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ABSTRACT

Iron oxides as cathodes for lithium-ion batteries typically show low specific
capacities and poor rate capabilities. Two-dimensional (2D) materials show high
potential for energy storage materials because of their large surface area, no/small solid
lithium ion diffusion, and electron confinement that result in increased surface-based
charge storage through higher electrode surface areas and improved electronic
conductivities. In this work, iron oxide, y-Fe>O3, nanosheets were prepared and tested as
cathodes for lithium-ion batteries. The results show that y-Fe-.O3z nanosheets exhibit better
electrochemical properties with higher capacities and improved rate capabilities
compared with y-Fe>O3/ a-Fe>O3 nanoparticles. The improved electrochemical
performance is attributed to their 2D structure that provides a large surface area,
primarily surface-based charge storage, and higher electronic conductivity. The y-Fe2O3
nanosheets prepared using a facile reaction are potential cathode materials for next

generation, low-cost lithium-ion batteries.
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1. BACKGROUND
1.1 Lithium-ion Batteries

Currently, rapid depletion of non-renewable fuels and increasing environmental
concerns are motivating the development of clean, renewable, and sustainable sources of
energy as well as efficient methods of energy storage and conversion. In this prospect,
lithium-ion batteries are considered as effective energy storage devices for mobile
devices, including cell phones, laptops, tablets and portable medical machines that
completely change global communication.’?

Lithium-ion batteries are suitable for electric vehicles because of their capacity
for higher energy and power output per unit of battery mass compared with other
technologies, such as lead acid, Ni-Cd and Ni-MH batteries.*® The global electric car
market will expand tremendously in the near future. For example, the German
government has set the target of one million electric vehicles on the road by 2020, and six
million by 2030.” However, mass manufacture and promotion of electric and hybrid
vehicles require next-generation lithium-ion batteries with not only improved safety, high
capacity, good rate capability, long cycling life but also relatively low cost to enable a
price reduction in electric and hybrid vehicles.

Lithium-ion batteries have four major components: cathode (positive electrode),
anode (negative electrode), electrolyte and separator. Commercial anode materials are
primarily graphite. Commercial electrolytes, such as 1.0 M LiPFe in EC/EMC (50: 50) or
in EC/DEC (50: 50), transfer the ionic component of the chemical reaction within the
cell.® For separators, microporous polymer membranes are used to isolate the cathode and

anode, which allows the exchange of lithium ions between the two electrodes but not



electrons®. The mechanism of a rechargeable lithium-ion battery is shown in Figure 1.1°
During the charging process, both anode and cathode are connected to external electronic
supply. Internally, the lithium ions are extracted from cathode to anode during charging,
and at the same time, the electrons externally are transferred along same direction from
cathode to anode. After the charging process, electric energy is stored in the battery in the
form of chemical energy, and the anode side has a higher chemical potential than that of
the cathode counterpart. When discharged, lithium ions are transported from the anode to
cathode, and simultaneously, electrons travel within the external circuit to power device.
For example, LiCoO2, most commonly used in lithium-ion batteries, experience
electrochemical lithium extraction with compensating electrons, leading to the formation

of Li1xCo0O- as follows:

LiCoO2¢>Li1xCoO2+xLi™+ xe 1)
i 8" =
! | Discharge

Cathode

Dischargé»" (4%
LiCOOz
Figure 1. The charging and discharging processes that occurs in a

rechargeable lithium-ion battery.®



1.2 Cathode Materials

Commercial cathode materials primarily include LiCoO2, LiFePOa,
LiNixCoyAl,O2, LiNixMnyC0,0, (NMC) and LiMn,04.** During the past two decades,
the LiCoO2 cathode has been widely used in portable electronics.*? LiCoO, was first
identified as a lithium intercalation electrode in 1980 by Goodenough et al. and
introduced as commercial cathode materials by Sony Company in 1991, which marked
the beginning of the rapid expansion of lithium-ion batteries as a power source for
portable electronic devices.**1* Overall, LiCoO; exhibits excellent cyclability at room
temperature with a specific capacity in the range of 137 to 140 mAh g, whereas the
theoretical capacity of LiCoO; is 273mAh g1.> However, the high cost of LiCoO2, $20-
50/kg, and its limited rate capacity have limited the use of Li-ion batteries for large-scale
applications in transportation and stationary energy storage. In addition, due to its
toxicity, LiCoO- has negative health and environmental impacts, including ecological
toxicity, and respiratory-related health impacts.*®

In addition to LiCoOz, LiFePO4 has been recently developed for commercial
applications because of low toxicity and high safety.!” The theoretical capacity of
LiFePOs is 170 mAh g1.1® However, as a result of its low electronic conductivity, the
commercial use of LiFePO4 cathode material has been hindered.!® In addition, LiFePO4
still suffers from relatively high cost, $32-40/Kkg.

LiMn204 is the third most popular cathode material for lithium-ion batteries. In
comparison with LiCoO., LiMn2O4 has an abundant materials source, and has a theotical
capacity of 148 mAh g*.2° However, unfortunately, LiMn,O4 has a rapid capacity fading

problem during cycling, which has been an obstacle to its commercialization.?! In



addition to LiCoO., LiFePO4 and LiMn204, other materials, such as LiMn;-x-yNixCoyO»,
LiMnosNios02, LiMn1sNios04 spinel and LiNi;-xMO> (M = a third metal, Co, Al) are
currently being explored.?2* However, none of these has been used in commercial
applications due to relatively high cost and/or poor electrochemical properties. Therefore,
the development of low-cost cathodes for lithium ion batteries with high capacity,
excellent cycling stability, high rate, and improved safety is urgently needed.

1.3 Iron Oxides

During the past several decades, iron oxides have attracted significant interest as
potential cathode materials in lithium-ion batteries due to their low cost, environmental
friendliness and natural abundance.? Iron oxide compounds are widespread in nature.
Formation of ferric oxide occurs in both terrestrial and marine environments because of
aerobic weathering of magmatic rocks.

The most common phases of iron oxide are hematite, magnetite and maghemite.
Hematite, a-Fe2O3, is the most stable iron oxide with semiconducting properties under
ambient conditions and has wide usage in solar water splitting, water treatment,
photocatalysis, lithium-ion batteries and gas sensors.?® The crystal structure of hematite is
a rhombohedrally-centered hexagonal closed packed lattice.?” As shown in Figure 2, Fe3*

ions occupy two-thirds of the octahedral sites surrounded by six oxygen atoms.?



Figure 2. Crystal structure of hematite (the green ball is Fe* and the red ball is
027).25

Magnetite, Fe3O4, has a cubic crystal structure with Fd3m space group. In the
structure of magnetite, shown in Figure 3, 32 O ions form a closed packed cubic unit
cells along the (111) direction.?® All of the Fe?* ions in the crystal occupy half of the

octahedral sites and the Fe®* fill the remaining octahedral sites and the tetrahedral sites.

Figure 3. Crystal structure of magnetite (the black ball is Fe?*, the green ball is
Fe3* and the red ball is 0?).%®



As shown in Figure 4, maghemite, y-Fe2Ogs, has a similar cubic crystal structure to
magnetite, where Fe** cations are distributed in 16 octahedral and 8 tetrahedral sites in

the O closed packed hexagonal crystal structure.?®

Figure 4. Crystal structure of maghemite (the black ball is Fe?*, the green ball is
Fe3* and the red ball is 0?7).%®

Figure 5 shows the XRD peak from the standard powder diffraction files of a-
Fe>O3 (PDF#33-0664), FesOs (PDF#19-0629) and y-FeoO3 (PDF#39-1346), and it can
be found that peaks of y-Fe>Os are similar to these of FezO4 with some peaks shifted

slightly towards higher angles.
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Figure 5 The XRD peak lines from standard powder diffraction files of a-Fe20s,

