
experimental and calculated range of 1.8-3.8 eV 117, 151-153 and 1.7 to 2.3 eV 154-156, respectively.
The band gap is mainly determined by the O 2p and Ti 3d bands and Li4Ti5O12 is an insulator. It is
clear that there is a strong bond between Ti and O from their overlapped DOS.
Upon substituting Gd with Li, however, all the projected DOS of Li3.5Ti5Gd0.5O12 move
downwards with respect to the normalized energy (E-Ef) and the tail of conduction bands is placed
below the Fermi level, becoming partly filled as shown in figure 5.2(b). On the other hand, all the
projected DOS of Li4Ti4.5Gd0.5O12 (figure 5.2(c)) shift upwards with respect to the normalized
energy (E-Ef) and the Fermi level is located in the middle of valence bands. This suggests that only
little energy is necessary for an electron to move to an energy level higher than the Fermi level.
Both Gd doping cases demonstrate that Gd doped Li4Ti5O12 is an electrical conductor where Gd
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has an important role as a donor.
In addition, we applied DFT to describe the phases contributing to the local electronic
conductivity of each sample. To calculate the DOS for Li4Ti5O12 and Li7Ti5O12, we built the model
systems and performed structural optimization calculations. The structures are shown in figure
5.3(a).

Figure 5.3 (a) Structurally optimized Li4Ti5O12 and Li7Ti5O12 lattices. (b) DOS calculations for
Li4Ti5O12 and Li7Ti5O12 where the Fermi energy is normalized to 0 eV. (c) Formation energy of
possible intermediate phases of various Li concentrations with respect to Li4Ti5O12 and Li7Ti5O12
end members
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We adopted 2Li4Ti5O12 since it has the smallest number of atoms representing Li4Ti5O12.
The structure belongs to the Fd-3m space group and consists of both Li in 8a sites and Li or Ti in
16d sites. Oxygen in 32e sites are tetrahedrally coordinated to 8a sites and octahedrally coordinated
to 16d sites. Furthermore, one Li for every five Ti ions are occupied in 16d sites. It was determined
that the lowest energy Li4Ti5O12 structure occurred when octahedrally coordinated Li ions were
located farthest away from one another, which is shown as the green Li in figure 5.3(a). Upon
lithiation, the original Li ions in 8a sites (yellow) together with intercalated Li ions migrate to 16c
sites (cyan) to form Li7Ti5O12. We confirmed the lattice parameter of fully relaxed Li4Ti5O12 and
its lithiated form, which were calculated using the PBE functional. The values were 8.44 and 8.38
Å, respectively, which corresponds well to experimentally reported values with an error of less
than 0.95%. 36 A range of experimentally determined band gaps has been reported for Li4Ti5O12.
Those values are commonly determined to be between 3.0 and 4.0 eV with the most reported value
at ca. 3.8 eV.117, 151-152 Standard DFT calculations, however, underestimate the band gap between
1.7 and 2.3 eV because the GGA functional is not able to properly describe the electron−electron
correlation−exchange interaction.154, 156-157 To measure the band gap more accurately, we adopted
the HSE06 hybrid functional to our Li4Ti5O12 calculations. This functional is capable of improving
the band gap calculation by subtly tuning the weight of the Hartree−Fock exchange toward the
GGA exchange and correlation. We also confirmed the dependence of Li4Ti5O12’s band gap on the
Hartree−Fock mixing contribution, shown in figure 5.4.
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Figure 5.4 Dependence of the calculated Li4Ti5O12 band gap on the percent contribution of the
exact Hartree-Fock (HF) exchange. The dashed blue line indicates the HF percentage used to
determine the Li4Ti5O12 properties we report
The results indicate that the band gap is linearly dependent on the percent contribution of the
exact Hartree−Fock exchange. We found that a hybrid functional contribution of 30% exhibits a
band gap of 3.87 eV, which is most compatible with experimentally determined band gaps. Figure
5.3(b) shows the electronic structure of Li4Ti5O12 within the hybrid functional framework
described above. The DOS demonstrates the band gap of 3.87 eV, which is primarily defined by
the O 2p and Ti 3d bands. We confirmed the breaking of degeneracies of Ti 3d orbitals into t2g and
eg energy levels. This is a common phenomenon originates from the octahedral crystal field.
Electrons in pristine Li4Ti5O12 do not occupy t2g and eg levels because the oxidation state of all Ti
