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Abstracts

Abstracts

Renewable energy sources, such as wind and sun, have attracted ever-growing attention due
to exhaustion of fossil fuels and environmental concerns. Due to the intermittent nature of the
renewable energy, the utilization of these energy sources relies on the availability of large-
scale energy storage systems (ESS). In some applications, lithium ion batteries (LIBs) are not
suitable candidates because of the low abundance of lithium resources and their high cost. In
comparison, sodium is abundant and cheap, and also has similar physical and chemical
properties to lithium. Thus, more and more investigations on sodium ion batteries (SIBs)
have been emerging in recent years. For the commercial application, the electrode materials
need to meet the requirements of non-toxicity, low cost, high specific capacity, and long
cycle life. In this doctoral work, promising red phosphorus and Prussian blue analogues were
chosen as the objects of study, although their cycling performance is not yet satisfactory.
Through reducing the particle size and forming composites with conductive carbon, P/carbon
nanotube (CNT) and P/graphene nanoplate (GnP) composites were synthesized. By alloying
with other elements, FeP, CoP, and Sns.P;@(Sn+P) alloy compounds were prepared.
Through optimizing the structure and combining the electrode materials with conductive
polyporrole, a series of different Na-enriched Naj.xFeFe(CN)s and multi-functional
polypyrrole coated Naj 72MnFe(CN)s composites were synthesized, respectively. Moreover,
the influences of the morphology and the sodium storage mechanism of these electrode
materials were investigated through various characterization techniques, including field
emission scanning electron microscopy, transmission electron microscopy, synchrotron X-ray
powder diffraction, Msbauer spectroscopy, Raman spectroscopy, magnetic measurements,
thermogravimetric analysis, X-ray photoelectron spectroscopy, and inductively coupled
plasma analysis.

Anode material for SIBs

To investigate the reversibility of bulk red P for sodium storage, P/CNT composite was
prepared just by simply mixing microsized red phosphorus with CNTs by hand grinding. The
thus-prepared P/CNT composite unexpectedly exhibited highly reversible sodium storage. It
is concluded that the poor electronic conductivity and huge volume expansion of red P is the
main obstacles which inhibit the reversibility and cycling stability of red P. Consequently, we
propose two strategies to dissolve these problems in chapter 5-7. One is combination with
graphene nanoplate to prepare (P/GnP) composite by the ball-milling method. The particle
size was reduced and incorporated in graphene nanoplates, in addition, the phosphorus-

-1-
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carbon bonds were formed in the P/GnPs composite. This chemical bond improves the
electrical connectivity between the P particles and the graphene nanoplates, consequently
stabilizing the structure of the composite to achieve high cycling performance and rate
capability. As a result, the red phosphorus and graphene nanoplate composite delivered high
reversible capacity of 1146 mAh g* at the current density of 100 mA g™ and excellent
cycling stability for 200 cycles with 92.5% capacity retention. Another strategy is forming
alloy compounds with active metal element (Sn) or inactive metal element (Fe, Co). As a
result, the as-prepared Sns.xP3 presented a core-shell-like morphology, where the core is the
tin phosphide and the shell is the amorphous tin and phosphorus. Such morphology is
beneficial to the electrochemical performance. Thus, the composite was denoted as
SnyP3@(Sn+P). It showed excellent cycling performance with capacity retention of 92.6%
at the current density of 100 mA g™ over 100 cycles. Moreover, the sodium storage
mechanism of FeP or CoP was explored by various techiques, it is concluded that the sodium
storage mechanism of CoP and FeP involves the reaction of P with Na.

Cathode materials for SIBs

As for Prussian blue cathode, we chose manganese-based Na; 7,MnFe(CN)s (NMHFC) and
iron-based Naj.xFeFe(CN)g as the studied subjects. We utilize the intrinsic oxidation power of
the NMHFC, without an external chemical oxidant, to form conducting polymers on the
surfaces of NMHFC particles, resulting in improved electronic conductivity, which leads to
enhanced cycling performance (67% capacity retention after 200 cycles) and increased rate
capability (46% capacity for the 40 C rate). To improve the specific capacity and cycling
performance of NaFeFe(CN)g, we optimized its structure by increase the amount of sodium
ions per formula unit to reduce the amount of vacancies and coordinating water in the
framework. This not only can enhance the cycling stability and the efficiency due to the
reduction in the amount of vacancies and crystal water, but also can improve the specific
capacity, due to the benefit from more sodium ions entering into the framework. The
Nay ssFe[Fe(CN)g]-3.1H,0 (PB-5) sample shows a high specific capacity of more than 100
mAh g and excellent capacity retention of 97% over 400 cycles at the 0.2 C rate (20 mA g™).
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Abbreviation

Full name

3D Three dimensional
a.u. Acrbitrary unit
BET Brunauer Emmett Teller
cm Centimeter
mm Millimeter
nm Nanometer
CMC Sodium carboxymethyl cellulose
PAA Polyacrylic acid
CPE Constant phase-angle element
CVv Cyclic voltammetry
DEC Diethyl carbonate
DMC Dimethyl carbonate
EC Ethylene carbonate
FEC Fluoroethylene carbonate
EDS Energy dispersive x-ray spectroscopy
EIS Electrochemical impedance spectroscopy
EV Electric vehicle
FESEM Field emission scanning electron microscopy
FTIR Fourier transform inferior red Spectroscopy
JCPDS Joint committee on powder diffraction standards
HEV Hybrid electric vehicle
HRTEM High-resolution transmission electron microscopy
LIB Lithium-ion battery
SIB Sodium-ion battery
NMP 1-methyl-2-pyrrolidinone
PPy Polypyrrole
PVDF Polyvinylidene fluoride
SAED Selected area electron diffraction
SEI