Fes30s and y-Fe203.2°

However, unlike FezO4, y-Fe203 has cation vacancies either randomly occupied in
the tetrahedral and octahedral sites or distributed only on the octahedral sites,?®-! which
also can be represented as (Fe**)[ Fei.67'00.33]O4 in which (Fe**) and [Fess] designates
tetrahedral and octahedral coordination, respectively and O represents a cation vacancy
with octahedral coordination.*” Therefore, in addition to XRD characterization, Raman
spectroscopy, as an analytical method of probing local structure, has been conducted to
differentiate FesO4 and y-Fe,O3 phases.®334 Figure 6 shows the Raman spectra of FezOs
(top) and y-Fe203 (bottom) between 585 and 805 cm™.% For maghemite, there are two
Raman bands, one is at 667 cm™*, which corresponds to Aig band and FeO, tetrahedra
vibrations mode without cation vacancies. Another band is at 721 cm™, corresponding to
local Fe-O structures in the vicinity of cation vacancies in y-Fe,03.3* % However, Fes04

has only one predominant band at 667 cm™,
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Figure 6. Raman spectra of FesOa (top) and y-Fe2O3 (bottom).3*

Due to the similarity in crytal structures of iron oxides, different phases of iron
oxides can converted by oxidation or reduction.?® For example, y-Fe,Os is able to be
transformed to a-Fe,O3 by thermal treatment in air.3” Conversely, certain milling
conditions can induce the direct transformation from a-Fe2Os to y-Fe,03.%¢ Maghemite
(y-Fe203) can be obtained by oxidizing FesO4in air.3®
1.4 Iron Oxide Cathodes

Even though iron oxides have attracted particular attention because of their non-
toxicity, high abundance, and low cost, the use of iron oxide cathodes is hindered by their
low specific capacity, poor rate capability and capacity fading over extended cycling.*0-4
For Fe;QO3, during the charging process, Li* ions intercalate into Fe;O3 accompanied with
electrons and Fe®*/Fe* conversion. The route is inverted as discharge takes place. The
charge/discharge can be represented by the following equation.

Fe,05 + xLit + xe~ & Li,Fe,05 (2)



The theoretical capacity for a one electron process per iron center (Fe3*/?")
corresponding to x=2 in the above equation is 323 mAh g for Fe;O3 and 231 mAh g*
for FesO4, which is significantly higher than current commercial cathodes (e.g. 140-170
mAh g1).42:45

Despite their high theoretical capacities, iron oxide cathodes typically exhibit very
low practical capacities. Prior work reported the specific capacity of iron oxide (y-Fe203)
nanoparticles was between 1-15 mAh g*.46 The specific capacity of FesO4 nanoparticles
with particle sizes of ~400 nm was reported to be 5-7 mAh g4

Various approaches have been explored to increase the capacities of iron oxide
cathodes. Cation defects have been shown to significantly influence the electrochemical
properties of iron oxides.*®*° Substitution of a fraction of the Fe* sites with highly
oxidized Mo®" to generate more cation vacancies was been used to increase the capacity
of defect spinel y-Fe,O3 nanoparticles.*® Vanadium (V°*) substitution into iron oxide
aerogels has also been demonstrated to result in increased cathode capacities.*®

The effect of particle size on the electrochemical properties of a-Fe2O3
nanoparticles and y-Fe2O3 nanoparticles has been reported.®*! The specific capacity of
a-Fe,03 nanoparticles with 20 nm diameters (60-70 mAh g*) was significantly higher
than that of the capacity of 500 nm a-Fe,Qj particles (15 mAh g™).5° Based on the
results, it was hypothesized that decreasing the size of iron oxide nanoparticles could
enhance the specific capacity of Li-ions due to higher surface area. Prior work showed
that the specific capacities of y-Fe,Oz increased (up to 130 mAh g*) with decreasing

particle size.!



1.5 Two-dimensional Nanomaterials

Besides 3D cube-like nanostructures, during the past several decades, research has
been aimed at developing various types of nanostructures to maximize the
electrochemical properties, as shown in Figure 7.5 1D nanostructures, such as nanotubes
or nanowires, has hollow structures that can facilitate the transport of electrons and

provide improved electronic conductivity.>3-*

1D 2D 3D
nanotube nanosheet nanocube

7,
Figure 7. Structures of the nanotube, nanosheet and nanocube.>°

Two-dimensional (2D) materials are materials where the atomic organization and
bond strength along two-dimensions are similar and much stronger than along a third
dimension.> Compared to bulk materials, two-dimensional materials consisting of single
or a few layers of atoms with quantum confined electrons have been shown to exhibit
superior electronic, optical, mechanical, chemical and thermal properties.®®*” The
development of nanosheets as a class of two-dimensional material with single or many
layers, dates as far back as the 1950s.%> %8 The term “nanosheets” was initially defined
and used by Sasaki et al. in 1996 to represent the unique features of both molecular

thickness and extremely high 2D anisotropy. Besides layered 2D material, various 2D

platelet- or leaf-like nanomaterials are also sometimes called nanosheets.>®
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Traditional sheet-like nanomaterials are graphene nanosheets that are two-
dimensional layers with one-atomic thickness and consist of strongly bonded carbon
networks. Compared to their host material, graphite powder, with typical surface area
smaller than 900 m?/g, graphene nanosheets have much higher theoretical surface areas
over 2600 m?/g and superior electrical conductivities.?-5 In addition, graphene
nanosheets exhibit mechanical strength, ease of functionalization, and potential for mass
production.®2%4 The combination of all these characteristics make graphene nanosheets a
possible competitive candidate for electrode material for energy conversion and strorage
devices, such as fuel cells, solar cells and Li-ion batteries.®
1.6 Two-Dimensional Transition Metal Oxides

The family of 2D materials has grown steadily and is no longer limited to
graphene nanosheets. Other 2D crystals, such as transition metal dichalcogenides (TMDs)
(for example, WS2, MoS, and WSe;) and 2D transition metal oxides (TMOs) (for
example, SnO2 , TiO2, NiO, and CoO; ) have been reported.®>%° Typically, rather than
using micron-sized particles or nanoparticle forms, 2D transition metal oxides have a
number of key features that can facilitate energy storage including (i) quantum
confinement that can result in orders of magnitude higher electronic conductivity, (ii)
significant available surface area beyond that of nanoparticles and nanotubes, (iii)
surface-based charge storage that avoids slow solid-state diffusion, (iv) surface-controlled
properties, and (vi) the ability to accommodate structural strain and substantial curvature
without structural breakdown.”®"3

So far, synthesis of atomically thin, 2D TMOs with uniform properties has been

primiarly achieved by two methods: (i) chemical exfoliation, that is delamination of bulk

11



layered compounds into single layers, and (ii) bottom-up synthesis with the aid of proper
surfactant and solvents to direct the sheet-like structure grown.

Top-down chemical exfoliation methods are shown in Figure 8. Atomically thin
flakes can be peeled from their parent bulk crystals by micromechanical cleavage.
For example, atomically thin WO3 sheets are derived from hydrated tungsten trioxide by
micromechanical cleavage.” MnO, nanosheets can be obtained via delamination of a
layered manganese oxide.” Other exfoliated transitional metal oxide nanosheets include

Co(OH)2, TiNbOs, Ti2NbO7, TiTaOs, etc.’6-77

Layered compound Colloidal suspension

JA: Exfoliation

- —

single layer

Figure 8. Schematic model illustrating the exfoliation of a layered compound

into nanosheets.>®

However, one problem is that monolayers obtained by micromechanical
exfoliation, also known as micromechanical cleavage, are usually accompanied by flakes
with variety of size, shape, thickness and lateral dimension.’®"® Another problem is that
only a few 2D metal oxides are suitably layered host crystals. In other words, only 2D
platelets/nanosheets that are weakly stacked to form 3D bulk materials can be obtained
via the exfoliation method.®

Thus, the bottom-up solution-phase strategy to control the synthesis of 2D metal

oxides nanostructures seems to be more desirable to meet the growing requirement for

12



such 2D TMOs. Some transition metal oxides, such as NiO, anatase TiO2, MnO; and
ZnO nanosheets have been synthesized via solution-phase strategy with appropriate
solvents and surfactants 884