ions is 4+ where Ti 3d electrons do not exist. We applied the 30% Hartree−Fock mixing parameter
on lithiated Li4Ti5O12, which is shown in figure 5.3(b). Upon lithiation, Li ions as well as electrons
are incorporated into Li4Ti5O12, resulting in Li7Ti5O12. This phase has three Ti3+ and two Ti4+ so
that the lower energy t2g level is partially filled. The DOS of Li7Ti5O12 is continued across the
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Fermi level, which demonstrates the lithiated phase is an electronic conductor. To further
determine how Li4Ti5O12 lithiation/delithiation proceeds, we set up 68 possible intermediate
phases and performed DFT calculations using the PBE functional (figure 5.3(c)). We modeled
intermediate phases by allocating or removing Li ions into 16c sites of the Li4Ti5O12 or lithiated
Li4Ti5O12 phases shown in figure 5.3(a). The results indicate that the formation of intermediate
phases is unfavorable. The formation energy of the possible Li4+3xTi5O12 (0 < x < 1) intermediate
phases are all positive (the system favors a composite mixture of Li4Ti5O12 and Li7Ti5O12) in figure
5.3(c), which shows there is no intermediate phase more energetically stable than a mixture of the
end phases. The formation of thermodynamically stable end members supports the hypothesis that
lithiation/delithiation occurs by means of a two-phase reaction and not by a solid solution
mechanism.
5.3.2 LiNi0.5Mn1.5O4 spinel as cathode material in Li-ion batteries
It is reported that the low-index surface planes of LiMn2O4 spinel (LMO) are
thermodynamically unstable and undergo surface reconstruction.158-159 During the reconstruction,
Mn and Li cations migrate and generate Mn3O4-like structure on LMO surface, which includes
dissoluble Mn2+.160-162 In order to find surface reconstruction in LNMO case, we set up the pristine
LNMO (111) (Fig. 5.5) and possible LNMO (111) reconstruction models (Fig. 5.6).
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Figure 5.5 (a) The pristine LNMO (111) model where the surface Mn (or Ni) atoms (blue dots)
and the subsurface Li atoms (red dots) are swapped to build the surface-reconstructed LNMO (111)
models. (b) The surface-reconstructed LNMO (111) model with the lowest surface energy among
possible models. The inset to the right shows the Mn3O4-like structure. (c) DOS of Mn tetrahedral
site in the Mn3O4-like structure. (d) DOS of Mn octahedral site in the Mn3O4-like structure
The reconstruction models are developed by swapping the outermost surface Mn (or Ni) ions
with the subsurface tetrahedral Li ions in the pristine LNMO (111) model (Fig. 5.5(a)). The
swapping method was used previously by Kim et al. to study the surface reconstruction of LMO
(111).
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Figure 5.6 Possible LNMO (111) migration models
Among possible reconstruction models in Fig. 5.6, the model shown in Fig. 5.5(b) has the
lowest total energy, which indicates the reconstruction model (Fig. 5.5(b)) has lower surface
energy than the pristine LNMO (111) by 12 meV/Å2. This represents the reconstruction stabilizes
LNMO surface. It is reported that a lower charged cation, Li+ on LMO surface leads to a lower
surface energy.159,

163-164

We believe that the surface reconstruction in the pristine LNMO is

inevitable because migrated Li+ on the outermost surface reduces the surface energy.
In addition, the reconstruction model has Mn3O4-like structure on the subsurface where the
corner-sharing Mn tetrahedron is connected to the edge-sharing Mn octahedron (Fig. 5.5(b)). The
density of state (DOS) calculation confirms the oxidation state for those sites: (1) Mn2+ in the
tetrahedral site, and (2) Mn4+ in the octahedral site (Fig. 5.5(c-d)). The spin-up states of 3d orbitals
in the tetrahedral Mn are fully occupied (Mn2+); however, the octahedral Mn shows that the lower
energy level in spin-up states is solely filled (Mn4+). Thus, we believe Mn2+ in Mn3O4-like structure
dissolves to an electrolyte and leads to capacity fading as LMO degradation does.160-161 It is
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expected that the surface reconstruction is mitigated in P-LNMO compared to SG-LNMO during
cycles due to its extraordinary structure stability observed in synchrotron XAS and HAADF
images results.
5.3.3 Oxygen evolution reaction mechanism in YaBaCo4O7
In alkaline condition, the overall OER reaction is expressed in terms of OH-. The detailed
OER steps are shown in the following equations:
4OH-(aq) ↔ OH* + 3OH- + e-