One of the solvents that is most frequently used for bottom up synthesis of TMO
nanosheets is ethylene glycol (EG). EG is a strong reducing agent with a relatively high
boiling point and has been widely used in the polyol process to provide monodispersed
fine metal or metal oxide.®°% In addition, it has been reported that EG can participate in
the role of both co-surfactant and co-solvent in the surfactant—water system and plays a
very crucial role in the formation of ultrathin 2D transitional metal oxide nanosheets.?’-%
For example, without EG, even adding PEO20—PPO70—PEO20, ZnO nanoparticles are

obtained instead of nanosheets.®°

?}-‘

| J/"g

Figure 9. Morphology of ZnO nanomaterial with (right) or

without (left) EG.”7
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1.7 Two-dimensional Iron Oxides

Iron oxide nanosheets can be synthesized by chemical exfoliation and solution
phase synthesis.8-°! For example, layered Fe'' oxide nanosheets, shown in Figure 10,
have been prepared by a two-step reaction: (i) anion exchanging layered Fe'/Fe'!
hydroxide chloride with dodecanoate, followed by (ii) solid state oxidation and

exfoliation.®

" oxide

Figure 10. Scanning electron microscope (SEM) image of the layered Fe
nanosheets after exfoliation.®

However, obtaining iron oxide/hydroxide nanosheets via solution-phase methods
is more popular, as has been shown with Fe(OH)2, Fe3O4, 5-FeOOH, amorphous FeOOH
and y-FeOOH nanosheets.®>%" Iron hydroxide, Fe(OH)., is one of the hydroxides of iron
that has layered crystal structure with a space group of P3m1.%% % Fe atoms occupy inside
the octahedral holes of every layer between the anion layers A and B of the ABAB
stacking sequence. The layered structure of ferrous hydroxide makes it tend to form
sheet- or plate-shaped crystals.®

Fe(OH)2 can be obtained by reacting iron (11) sulphate heptahydrate (FeSOa.

7H20) with sodium hydroxide (NaOH). The equation can be written as follows:%

FeSO4 + 2NaOH < Fe(OH)2 + Na2SO4 3
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The reaction can be described by x mol/L of FeSO4 with y mol/L of NaOH give
rise to the initial reaction. The initial ratio of preparation of the reacting chemicals can be
designated as R, The equation can be written as follows: *°

R = [FeSO4)/[NaOH] = [Fe*]/[OH] = [SO4Z]/[OH] = xly (4)

When the reaction occurs in basic conditions, for example, R < 0.5 ory > 2x, all
Fe?* ions precipitate as Fe(OH), and some OH- ions are left in the solution. The equation
of the reaction is as follows: %

XFeS047H20 + yNaOHe xFe(OH)2 + xNa2SO4 + (y-2x)Na* + (y-2x)OH"

+7H,0 (5)

If R > 0.5 ory < 2x, the reaction occurs in acidic conditions. Different from the basic
conditions, all initial OH" ions are consumed to precipitate Fe(OH), with excess Fe?* ions
in the solution. The initial reaction is as follows: %

XFeS047H20 + yNaOHe y/2Fe(OH)2 + y/2 NazSOs + (X-y/2)Fe* + (x-2y)

SO4+7H.0 (6)

The pH value is essential in this reaction according to a prior study.'% It has been
reported that within different pH ranges, the product is variable. Fe?* ions can be
hyrolyze in water and condense in alkaline solution (pH>12) to produce Fe(OH), as
shown in Figure 11. At first, Fe?* ions are dissolved in water molecules and can be
100

represented by the following equation.

Fe?*+6H,0 [Fe(OHa)e]?* (7)

Then water behaves as a Lewis base, and some electrons transfer from the water
molecule to the metal cation.

[Fe(OH2)6]*" + H.0e [Fe(OH2)s(OH)]*+ H3O* (8)
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After Fe?* hydrolysis, the hydroxylated complexes can condense by two steps: one is

forming hydroxo bridges between Fe?* ions, another is oxolation, formation of oxo

bridges between Fe?* ions, as represented by the following equations.®

[Fe(OH2)s(OH)]*+ [Fe(OH2)6]2+<—> [(OH2)s Fe(OH)Fe(OH2)5]3+ + H.O 9)

2Fe(OH2)5(OH)]* < [(OH2)4 FG‘(OH)zF(’-}(OHz)s]Z+ + H.0 (20)
2Fe(OH2)5(OH)]* < [(OH>)s FE‘OFE(OHz)s]Z+ + H.0 (11)
8 A
7 1 o
N6 -
D E.
= 53
S 4
¥ =
O 3
c
O 2
)
S 1
&)
0

Figure 11. Charge-pH diagram.%
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However, despite having a naturally layered structure, Fe(OH)2 does not form
large sheet-like structures without certain amounts of EG.°* Without EG, the morphology
of the Fe(OH). obtained in pure aqueous solution is mixture of plate/rod structure (Figure
12b). By contrast, the Fe(OH). precipitates exhibit nanosheet structures after adding EG
(Figure 12a). This contrast could be attributed to the a strong chelating ability of EG,
which can chelate transiton metal ions, such as Ti** and Fe?*, in certain planes and

facilitate formation of metal oxide nanosheets.'%'-102

Figure 12. Fe (OH). (a) SEM of Fe (OH)2 obtained in the EG-H.O mixture.
(b) TEM of Fe (OH), obtained in the pure water.%*

1.8 Iron Oxide Nanosheets as Anodes for Lithium lon Batteries

Iron oxides/hydroxide nanosheets, such as Fe-Oz and amorphous FeOOH, have
recently received increased attention as very promising anode materials for lithium-ion
batteries.%® 9" Generally, as anodes, using Fe2Os as an example, the reaction equation can
be described as follows:%

Fe,Os3+6Li"+ 66« 3Li,O+2Fe (7

The theoretical capacity of iron oxides is very high within the voltage window of
0.01 t0 3.0 V vs Li, about 1000 mA g. Iron oxide nanosheets have been evaluated as

anode materials and have shown very high capacities and an improved electrochemical
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performance compared to nanoparticles.® °’: 1% For example, amorphous iron
oxyhydroxide nanosheets as anode show superior rate capabilities, specifically, discharge
capacities is as high as 642 mAh g* at 2C.%3 Accordingly, a-Fe,O3 nanosheet anodes
deliver reversible capacities of 1327 mAh g%, which is much higher than that of a-Fe;O3
nanoparticle anodes (1006 mAh g*) at 1C current rate.*%* However, no prior studies of
iron oxide nanosheets as cathode materials within voltage range between 1.5-4.2V vs Li
for Li-ion batteries have been reported to date.
1.9 Motivation of the Research

The motivation of the project is to improve the specific capacity and rate
capability of iron oxides through synthesis of two-dimensional iron oxide, y-Fe2O3,
nanomaterials. Two-dimensional materials show high promise for energy storage because
of their large surface area, no/small solid lithium ion diffusion and electron confinement,
which can increase the contact area with the electrolyte and improve the ionic and
electronic conductivity. y-Fe2Os has cation vacancies, either randomly occupying in the
tetrahedral and octahedral sites or preferrentially distributing only on the octahedral sites,
which can benefit the insertion of lithium-ions. The research objectives were to syntheize
y-Fe203 nanosheets, detemrine their electrochemical properties, and compare the
performance with that of Fe>Oz nanoparticles. The factors that influence the
electrochemical performance of iron oxides were also evaluated. The overall goal was to
develop low-cost y-Fe,O3 nanosheets with high electrochemical performance as cathodes

for Li-ion batteries.
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2. MATERIALS AND METHODS

2.1 Materials

Sodium hydroxide (NaOH, 97%, EM Science), ethylene glycol (C2HgO2, 99%,
BDH) and Iron (111) oxide, magnetic (y-Fe2O3, >98%, Alfa Aesar) was obtained from
VWR International (Radnor, PA, USA). Iron (1) sulfate heptahydrate (FeSO4-7H-0,
99%), iron (II, I11) oxide (Fe3Oa4, 95%), iron (1) oxide (a-Fe203, > 95%), sulfuric acid
(H2S04, 95%-98%), ethyl alcohol (C2HsO, 99.5%) and hydrogen peroxide (H202, 30%)
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
2.2 Iron Oxide Nanomaterial Synthesis

Iron oxide (FeOx) nanosheets were synthesized by modification of reported
synthesis methods for 3-FeOOH synthesis® 2, To synthesize the FeOx nanosheets, 0.5 g
of sodium hydroxide (NaOH) was dissolved in 5 mL deionized (DI) water (> 13
MQ/cm), and then 50 mL ethylene glycol (EG) was added to the solution. Separately, a
solution of 0.04g iron (I1) sulfate heptahydrate (FeSO4-7H20) was dissolved in 6 mL of
0.01 M sulfuric acid (H2SOs4). Next, the NaOH/EG and the FeSO4/H2S04 aqueous
solutions were degassed with argon for about 1 h. After this step, the FeSO4/H2SO4
solution was slowly dropped into the NaOH/EG mixture using a pressure equalizing
funnel and the reaction was allowed to proceed at room temperature for 3 h. The resulting
material was collected by centrifuging at 5000 rpm for 15 minutes and then rinsed with a
water/ethyl alcohol (1:1 volume ratio) mixture solution three times. The centrifuged and
rinsed material was then suspended in 10 mL water/ethyl alcohol (1:1), and then 20 mL 3
wt % H>O> was added to the suspension at a rate of 0.04 mL/min. Finally, the as-prepared

FeOx nanosheets were collected by centrifuge and dried under vacuum. Iron oxide (FeOx)
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nanorods were prepared by the same method except that 50 mL DI water was used as the
solvent instead of EG. The dried FeOx nanomaterials were either used as prepared or
heated within a muffle furnace (Thermo, Thermolyne) to 200°C, 350°C or 450°C for 24 h
in air using a ramp rate of 5°C/ min.
2.3 Structural, Thermal, and Physical Characterization

XRD powder patterns of iron oxide samples were obtained with a Bruker D8 Focus
Powder X-ray Diffractometer using Cu Ko radiation (\=1.54060A). Scans were recorded
for 20 values between 20 and 70°, using a step size of 0.0002° and integration of 5 s per
step. The crystallite size was calculated using the Scherrer equation, L= KA/ (8 cos8), where
L is the crystallite size, K is the Scherrer constant, 1 is the x-ray wavelength, g is the line
broadening at half the maximum intensity (FWHM), and 0 is the Bragg angle.!® The
FWHM was determined from the experimental XRD pattern for either the (311) peak for
v-Fe203 or the (110) peak for a-Fe20s.

Raman spectra were obtained with a Horiba LabRam HR Evolution Confocal
Raman Spectrometer using a backscattering geometry and an 1800 mm grating. The 514-
nm line of an argon-ion laser was focused through an Olympus microscope with a 50x
lens. Spectra were obtained using a 24 second acquisition time and averaged over 50
accumulations. Laser-induced thermal effects were observed in prior Raman studies of
iron oxides, and low laser powers were necessary to minimize spectral changes due to
local heating'®. To avoid sample degradation, the laser power was controlled below 1
mW using neutral density filters. Visual inspection of the samples, pre- and post-analysis,
using white light illumination did not reveal any laser-induced changes. To further verify

that the laser did not induce spectral changes, spectra were obtained at a laser power of
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below 0.1 mW using the same acquisition and sampling conditions as above; no
differences were observed compared to the spectra taken at 1 mW. The spectra of
commercially available maghemite, magnetite and hematite were obtained for
comparison to the synthesized nanomaterials.

To determine the morphology of iron oxide samples, TEM (transmission electron
microscopy) images were obtained using a JEOL JEM 1200EXII microscope with an
accelerating voltage of 120 k V. High resolution TEM images were obtained a JEOL
2010F operated at 200 kV. TEM samples were prepared on lacy carbon grids by
depositing a solution of the dried powder suspended in isopropanol.

To determine the morphology of iron oxide samples, SEM (scanning electron
microscope) images were obtained using a Helios NanoLab 400 DualBeam Field
Emission Scanning Electron Microscope. The powder was dispersed into isopropanol and
coated on an aluminum holder.

Thermogravimetric analysis (TGA) measures the amount of weight change of a
material as a function of increasing temperature in an atmosphere, such as nitrogen, argon
or air. To measure the weight loss of iron oxide nanosheets in air, TGA (TA Instruments
Q50) was performed a constant heating rate of 20°C/min using air from room
temperature to 500°C.

Surface areas and nitrogen adsorption/desorption isotherms of iron oxide samples
were measured using a Micromeritics ASAP 2020 surface area and porosimetry analyzer.

Samples were degassed at 100 °C for 16 h prior to characterization.
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2.4 Electrochemical Measurements

Electrodes were fabricated from a slurry composed of 80 wt% iron oxide material
(active material), 10 wt% conductive carbon (Timcal, Super C65), and 5 wt% binder
(Aremka, Kynar HSV900) and 1-methyl-2-pyrrolidinone (NMP). The slurry was stirred
overnight and then cast onto a cleaned aluminum foil current collector. The obtained
electrode sheet was dried overnight within a fume hood and then transferred to a 60°C
oven and allowed to dry overnight. Discs (0.5 inch in diameter) of the dried electrode
sheets were then pressed out and dried in a vacuum oven at 120°C for 16 h.

For electrochemical testing, all coin cells (2032, Pred Materials) were fabricated
in an inert atmosphere glovebox (argon, <1 ppm H20) using the electrode disc, a
separator (Celgard 2500), a metallic lithium counter/reference electrode, and the
electrolyte (1 M LiPFg in ethylene carbonate (EC): dimethyl carbonate (DEC)
(EC/DEC=1:1 v/v) (Sigma-Aldrich).

Galvanostatic charge—discharge measurements were performed over a voltage
range of 1.5t0 4.2 VV vs Li on an Arbin Instruments BT2043 test station using mass
normalized currents of 3.0-20 mA g based on the active material mass, as described in
the text. Cyclic voltammetry (CV) tests were performed at 0.1, 0.5, 1, 5 and 10 mV/s scan
rate between 1.5 and 4.2 V with lithium counter and reference electrodes using an Arbin
Instruments BT2043 test station.

2.5 Electrical Measurements

Conductivity measurements were performed in an HS Test Cell (Pred Materials

International, Inc.) with a 10kg force spring. Two-point probe measurements were

obtained using a constant voltage (+ 0.1V) applied to the cell using an Arbin Instruments
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BT-2043 potentiostat/galvanostat. Current was monitored until quasi-steady state was
reached (~3 min). Electrical conductivity of the iron oxide samples, o (S/cm), was
calculated using the following equation:o(S/cm) = [/RA and R = V /I, where voltage
(V) is 0.1 and -0.1 mV and I (A) is the current, A (cm?) is the area of pellet, and I (cm) is
the thickness of the pellet. The thickness and diameter of pellet were measured using a

micrometer (Mitutoyo, USA).
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3. RESULTS AND DISCUSSION
3.1 Iron Oxide (y-Fe203) Nanosheets Synthesis

Iron oxide nanosheets were synthesized in EG-water mixture or pure aqueous
solution using a two-step process of (i) formation of iron hydroxide, Fe(OH)2, nanosheets
followed by (ii) treatment in H2O> by using a modification of the method reported for 6-
FeOOH nanosheets synthesis®.

3.1.1 Synthesis of Fe(OH)2 Nanosheets

To prepare the Fe(OH)2 precusor, iron sulfate (FeSO4. 7H.0) was reacted with
sodium hydroxide (NaOH) solution with or without ethylene glycol. Without EG, the
product shows a yellow brown color, whereas, the color of products obtained in mixture
of water and ethylene glycol is white at the beginning and turns dark-green finally
(Figure 13). Furthermore, TEM images of the product (Figure 14b) obtained in pure
aqueous solution reveal the nanoparticle/rod structures. However, with EG, the samples
exhibit sheet-like nanostructures, shown in Figurel4a.

Therefore, it is demonstrated that ethylene glycol plays a very important role in
formation of Fe(OH)2 nanosheets. EG has been reported to have an effect on the
synthesis of LiFePO4 and 3-FeOOH nanosheets.%? 1% Prior work suggested/reported that
EG bonds with Fe?* in the reactive FeOs group at the the (010) facets which is important
in the formation of the nanosheet structure,'®* however further work is needed to

understand the specific role of EG in the synthesis.
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Figure 14. TEM of precursor FeOx (a) FeOx obtained in EG-water solution (b)

FeOyx obtained in pure water.