(1)

OH* + 3OH- + e- ↔ O* + 2OH- + H2O(l) + 2e-

(2)

O* + 2OH- + H2O(l) + 2e- ↔

(3)

OOH* + OH- + H2O(l) + 3e-

OOH* + OH- + H2O(l) + 3e- ↔ O2(g) + 2H2O(l) + 4e-

(4)

where * indicates the adsorption of OER intermediate on a support material. In order to understand
the OER mechanism on YBaCo4O7 (110) by DFT calculations, stoichiometric slab models along
[110] direction are built as shown in Figure 5.7. The surface energy (σ) is calculated based on the
equation:
1

σ = 𝐴 [𝐸𝑠𝑙𝑎𝑏 − 𝑛𝐸𝑏𝑢𝑙𝑘 ]

(5)

where A is the total area of surface in surface model; Eslab is the Gibbs energy for surface model;
Ebulk is the Gibbs energy for bulk model per formula unit (f.u.); and n is the number of f.u. in a
surface model.
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Figure 5.7 Possible terminations of YBaCo4O7 (110)
The most stable model has the surface energy of 67 meV Å-2 (Figure 5.7 (d)), which is chosen
to investigate OER mechanism. Since OER starts with a hydroxide adsorption as presented in
equation (1), we establish possible OH adsorption sites for Co atom on the surface of YBC4 (110)
as shown in Figure 5.8.
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Figure 5.8 Possible OH adsorption sites on the surface of YBaCo4O7 (110)
There are three types of Co surface sites: (1) planar Co in Kagome layer, (2) planar Co in
Triangular layer, and (3) tetrahedral Co in Kagome layer. We assess the most plausible OER active
site with the lowest OH adsorption energy. The adsorption energy measured in this study is
demonstrated as follows:
𝐸𝑎𝑑𝑠 = 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 − YBaCo4O7 (110) − 𝐸YBaCo4O7 (110) − 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 (6)
where 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 − YBaCo4O7 (110) is the Gibbs energy for an adsorbate adsorbed on YBaCo4O7
(110); 𝐸YBaCo4O7 (110) is the Gibbs energy for YBaCo4O7 (110); and 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 is the Gibbs
energy for OH. The site d shows the lowest adsorption energy among possible OH adsorptions as
shown in Table 5.2.
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Table 5.2 Calculated adsorption energy of OH on the YBaCo4O7 (110)

Site

Adsorption type

Absorption Energy (eV / f.u.)

a

Tplanar

-0.499

b

Tplanar

-0.511

c

Kplanar

-0.523

d

Kplanar

-0.537

e

Ktetra

-0.456

f

Ktetra

-0.505

g

Ktetra

-0.441

h

Ktetra

-0.509

It is noted that the structural model of site d shows that OH is located between a planar Co
of Kagome layer and a planar Co of triangular layer as shown in Figure 5.9. The site d is 3-oxygen
coordinated Co. At the initial stage of OER, OH adsorbed on this 3-oxygen coordinated Co,
generating 4-oxygen coordinated Co.

Figure 5.9 The structural model of OH adsorption on site d
86

The adsorbed hydroxide model (OH*) undergoes one electron reaction and transforms to
single O on the surface (O*). The following reaction is OOH intermediate adsorbed on the surface
as demonstrated in equation. 3. The calculation models of OOH adsorbed support materials are
developed as shown in Figure 5.10 and their adsorption energy is demonstrated in Table. 5.3.

Figure 5.10 Possible OOH adsorption on YBaCo4O7 (110)
The structure with the lowest OOH adsorption energy is the model for site g where O-H bond
heads opposite from the surface with the H-O-O angle of 100.02 deg.
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Table 5.3 Calculated energy of OOH adsorbed YBaCo4O7 (110)

The free energy for each reaction (ΔG) demonstrated in equations 1-4 has been calculated
using the following equation:
ΔG = ΔE + ΔZPE –TΔS

(7)

where ΔE is the difference in the DFT calculated ground state energy; ΔZPE is a zero point energy;
and TΔS is an entropy correction. We take ΔZPE of intermediates from the thermodynamic table
presented by Norskov et al 142 as shown in Table 5.4. The value of ΔS corresponds to T = 298 K
(refs.).
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Table 5.4 Zero point energy corrections and entropic contributions