3.1.2 XRD Analysis of the Synthesized FeOx Nanomaterial
In the second step, the precipitates otained with or without EG were slowly
oxidized by 3 wt% hydrogen peroxide (H202). Then the phases and morphology of
products synthesized with or without EG were detetermined using XRD, Raman
spectroscopy and TEM.

The atomic planes of a crystal cause an incident beam of X-rays to interfere with
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one another as they leave the crystal. The phenomenon is called X-ray diffraction (XRD).
This technique allows researchers to determine crystal phases and crystallite size of
materials. XRD results for as-prepared FeOx obtained in EG-water mixture and as-
prepared FeOx with pure aqueous solution are shown in Figurel5. The XRD pattern of
the as-prepared FeOx obtained with EG is consistent with either FesO4, magnetite
(JCPDS card no.75-0033) or y-Fe,03, maghemite (JCPDS card no. 39-1346),107-108
whereas, most peaks of as-prepared FeOx synthesized in pure aqueous solution are
consistent with a-FeOOH, goethite (JCPDS card no. 29-713),1%° others are similar to
Fe304/ y-Fe20a.

The Fe304 and y-Fe203 phases are structurally very similar with unit cell “a”
spacings of A=0.01 A between the two phases.''° While XRD can distinguish between
these phases for highly crystalline materials, differentiating between FesO4 and y-Fe2O3

using XRD is difficult for nanomaterials with broad XRD peaks.'!11?
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Figure 15. XRD of as-prep FeOx (top) FeOx obtained in EG-water solution (bottom) FeOx
obtained in pure water.

3.1.3 Raman Spectroscopy of the Synthesized FeOx Nanomaterial

Raman spectroscopy is used to provide information about molecular vibrations
and can be used for sample identification and quantitation. In addition to XRD, Raman
spectroscopy was used to characterize iron oxide samples. While XRD relies on long-
range order for structure identification, Raman spectroscopy probes the frequencies of
vibrational modes which are sensitive to local structure. Since nanocrystalline materials
typically have broad diffraction peaks due to the size of the particles, Raman
spectroscopy is more useful than diffraction techniques to probe the structural differences

between nanocrystalline iron oxides, particularly y-Fe,O3 and Fe304.11
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The Raman spectrum for as-prepared FeOx (EG/H20-as prep) in the 200—900
cm spectral region are shown in Figure 16 along with the spectra of commercially
available y-Fe>O3 and FesO4 for comparison. The frequencies of the Raman bands of the
FeOx-EG/H,0-as prepared sample, particularly the broad band at 720 cm™, are consistent
with y-Fe>Oz rather than FezOs as supported by the comparison with the commercial y-
Fe,03 and FesO4 samples and previously reported spectra for these phases.!!3 The local
structure of as-prepared iron oxide nanosheets of y-Fe>Os which is more accurately
represented as (Fe3*)[Fes/s**01/3]O4 supports that the as-prepared iron oxide nanosheets

contain cation vacancies.'®

EG/H,0-as prep

. *
Com£1er0|al v- Fe, 0,4 a-Fe,04

Intensity( a.u.)

Commercial Fe;0O,

200 300 400 500 600 700 800
Wavenumbers (cm-?)

Figure 16. Raman spectra in the 200-900 cm™ region for as-prepared FeOx obtained

in EG/H20 solution, commercial y-Fe203 and Fes04 samples.
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3.1.4 Microscopy Analysis of the Synthesized FeOx Nanomaterial

Structural information can be determined using X-ray diffraction and Raman
spectroscopy, while transmission electron microscopy (TEM) is indispensable for
characterization of morphology of nanocrystal materials. Figure 17a shows the TEM
image of y-Fe»Oz products prepared with EG/H-0, and it can be seen that the products
exhibit a sheet-like morphology with a thickness of 1-2 nm. However, TEM images of
the a-FeOOH (Figure 17b) obtained in pure aqueous solution have nanoparticle/rod
structures. Furthermore, the high resolution TEM image, shown in Figure 18,
demonstrates the nanosheets consist of multiple crystallites. Observed lattice spacings of
4.8, 2.97 and 2.52 A are consistent with the (111), (220) and (311) planes of y-Fe;O3
(JCPDS card no. 39-1346), respectively. As discussed above, the assignment of the y-
Fe2O3 phase is further supported by Raman Spectroscopy. In addition, higher numbers of
crystallites with lattice spacings of 2.52 A were observed which indicates that the
nanosheets consist of crystallites with a preferred (310) orientation perpendicular to the

plane of the nanosheets.

(a)EG/HZO-aé prep A& (b)H,O-as pre

Figure 17.TEM of (a) y-Fe2O3 nanosheets (b) a-FeOOH nanorods
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Figure 18. HRTEM image of y-Fe>O3 nanosheets.

3.2 The Effect of Thermal Treatments on y-Fe203 Nanosheets
3.2.1 TGA of y-Fe203 Nanosheets

Thermogravimetric analysis (TGA) measures the amount of change in the weight
of a material as a function of temperature in a controlled atmosphere. According to prior
work, y-Fe20Os3 can be completely transformed into a-Fe2Os phase when being annealled
in air at 450 °C.3 Therefore, in order to monitor weight change of as-prep y-Fe20s
nanosheets as a function of temperature and determine the water content, TGA of as-prep
v-Fe20z was performed (Figure 19) in air. The results show that the TGA curve exhibits a
continuous weight loss from room temperture to 500 °C, which can be attributed to the
physically and chemically adsorbed water lost in as-prep y-Fe203.1** The TGA shows
two mass-loss regions: (i) the first from room temperature to ~400 °C and (ii) from ~400-
450 °C, which can attributed to loosely-bound and more strongly bound water

respectively. Then after~450 °C, no sharp decrease in weight is observed, which is in the
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range of prior work.!%11® From TGA analysis, the as-prepared y-Fe2Os nanosheets were
determined to be a hydrated phase.

Thermal treatment of as-prep y-Fe2Oz can lead to a phase transition to a-Fe2O3
based on the prior work, but its effect on morphology of y-Fe2O3 nanosheets has not been
evaluated.®” In addition, it has been reported that the morphology of iron oxide
nanomaterials has a significant impact on its electrochemical properties as an anode for
lithium-ion batteries.®” Thus, the based on the transformation temperatures from TGA, we
investigated relatively low temperature treatments (200 °C) along with higher
temperatures (350 °C and 450 °C) to determine the effect of temperature treatments on
the phase and morphology of y-Fe>O3 nanosheets, and more importantly, the effect of two
factors (phase and morphology) on the electrochemical properties of iron oxide

nanosheets as cathodes for lithium-ion batteries.
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Figure 19. TGA curve of as-prep y-Fe-O3z nanosheets.
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3.2.2 XRD of y-Fe203 Nanosheets with Different Thermal Treatment

XRD was used to determine the phases of the 200 °C, 350 °C, 450 °C-heated
samples and as-prep y-Fe2Os nanosheets as a comparsion, as shown in Figure 20. The
XRD peaks for the 200 °C heated sample show are consistent with either FezO4 or
y-Fe203. Compared with the as-prepared y-Fe.Oz nanosheets sample, the 200 °C-heated
sample has a peak centered at 20=35.512°, which is broader and slightly shifted
compared with the as-prepared sample, 26 = 35.400°. For the sample treated at 350 °C,
the XRD peak and positions were very similar to those present for the sample treated at
200 °C. For 350 °C sample, in addition to peaks that are predominantly consistent with
Fe304 or y-Fe20s3, diffraction of (012) and (104) planes with low relative intensity which
are consistent with a-Fe;O3, hematite (JCPDS card no.33-0664) were observed.*'” The
450 °C treated sample exhibits peaks that are consistent with a-Fe;Os.

According to a prior study, thermal treatment can lead to a phase transition from
v-Fe203 to a-Fe,03.%” The annealing process from 25 °C to 300 °C was reported to be
mainly responsible for inducing important defects at the surface of maghemite.®” Changes
from 300-400°C are mainly related to the generation of the hematite phase, which is
consistent with the obtained XRD data. As the temperature increases, the heat facilitates
the movement of the atoms and diffusion of Fe** cations. Furthermore, during the range
from 400 °C to 500 °C, hematite has gradually formed and crystallized, which explains
the complete disappearance of the maghemite peaks when the annealing temperature is

450 °C.%
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Figure 20. Comparison of XRD data of y-Fe>Os nanosheets with or without

thermal treatment at different temperatures.

The crystallite size of the as-prepared FeOx nanosheets, 200 °C, 350 °C and
450 °C heated samples( shown in Table 1) was also detected from the Scherrer equation,
L = KA/Bcosh, in which L is crystallite size, 1 (A) is wavelength, £ is full width at half
maximum of peaks in radian located at any 26 in the pattern, K is a constant related to
crystallite shape, normally taken as 0.9. The & can be in degrees or radians, since the cos0
corresponds to the same number.*® Analysis of the crystallite size (Table 1) from XRD
peak widths shows that for the as prep FeOx nanosheets, the crystallite size is 10.8 nm.
The crystallite size changes from 10.2 nm, 9.2 nm, 12.9 nm or 23.7 nm for as-prep FeOx

nanosheets, 200 °C, 350 °C and 450 °C heated samples respondingly, which is due to the
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heat treatment promoting atomic diffusion and leading to an increase in nanoparticle size.
Noticeably, the shape factor, K, taken as 0.9, is usually used for calculating the crystallite

sizes of nanoparticles, but does not accurately represent the size of nanosheets.

Table 1. Crystallite size of FeOx samples based on analysis of XRD and

calculation using Scherrer equation.

Crystallite Size
Sample y (nm)
FeOx-EG-as prep 10.9
FeOx-EG-200 9.2
FeOx-EG-350 12.9
FeOx-EG-450 23.7

3.2.3 Raman spectroscopy of FeOx Nanosheets with Different Thermal Treatment
In addition to XRD, Raman spectroscopy was used to probe the effect of
temperature treatments on the local structure. As shown in Figure 21, the Raman
spectrum of the sample heated to 200 °C (200C-FeOx) is consistent with the local
structure of y-Fe20s. In contrast, the sample heated to 350 °C (350C-FeOx) shows
significantly different Raman bands than the sample heated to 200 °C. The bands for the
350C-FeOx sample are similar to a-Fe2Os indicating that further heating results in
the transformation of the local structure from maghemite, y-Fe>Os3, to hematite, a-Fe20s.
In addition, it has been reported that transmission Mossbauer spectrometry has been
performed to detect the presence of a-Fe,O3 phases when y-Fe>Os is annealed at
350 °C.%" Heating to 450 °C (450C-FeQy) results in Raman bands that are consistent with
a-Fe,03.1° Both XRD and Raman spectroscopy characterization show the same

transition from the y-Fe>Os to a-Fe;O3 under the thermal treatment.
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Figure 21. Comparison of Raman spectra of iron oxide samples in the 200-
900 cm™* spectra region of y-Fe,O3z nanosheets with or without thermal

treatment at different temperatures.

3.2.4 TEM and SEM of FeOx Nanosheets with Different Thermal Treatment

After determination of the effect of different temperatures on the structure of
v-Fe203 nanosheets via XRD and Raman spectroscopy, the TEM and SEM were used to
characterize the morphology of the heated samples (200 °C, 350 °C and 450 °C). Shown
in Figure 22 are representative TEM images of as-prepared y-Fe>Oz and heated samples
(200 °C, 350 °C and 450 °C) synthesized using a EG:water solution. From analysis of the
TEM images for the as-prepared sample, the nanosheets have approximate lateral

dimensions of ~60 nm and thicknesses of ~1 nm. According to the XRD data, the
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crystallite size is 10.8 nm, which demonstrates that the y-Fe2Os nanosheets are
polycrystalline.

Furthermore, the TEM results show that the samples heated to 200 °C, 350 °C and
450 °C transform into nanoparticles/nanoplates. From the TEM images, the approximate
sizes of nanoparticles/nanoplates are 5.5, 14.5 and 18.7 nm for the 200 °C, 350 °C and
450 °C treated samples respectively, which are similar to calculated sizes from the XRD
data. The dimensions of the nanoparticles/nanoplates are significantly smaller than the
dimensions of the as-prepared nanosheets. The 200 °C sample showed primarily
nanoparticles/nanoplates, however a small number of nanosheets were observed within
the TEM images indicating a partial transformation to nanoparticles at 200 °C. At higher
temperatures of 350 °C and 450 °C, only nanoparticles were observed. The size of the
nanoparticles for the 450 °C-treated sample is larger than the size of the nanoparticles for
the 350 °C-treated sample, which supports the growth of nanoparticles occurs at higher

temperatures.
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Figure 22. TEM images of y-Fe2Os nanosheets treated at different temperatures, and

y-Fe203 nanosheets as a comparison.

Similar to TEM, the scanning electron microscope (SEM) is another technique to
characterize the morphology of nanoparticles. Compared with TEM, SEM uses a focused
beam of high-energy electrons to generate a variety of signals at the surface of solid
specimens, whereas TEM uses a beam of electrons which transmit through an ultra-thin
specimen, interacting with the specimen as it passes through it. Scanning electron

microscopy (SEM) images of as-prepared y-Fe>Os and heated samples (200 °C, 350 °C
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and 450 °C) synthesized using a EG:water solution are shown in Figure 23. The SEM
images further show that the as-prep FeOx consists of nanosheets and when the

temperature increased from 200 °C to 450 °C, the FeOx nanosheets transform into

nanoparticles.

Figure 23. SEM images of y-Fe>Oz nanosheets treated at different temperatures, and

v-Fe203 nanosheets as a comparison.
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3.2.5 Microscopy Analysis of As-prep y-Fe203 Nanosheets with Mild
Heat Treatment

From the TEM and SEM images above, it is clear that the morphology of
nanosheets is sensitive to heat treatment. The as-prep y-Fe2Os nanosheets require mild
heat treatment for making the electrode (dried in a vacuum oven at 120 °C for 16 h).
Therefore, the morphology of as prep y-Fe2O3 sample treated at 120°C under vacuum was
determined. Figure 24 (a) and (b) shows the TEM and SEM images of the as-prepared y-
Fe203 nanosheets with mild treatment (EG/H20-120v) respectively. From the analysis of
the TEM and SEM images, after low temperature and vacuum treatment, the sample
keeps the nanosheet structure. Furthermore, the results of Raman analysis shows that the
sample with mild thermal treatment is still y-Fe>.Oz phase, as shown in Figure 25.

Therefore, the samples tested in coin cells retains the y-Fe>O3 nanosheet structures.

(a) EG/H,0-120v Jf ©  (b)EG/H,0-120v |
E r 4 B -
8, " ‘ : ’ './ 7’ ;

-
pe

Figure 24. (a) TEM image and (b) SEM image of FeOx nanosheets with mild

treatment.
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Figure 25. Comparison of Raman spectra of iron oxide samples in the 200-
900 cm* spectra region of y-Fe,O3z nanosheets with or without thermal

temperatures and referenced samples.