H2O

TS
0.67

TΔS
0

ZPE
0.56

ΔZPE
0

ΔZPE-TΔS
0

OH*+1/2H2

0.20

-0.47

0.44

-0.12

0.35

O*+H2

0.41

-0.27

0.34

-0.22

0.05

1/2O2+H2

0.73

0.05

0.32

-0.24

-0.29

H2

0.41

0.27

1/2O2
O*
OH*
H*

0.32
0
0
0

0.05
0.07
0.30
0.17

The free energy of reaction for each OER step (equation 1-4) can be written as a function of
applied potential:
ΔGeq.1 = ΔGOH* - ΔGH2O,l + 1/2 ΔGH2 +kTlnaH+ - eU1

(8)

ΔGeq.2 = ΔGO* - ΔGOH* + 1/2 ΔGH2 +kTlnaH+ - eU2

(9)

ΔGeq.3 = ΔGOOH* - ΔGO* - ΔGH2O,l + 1/2 ΔGH2 +kTlnaH+ - eU3

(10)

ΔGeq.4 = ΔGO2,g - ΔGOOH* + 1/2 ΔGH2 +kTlnaH+ - eU4

(11)

where ΔG is DFT calculated free energy for equation 1-4. Applied potential is shown with respect
to the reversible hydrogen electrode (RHE).
The calculated free energy change in each OER step on YBC4(110) surface is shown in
Figure 5.11(a) as a function of applied potential. The Figure 5.11(b) shows the optimized structures.
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Figure 5.11 (a) Free energy diagram of YBaCo4O7 (110) depending on potential and (b)
Proposed OER steps
At the equilibrium potential (U = 1.23 V), OH* and O* formations are energetically
favorable (exothermic) whereas OOH* and O2 formation steps are not (endothermic). When the
applied potential (U) is 2.24 V, all free energy steps become exothermic completing all OER
procedure. The oxidation step from O* to OOH* is the rate determining step.
5.4 Conclusions
In this chapter, the effect of Gd doping into the crystal lattice of Li4Ti5O12 is investigated. Li
sites and Ti sites in Li4Ti5O12 are considered as Gd doping sites. The most stable Gd doped
Li4Ti5O12 structures, Li4Ti4.5Gd0.5O12 and Li3.5Ti5Gd0.5O12 demonstrate the electrical conducting
property, which is opposed to the poor conductivity of Li4Ti5O12.
We also perform DFT calculations to fully describe the reaction mechanism of Li4Ti5O12
upon lithiation. The results show that intermediate phases of Li4+3xTi5O12 (0 < x < 1) is unfavorable.
There is no intermediate phase more energetically stable than the mixture of

Li4Ti5O12 and

Li7Ti5O12. The electronic structure of Li4Ti5O12 within the hybrid functional framework exhibits
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the band gap of 3.87 eV. Upon lithiation, Li ions as well as electrons are incorporated into Li4Ti5O12,
which leads to the electronically conductive property of Li7Ti5O12 with no band gap.
In addition, the Mn dissolution in LNMO was studied by reconstructing the surface area of
LNMO (111). The DFT calculations show LNMO undergoes the surface reconstruction and
produces a Mn3O4-like structure. DOS of the Mn3O4-like structure displays Mn2+ in a tetrahedral
site, which is dissoluble specie into an electrolyte. As the cycle of LNMO battery goes, Mn2+
dissolution is accelerated and the capacity degrades.
Lastly, OER mechanism of YBC4 is investigated on the (110) surface. It is found that the 3oxygen coordinated (planar) Co is OER active site. During the OER, OH is adsorbs on the planar
Co, forming 4-oxygen coordinated (tetrahedral) Co. In addition, the free energy change in OER
steps on YBC4 (110) surface is demonstrated by DFT calculations. OH* and O* formations are
energetically favorable (exothermic) whereas OOH* and O2 formation steps are not (endothermic)
at the equilibrium potential (U = 1.23 V). Once the applied potential (U) increases to 2.24 V, all
free energy steps become exothermic, completing all OER procedures. The rate determining step
is the oxidation step from O* to OOH*.
Chapter 5, in part, is a reprint of the material “Elucidating the Phase Transformation of
Li4Ti5O12 Lithiation at the Nanoscale” as it appears in the ACS Nano, Michael G. Verde, Loïc
Baggetto, Nina Balke, Gabriel M. Veith, Joon Kyo Seo, Ziying Wang, Ying Shirley Meng, 2016,
10, 4312. The dissertation author was the co-author of this paper. Secondly, chapter 5, in part, is a
reprint of the material “Structural and electrochemical properties of Gd-doped Li4Ti5O12 as anode
material with improved rate capability for lithium-ion batteries” as it appears in the Journal of
Power Sources, Qianyu Zhang, Michael G. Verde, Joon Kyo Seo, Xi Li, Y. Shirley Meng, 2015,
280, 355. The dissertation author was the co-author of this paper. Thirdly, chapter 5, in part, is
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currently being prepared for submission for publication of the material. Hyojung Yoon, Hyeseung
Chung, Joon Kyo Seo, Hyung-Man Cho, Danna Qian, Mahsa Sina, Chengyu Song, Jim Ciston, Y.
Shirley Meng. The dissertation author was the co-author of this material. Lastly, chapter 5, in part,
is currently being prepared for submission for publication of the material. Yubo Chen, Joon Kyo
Seo, Jingxian Wang, Shibo Xi, Yonghua Du, Kaidi Yuan, Wei Chen, Adrian C. Fisher, Zhenxing
Feng, Y. Shirley Meng, Zhichuan J. Xu. The dissertation author was the co-author of this material.
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Chapter 6: Summary
6.1 Transition-metal-fluoride cathode materials for Li-ion conversion reaction
It is commonly found that an experimental conversion voltage is lower than theoretical
thermodynamic voltage of a bulk-phase reaction. In this thesis, the factor that affects this
phenomenon is demonstrated by combining first principles calculations, electrochemical
experiments, and characterization techniques. We confirm that the voltage of conversion reaction
heavily relies on the size of the metal nanoparticles generated. ADF-STEM images for the lithiated
CuF2 and NiF2 cathodes and corresponding electron diffraction patterns show the formation of Cu
and Ni nanoparticles at the end of the first discharge. The average particle sizes are ~2.5 and ~1.5
nm, respectively. In addition, PITT is conducted for CuF2 and NiF2 batteries to evaluate the nearequilibrium voltage for conversion reactions. The long voltage plateaus are found at ~3.02 V and
~1.77 V during the first discharge, which are lower than the theoretical thermodynamic voltage of
CuF2 (3.55 V) and NiF2 (2.96 V) for the bulk-phase conversion reaction. We ascribe this voltage
deviation to the surface energy of metal nanoparticles. DFT calculations indicate that the surface
energy increases as the particle size decreases. The surface energy of metal nanoparticles plays a
role as an energy penalty to the reaction energy, which leads to lower voltage compared to the
thermodynamic voltage of the bulk-phase reaction. Furthermore, we enable CuF2 battery to be
rechargeable by NiO coating. NiO coated CuF2 electrode exhibits a reversible specific capacity of
152 mAh g-1 at the end of first charge, however, CuF2 electrode displays a charge failure. During
the first charge, the voltage drops at around the redox potential of Cu2+/Cu. EELS elemental maps
indicate that the lithiation process mostly proceeds in the region of high NiO concentration. We
propose that NiO is a suitable artificial solid electrolyte interphase that hampers Cu nanoparticles
to be exposed to the electrolyte. Therefore Cu dissolution into the electrolyte is alleviated,
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enhancing the rechargeability of CuF2.
6.2 Rechargeable Zn/MnO2 alkaline battery
In this thesis, rechargeable Zn/β-MnO2 alkaline batteries are studied as a promising
stationary energy storage. Unlike commercial Zn/MnO2 alkaline batteries with poor cyclic
performance, synthesized β-MnO2 nanomaterials in the 3M LiOH and 1M KOH electrolyte
promote rechargeable reactions with high capacity. The electrochemical test shows that the average
discharge capacity is 280 mAh g-1 throughout 100 cycles, which is higher than the average capacity
of commercial β-MnO2 at 116 mAh g-1 during 100 cycles. The ex situ X-ray diffraction patterns
and theoretical thermodynamic voltage show that the proton intercalation reaction is followed by
two-phase conversion reactions. Upon the initiation of the first discharge, protons from H2O
molecules intercalate 1 x 1 tunnels in nanosized β-MnO2 and form γ-MnOOH at the end of the