3.3 The Electrochemical Properties of y-Fe203 Nanosheets and FeOx Nanopatrticles

3.3.1 Galvanostatic Charge—discharge of y-Fe2O3s Nanosheets and FeOx
Nanoparticles
Galvanostatic charge—discharge tests were conducted to determine Li-ion charge
storage capability. The discharge/charge profiles of y-Fe.O3z nanosheets during the first,
second and tenth cycles are shown in Figure 26, which were obtained at a constant mass-
nominated current of 3 mA g* within a potential range of 1.5-4.2V vs Li. During the first
cycle, the discharge capacity of y-Fe,Os nanosheets was 190 mAh g%, however, FeOx

nanosheets have the second cycle reversible capacity of 146 mAh gX. This irreversible
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capacity loss in the second cycle can be attributed to either the formation of a solid
electrolyte interphase.®” 120 or a structural transformation. After ten cycles, the discharge

capacity was 140 mAh g,

4.5
4 1st cycle
= 2nd cycle
53'5 — 10t cycle
< 3 Charge
g
%2.5
>
2 .
Discharge
1.5 :
0 50 100 150 200
Specific capacity(mAh/qg)

Figure 26. Discharge/charge profiles of the y-Fe>O3 nanosheets at current of
3 mA/g. 1.0 M LiPF, in EC: DEC (1:1), Ref/ Counter: Li

The discharge/charge profiles for the second cycle of y-Fe>Os nanosheets, heated
samples (200 °C, 350 °C and 450 °C) and commercial y-Fe>Os nanoparticles are
compared in Figure 27, at mass-nominated current of 3 mA g* within 1.5-4.2V. The y-
Fe203 nanosheets exhibited significantly higher discharge capacities compared to all the
FeOx nanoparticles which showed specific discharge capacities of 100, 82, 58 and 32
mAh gt for the 200 °C, 350 °C, 450 °C-treated samples and commercial y-Fe;O3
nanoparticles respectively. The y-Fe,O3 nanosheets also show higher capacity compared
to prior work.*” 12! In addition, higher temperature treatments resulted in decreased

capacities of FeOx nanoparticles compared with samples treated at lower temperatures.
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Figure 27. Comparison of discharge/charge profiles of the y-Fe2O3 nanosheets and FeOx

nanoparticles at current of 3mA g*. 1.0 M LiPF, in EC: DEC (1:1), Ref/ Counter: Li
The y-Fe203 nanosheets enabled the storage of 0.9 moles Li per mole Fe>O3 (Lio.gFe203)
which was significantly higher than that of y-Fe>Os and a-Fe>-O3 nanoparticles (Table 2).
Table 2. Amount of Li* ions storage in y-Fe2O3 nanosheets and FeOx nanoparticles at

current of 3 mA g,

Sample Moles of Li* per mole Fe;O3
y-Fe20s3 nanosheets 0.9
200C y-Fe,Os3 nanoparticles 0.6
350C y-Fe203/ a-Fe203 nanoparticles 0.4
450C o-Fe,03 nanoparticles 0.3
Commercial y-Fe;O3 0.2
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3.3.2 Comparison of Rate Capability of y-Fe2O3 nanosheets and FeOx Nanoparticles
To further investigate the electrochemical performance of the y-Fe-O3 nanosheets
and Fe>O3 nanoparticles, the rate capabilities were tested as shown in Table 3. y-Fe2O3
nanosheets exhibits a much better rate performance at different mass-nominated current,
3mAg?, 30 mA g, 60 mA g, 150 mA g and 300 mA g*. Specifically, at a current of
30 mA g%, nanosheets provided much higher discharge capacities, 142 mAh g,
compared to 94, 84, and 54 mAh g for the 200 °C, 350 °C and 450 °C-treated samples
respectively. However, as the rate increases, the difference in discharge capacities
between y-Fe>O3 nanosheets and nanoparticles becomes smaller because of lower
capacities at high current. In addition, it is shown that there is not a significant difference
between the discharge capacity of 200 °C and 350 °C FeOx nanoparticles, whereas the
discharge capacity of 450 °C FeOx nanoparticles exhibit a much lower discharge capacity
compared to that of 200 °C sample. That is probably because the 450 °C FeOx sample is
completely transformed into a-Fe203, however, 350 °C FeOx sample is in the transition
of y-Fe203, which has cation defect structure can significantly enhance the lithium-ion
storage compared to o-Fe203.122 Noticeably, shown in Figure 28, even at high rates -
corresponding to an average discharge time of 17 minutes (3.6 C-rate), the iron oxide
nanosheets showed a capacity of 82 mAh g which was higher than that of all other
tested nanoparticles. The capacity of a battery is commonly rated at 1C, which represents

the full charge or discharge of a battery or an electrode material in 1 hour.

43



Table 3. Electrochemical properties of iron oxide nanomaterials; average discharge

capacity (mAh g?) from the 2" cycle at different mass normalized currents of 3, 30, 60,

150 and 300 mA g.

Average discharge capacity (mAh g™)
at mass normalized current

Material ID
3mAgt| 30mAg! | 60mAg? | 150mA gt | 300 mA g
y-Fe;03 nanosheets | 147.6 136.7 120.9 102.0 82.2
200C y-Fe203 100.2 90.6 80.3 73.6 64.8
nanoparticles
350C y-Fes04f a- | 831 80.9 704 52.9 46.2
Fe203

nanoparticles

450C o-Fe203 66.2 53.3 46.3 43.0 40.4

nanoparticles

Commercial y- 321 30.4 27.8 24.3 19.2
FeoO3

nanoparticles
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Figure 28. Comparison of discharge/charge profiles of the y-Fe>O3z nanosheets
and FeOx nanoparticles at current of 300 mA g. 1.0 M LiPF, in EC: DEC (1:1),

Ref/ Counter: Li

3.3.3 Comparison of Cycling Performance of y-Fe2O3 Nanosheets and
FeOx Nanoparticles
Cycling tests were performed to determine the reversibility of Li-ion charge
storage. In addition to higher specific discharge capacities and improved rate capabilities,
the y-Fe>O3 nanosheets exhibited a high capacity retention of 86.0% of initial capacity
after 40 cycles (2" cycle to 40™ cycle) as shown in Figure 29 and Table 4. Figure 28
compares the cycling performances of the FeOx nanosheets and 200 °C, 350 °C,

450 °C-treated and commercial y-Fe,O, nanoparticles samples at @ mass normalized

current of 30 mA g*. y-Fe2O3 nanosheets display a continuously high discharge capacity
after 40 cycles, which is 1.5 times and 2.6 times as large as that of 200 °C and 450 °C

FeOx nanoparticles respectively. In addition, y-Fe,O, nanosheets and 200 °C, 350 °C,
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450 °C-treated and commercial y-Fe,O, nanoparticles samples have similar capacity

retention and coulombic efficiency (Table 3). The 200 °C and 350 °C treated sample

show a higher capacity retention of 87 % and 91 % respectively than that of y-Fe,O,

nanosheets, however this is attributed to its relatively low initial capacity.

Table 4. Summary of cycling performance of y-Fe,O, nanosheets as well as FeOx

nanoparticles at current of 30 mA g*.

Capacity Retention
Sample Notati after 2" to 40™ | Coulombic efficiency
ample Notation eycle (%) (%)2-40" cycle

v-Fe>O3 nanosheets 88.0 98.2

200C y-Fe,03 nanoparticles 86.7 99.2

350C y-Fe203/ o-Fe203 90.9 99.2
nanoparticles

450C -Fe,03 nanoparticles 82.6 98.6

Commercial y-Fe,O, 86.6 99.4
nanoparticles
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Figure 29. Capacity retention upon cycling for y-Fe,O, nanosheets compared
with FeOx nanoparticles; electrolyte: 1 M LiPFs in EC: DEC; 1:1 v/v;
counter/reference: metallic Li; voltage range of 1.5-4.2 V vs Li; mass-

normalized current of 30 mA g.

3.4 Factors that Contribute to Improved Electrochemical Properties of y-Fe,O,
Nanosheets
3.4.1 Surface Area of y-Fe,O, Nanosheets and FeOx Nanoparticles
The specific surface area of a powder can be measured by physical adsorption of a
gas on the surface of material and by calculating the amount of adsorbate gas
corresponding to a monomolecular layer on the surface. Physical adsorption results from
relatively weak forces (van der Waals forces) between the adsorbate gas molecules and
the adsorbent surface area of the test powder. To explore the specific surface area of y-

Fe,O, nanosheets and 200 °C, 350 °C, 450 °C-treated samples, nitrogen sorption

experiments were carried out. Figure 30 shows the adsorption—desorption isotherm plots
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of y-Fe, O, nanosheets and heat treated samples, all of which exhibit a type |1

characteristic hysteresis loop, indicating that there are mesopores in the samples.®’ 123
The Brunauer—Emmett—Teller (BET) surface areas of all the samples are shown in

Table 5. The surface area of y-Fe,O, nanosheets is 138 m? g%, which is much higher than

that of 200 °C, 350 °C and 450 °C FeOx nanoparticle samples. As the thermal treatment
temperatures increased, the surface areas decreased correspondingly. Prior work showed

that 2D a-Fe,O, nanomaterials usually exhibit larger surface area than that of

nanoparticles, which is closely related with enhanced capability of the Li ion storage and
faster Li ion diffusion as anodes for lithium-ion batteries.'?* Therefore, larger surface area
could be one of factors that contributes to improved electrochemical properties of
v-Fe203 nanosheets.