first-electron reaction. γ-MnOOH undergoes a conversion reaction and produces Mn(OH)2 during
the second-electron reaction. Mn3O4 is formed by a sluggish chemical reaction between γ-MnOOH
and Mn(OH)2 in parallel. During the first charge, λ-MnO2 is generated by conversion reactions.
Ex situ synchrotron X-ray diffractions are conducted to verify the reaction mechanism during the
hundredth cycle. The results demonstate Li and H co-intercalation in the host structure of λ-MnO2
spinel. The presence of Li is measured by Li 1s region of XPS, which supports the formation and
deformation of Li contained phases. We also find electrochemically irreversible phase of ZnMn2O4
from both the hundredth discharge/charge states, which is formed by chemical reaction between
Zn(OH)42- and MnOOH. Adding Bi2O3 in the nanosized β-MnO2 cathode exhibits an outstanding
discharge capacity. It shows ~316 mAh g-1, which is higher than the commercial β-MnO2 (112
mAh g-1) and synthesized β-MnO2 nanomaterial (225 mAh g-1) at the hundredth cycle.
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6.3 First principles computational studies on electrode materials
First principles calculations are used in this thesis to understand the thermodynamic
properties of Li4Ti5O12 spinel as an anode material, LiNi0.5Mn1.5O4 spinel as a cathode material in
Li-ion batteries, and oxygen evolution reaction mechanism in YaBaCo4O7.
First of all, we study the influence of Gd doping if it enhances the electronic property of
Li4Ti5O12. Our DOS calculation shows that the band gap of Li4Ti5O12 is about 2 eV, which is mainly
determined by the O 2p and Ti 3d bands and demonstrates that Li4Ti5O12 is an insulator. Upon
substituting Gd with Li site (Li3.5Ti5Gd0.5O12) or Ti site (Li4Ti4.5Gd0.5O12) in Li4Ti5O12,the
electronic property changes to an electrical conductor. The total DOS of Li3.5Ti5Gd0.5O12 moves
downwards with respect to the normalized energy (E-Ef) and the tail of conduction bands becomes
partly filled. On the other hand, the total DOS of Li4Ti4.5Gd0.5O12 shifts upwards with respect to
E-Ef and the Fermi level resides in the middle of valence bands, which demonstrates the conducting
property.
Secondly, we investigate the formation energy of possible intermediate phases upon Li
intercalation, Li4+3xTi5O12 (0 < x < 1). The formation energy of the possible intermediate phases
shows higher value than the common tangent line between Li4Ti5O12 and Li7Ti5O12. This means
there is no intermediate phase more energetically stable than the mixture of end phases of Li4Ti5O12
and Li7Ti5O12. The lithiation/delithiation of Li4+3xTi5O12 (0 < x < 1) proceeds through a two-phase
reaction.
Thirdly, the surface reconstruction of LNMO and its effect on Mn dissolution are
investigated by calculating surface energy of reconstructed LNMO and conducting DOS
calculations. The calculated results indicate that LNMO proceeds the surface reconstruction by
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swapping the outermost Li and the subsurface Mn, which forms a Mn3O4-like structure. DOS of
Mn in a tetrahedral site of the Mn3O4-like structure exhibits the oxidation state is 2+, which is
dissoluble species into an electrolyte. It is expected that Mn2+ dissolution is accelerated as the cycle
of LNMO battery goes, which degrades the battery’s capacity.
Lastly, the study of OER mechanism on YBC4 (110) is conducted by DFT calculations. The
3-oxygen coordinated Co on the YBC4 (110) is an OER active site. Once OER begins, OH is
adsorbed into the 3-oxygen coordinated Co and generates 4-oxygen coordinated Co. In addition,
the free energy change in OER steps on YBC4 (110) surface is investigated. OH* and O*
formations are exothermic processes, which are energetically favorable, however OOH* and O2
formation steps are endothermic processes at the equilibrium potential (U = 1.23 V). When the
applied potential is 2.24 V, all free energy steps become energetically favorable, completing all
OER procedure. The rate determining step is the oxidation step from O* to OOH*.
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Chapter 7: Conclusions and future directions
Massive research has been conducted to enhance the performance of Li-ion battery since it
was commercialized in early 1990s. Li-ion batteries have become a major energy storage in mobile
electronics market, yet it is not popular in the vehicle market since the technology is still behind
the widespread commercialization for electric vehicles. In order to make Li-ion batteries
competitive as an energy source in the vehicle market, their energy and power density needs to
match the internal combustion engine.
Considering the energy density, intercalation materials have limits because of intrinsically
low concentration of Li-ion. It is important to develop alternative materials that undergo nonintercalation reactions with better energy density. In this regard, conversion-reaction materials
have drawn great attention as a promising solution for current Li-ion battery technologies.
Conversion materials exhibit at least twofold specific capacity than that of intercalation materials.
Multiple oxidation states in a transition metal can be utilized, allowing multiple Li-ion per
transition metal to participate in conversion reactions, which results in high specific capacity. The
intrinsic property such as large voltage hysteresis during the cycle leads to poor rechargeability,
which needs extensive work for commercialization.
In addition, the power density is another issue in developing Li-ion batteries for electric
vehicles. Among intercalation materials, Li spinel structures display fast Li-ion diffusion and high
power because of their 3D channels. LiNi0.5Mn1.5O4 and Li4Ti5O12 are representative materials for
cathode and anode, respectively. The LiNi0.5Mn1.5O4 cathode has higher operating voltage (~4.7 V
vs. Li) and improves structural stability compared to the parent material, LiMn2O4. In addition, the
Li4Ti5O12 anode is intrinsically safe and stable because of relatively higher operating voltage

97

compared to graphite and silicon anode, which alleviates the degradation of an electrolyte. Several
intrinsic properties of LiNi0.5Mn1.5O4 and Li4Ti5O12, however, still remain to be solved for their
widespread commercialization. The LiNi0.5Mn1.5O4 cathode goes through capacity fade because
of the structural degradation on the surface during cycles. It is reported that cation migration
proceeds to minimize the surface energy during cycles, which leads to surface degradation at the
end. To prevent this, a proper material modification needs to be applied on the surface to minimize
the surface energy such as metal-oxide coatings. Considering the Li4Ti5O12 anode, it has limited
electronic conductivity with the band gap of 2 - 4 eV. This property is significantly improved by
doping with transition metal in Li and Ti sites. Dopants provide sufficient electrons to enable
Li4Ti5O12 conductive, which enhances electrochemical performance eventually.
Rechargeable Zn/MnO2 aqueous batteries have been recently developed significantly for
stationary energy storage since they are safe, non-flammable, and inexpensive. The pH of aqueous
solution is the key to the cyclability of Zn/MnO2 aqueous batteries. In acidic solutions, Zn anode
undergoes Zn2+/Zn redox. Zn2+ in aqueous solutions promotes the reversibility by participating in
the reversible precipitation of Zn hydroxide sulfate while MnO2 proceeds proton intercalations. In
addition, salt in the electrolyte alleviates the capacity degradation during cycles. For example,
MnSO4 salt suppresses electrochemical dissolution of Mn2+ upon MnO2/MnOOH redox in acidic
solutions. On the other hand, Zn anode proceeds Zn(OH)42-/Zn redox in base solutions. Once
Zn(OH)42- is generated from Zn anode, it migrates to the cathode and produces ZnMn 2O4 as a
result of the chemical reaction between MnOOH and Zn(OH)42-. ZnMn2O4 is an electrochemically
inactive phase in base solution, which needs to be prevented from forming for rechargeable
Zn/MnO2 in base solution. Bi2O3 is one of the effective additives, which alleviates the ZnMn2O4
formation.
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Oxygen evolution reaction (OER) is an important step exists in various electrochemical cells,
such as water electrolyzer, metal-air batteries, and fuel cells. In general, OER has a certain level
of overpotential as it involves multi electron steps. If one of the steps is sluggish, it increases the
overall required energy consumption of OER. Tremendous effort has been applied in the past
several decades to find catalysts to promote the rate of OER. As one of effective tools, DFT
calculations demonstrate underlying OER mechanisms and propose ideal catalysts that reduce the
overpotential. For developing decent OER catalysts, this technique should be adopted for
peroxide-type, perovskite-type, and spinel-type oxides, which have captured significant interests
recently. For example, the earth-abundant first-row transition metals such as Fe, Co, and Ni in
perovskite-type or spinel-type oxide show predominant catalytic performance and promising
stability. DFT calculation can provide further development by designing and analyzing materials
on an atomic scale.
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