Table 5. Summary of BET surface area of y-Fe2Os nanosheets as well as the FeOx

nanoparticles.

Sample BET surface area (m? g)
y-Fe20s3 nanosheets 138.9+8.9
200C y-Fe,O3 nanoparticles 98.5+3.5
350C y-FGzOg{ o-Fe,0O3 70.140.0
nanoparticles
450C o-Fe203 nanoparticles 43.0+0.8
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Figure 30. Nitrogen sorption isotherms of y-Fe>-Oz nanosheets as well as the FeOx
nanoparticles.
3.4.2 Kinetics of the y-Fe203 Nanosheets and Nanoparticles
The kinetics of the Li-ion charge storage within y-Fe>Os nanosheets, 200C

y-Fe203 nanoparticles and commercial y-Fe,O, nanoparticles were also investigated by

performing cyclic voltammograms using different scan rates (0.1, 0.5, 1, 5, 10 mV/s) to
evaluate the difference of charge storage process (diffusion and capacitive) between
nanosheets and nanoparticles. Prior work shows that charge storage kinetics can be
probed by analysis of cyclic voltammograms (CVs) with different scan rates.*?

Figure 31 shows the comparison of CV response of y-Fe>.O3z nanosheets, 200C

y-Fe203 nanoparticles and commercial y-Fe,O, nanoparticles at scan rate of 0.5 mV st

For y-Fe2Oz nanosheets, the CV exhibits two peaks, one dominated peak is at ~2.3 V (vs.
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Li/Li*) and the other weak peak is at ~2.9 V (vs. Li/Li") for the positive scan. For the
negative scan, the y-Fe»O3 nanosheets have a peak ~1.7 V (vs. Li/Li*). The potentials
observed in the CV of y-Fe»O3 nanosheets are consistent with the voltage profiles from
the galvanostatic tests. In the CV, the y-Fe.O3z nanosheets exhibit dramatically higher
mass-normalized currents compared to the y-Fe>O3 nanoparticles indicating that more

charge can be stored within the nanosheet architecture for the same mass of material.
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Figure 31. Cyclic voltammograms (CVs) of y-Fe>O3 nanosheets compared with 200C
y-Fe203 nanoparticles and commercial y-Fe;Oz nanoparticles. scan rate 0.5 mV/s;
electrolyte: 1 M LiPFe in EC: DEC; 1:1 v/v; counter/reference: metallic Li

CV analysis was carried out to evaluate the electrochemical behavior and kinetic
characteristics of y-Fe>O3 nanosheets between 1.5 and 4.2 V, and the cyclic voltammetry
for the second cycles with different scan rate (0.1, 0.5, 1, 5, 10 mV/s ) are shown in the
Figure 32. The curve shows one cathodic peak (reduction) located at 1.7 V and one

anodic peak(oxidation) located at 2.4V for the 0.1, 0.5, and 1 mV/s scan rate. These
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reduction and oxidation peaks are related to the Fe?*/Fe®* redox couples, which are
responsible for the gain and loss of electrons, accompanying Li-ion
deintercalation/intercalation.?5?” However, when the scan rate is increased to 5 and 10
mV/s, the cathodic peaks disappeared and anodic peaks shifted to 2.9 VV and 3.4 V for 5
and 10 mV/s scan rate, which is probably due to the high resistance with the electrode.
CV analysis of 200C y-Fe2O3 nanoparticles and commercial y-Fe,O, nanoparticles

show similar behavior when increasing scan rates.
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Figure 32. CVs for y-Fe20O3 nanosheets at different scan rates.

According to the prior work, the diffusion and capacitive charge storage process
can be determined by performance of the peak current of CV plot (i) vs. scan rate, 2812
i =av®, where a and b are adjustable values. When the b-value is 1 then the current is
capacitive, and when it is 0.5 then it is controlled by semi-infinite diffusion. The b value

can be determined by plotting log(i) vs. log(v), which gives the b value through the slope.
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In Figure 33, the b-value for the cathodic peak currents in y-Fe>Os nanosheet is
0.8 from 0.1 to 10 mV/s, which is higher than that of 200C y-Fe>O3 nanoparticles (0.7)

and commercial y-Fe, O, nanoparticles (0.6) respectively, demonstrating most of the

current at the peak potential is predominantly capacitive for all the y-Fe.O3 nanomaterial,

however, the y-Fe.O3 nanosheets exhibit the most dominant capacitive Li-ion charge

storage.
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Figure 33. Determination of the b-value of y-Fe>O3 nanosheets, 200C
v-Fe203 nanoparticles and commercial y-Fe,O, nanoparticles using the
cathodic peak current relationship to sweep rate.
3.4.3 Electronic Conductivity of the y-Fe203 Nanosheets and Fe2O3 Nanoparticles
Electric conductivity measurement were performed via two-point probe method.
The results are shown in Table 6. The as-prep y-Fe2O3 nanosheets show higher electric
conductivity than that 200 °C and 350 °C FeOx nanoparticles. The higher electrical

conductivity of nanosheets may be as a result of short distance of electron conducting
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path compared with the aggregated nanoparticles or quantum confinement effects.%4
According to the prior study, nanosheet like structure of iron oxides can increase
electrochemical performance, especially at high charging and discharging rates.%

Table 6. Electronic conductivity of y-Fe2Os nanosheets and FeOx nanoparticles.

Sample Gelec (S/cm)
v-Fe203 nanosheets 2.2+ 0.4%10 "
200C vy-Fe,O3 nanoparticles 7.2+ 35%10
350C y-Fe20/ 0-Fe;03 7.2£11x10"
nanoparticles
450C o.-Fe203 nanoparticles 22+04x10 "
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4. CONCLUSIONS

Iron oxide nanomaterials were synthesized via a two-step reaction. The products
were characterized by XRD, Raman spectroscopy, TGA, TEM and SEM microscopy and
consistent with maghemite (y-Fe.Oz) nanosheets. Noticeably, ethylene glycol was
observed to be responsible for formation of sheet-like structures, due to its chelating
ability.

The y-Fe203 nanosheets were annealed at 200 °C, 350 °C and 450 °C in air for 24
hours. The resulting products transformed into nanoparticles with increased sizes with
higher temperature treatments. In addtion, the thermal treatment converts the y-Fe,O3
nanosheets completely to a-Fe;O3 phase at 450 °C but maintains the y-Fe.O3 phase at
200 °C. The 350 °C treated FeOx sample shows a mixture of y-Fe».Oz and a-Fe2Os3 phases.

The electrochemical analysis showed that y-Fe>O3 nanosheets have much higher
capacity, better rate capability, and cycling stability than that of 200 °C, 350 °C and
450 °C treated FeOx nanoparticles as cathodes for lithium-ion batteries. As the annealing
temperature increased, the discharge capacity decreased for 200 °C, 350 °C and 450 °C
treated FeOx nanoparticles. Importantly, by comparison to the capacity of current
commerical cathodes, such LiCoO., LiFePO4 and NMC (~140mAh/qg), the y-Fe203
nanosheets cathodes even exhibit simliar capacity(~140mAh/g) at low current. The
improved electrochemical performance of y-Fe2O3 nanosheets is attributed to multiple
factors, including (i) cationic vacancies, (ii) larger surface area, (iii) capacitive charge
storage, and (iv) higher electronic conductivity.

Further studies are needed to improve these materials for battery use. One of the

challenges of FeOx materials as cathodes in lithium-ion batteries is their poor electronic
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challenges of FeOx materials as cathodes in lithium-ion batteries is their poor electronic
conductivity that could limit further commercialization. Development of FeOx nanosheets
and graphene nanocomposites could improve the overall electric conductivity and
structural stability. Additional studies to understand the fundamental role of ethylene

glycol in formation of FeOx nanosheets would be useful.
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