Solid electrolyte interphase
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SEM Scanning electron microscopy

FSEM Field emission scanning electron microscopy
SXRD Synchrotron X-ray diffraction

TEM Transmission electron microscopy
STEM Scanning transmission electron microscopy
PPMS physical properties measurement system
TGA Thermogravimetric analysis

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

List of Symbols
Symbol Name Unit
20 Detection angle in XRD Degree
C-rate Charged or discharged energies mA g~
Ea Apparent activation energies kJ mol™
f Frequency in the EIS test Hz
F Faradic constant = 96485 C
I Current density Acm™
io Exchange currents A
Crystal size nm
Active material weight g
N Avogadro's number = 6.022 x10% mol™*
Relative pressure Pa
Po Saturation pressure Pa
Q Specific capacity mAh g™
Qc Specific charge capacity mAh g~
Qq Specific discharge capacity mAh g~
Qrsc Theoretical specific capacity mAh g™
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R Gas constant = 8.319 JKTmol?

Ret Charge transfer resistace Q

T Temperature Kor €

t Time hors

W Warburg impedance Q

Zim Imaginary part of the impedance Q

Zre Real part of the impedance Q

o lonic conductivity Scm*
Coulombic efficiency %
X-ray wavelength A
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Figure 2.18. Framework of Prussian blue analogues.

Figure 2.19. The charge-discharge curves of Prussian blue analogues KMFe(CN)g-Na cells at
the third cycle with a current of C/20. Insets show their corresponding chronoamperograms.
Figure 2.20. Galvanostatic initial charge and discharge profiles profiles of (a) air-dried and
(b) vacuum-dried Na,MnFe(CN)s at a current of 0.1C(15mA g™) in the voltage range of 2.0-
4.0V. The derivative curves (dQ/dV) plotted as a function of V are shown as inserts. (c) Rate

capability and (d) cycling performance of vaccum-dried Na,MnFe(CN).
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Figure 2.21. Representative organic cathode materials with high specific or high operating
potentials.

Figure 2.22. Average voltage and energy density versus gravimetric capacity for various
negative electrodes materials for NIBs: (a) sodiated as NaysNiysMni,TiyeO2 as cathode;
(b)NaysFe1,Mny,0, as cathode. Gravimetric energy density (W h kg™), based on the weight
of active materials in optimally balanced positive and negative electrodes, is calculated by the
difference of average potential and reversible capacity of active materials examined in Na
half cells according to previous reports.

Figure 2.23. Cyclic voltammetry (a) and cycling performance and coulombic efficiency of
the graphite in 1M NaOTf in diglyme over 1000 cycles at 0.1C.

Figure 2.24. Sodiation/desodiation potential profiles for glucose-derived hard carbon formed
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Sn02, and SnO2@graphene nanocomposites at 20 mA g™ current density. (b) Cycling
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densities of 40, 80, 160, 320, and 640 mA g™. (d) Rate performance of SnO,@graphene
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Figure 2.26. Electrochemical performances of Na/FeS, cells with optimized test parameters.
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Figure 2.29. Three a-Na,Sn phases in the single-phase sodiation. (a) electron diffraction
pattern (EDP) of the first a-NaxSn phase, which was taken when the reaction front just swept
the entire Sn NPs. The simulated EDP indicated that the composition of the first a-NaSn
phase was close to the NaSn, phase. (b) EDP of the second a-NaxSn phase. The amorphous
halos match the simulated a-NagSn, phase. (¢) EDP of the third a-NaxSn phase, which was

identified as a-NasSn based on volumetric expansion. It is structurally close to the c-Na;sSn,
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phase as tiny c-NajsSn, crystallites usually nucleate in this phase. (d) Schematic illustration
of the structural evolution of Sn NPs during the sodiation.

Figure 2.30. Operando evolution of the XRD pattern recorded at a C/8 rate (top left). The
black and the red patterns are those recorded during the discharges and charge, respectively.
The corresponding voltage profile (top right). A zoom illustrating the diffraction peaks from
the cubic NazSb (bottom).

Figure 2.31. SEM images of (a) pure nickel-foam, (b) cross-section of the Sbh@3D RCN film,
(c) the Sb@3D RCN film and (inset) high-magnification image, (d) the obtained film after
heat treatment at 600 "C. () TEM and (f) HRTEM images of the Sb@3D RCN, (g) cycling
performance of Sb@3D RCN at 3C rate.

Figure 2.32. (a) Voltage profiles (black) of amorphous red P/C composite and the
corresponding electrode thickness change (gray) during sodiation and desodiation. (b) ex situ
XRD patterns of amorphous red P/C composite electrodes collected at various points as
indicated in (a).

Figure 2.33. (a) Molecular structure of Na,CgH4O, and its Na insertion/deinsertion
mechanism, (b) charge-discharge curves of Na,CgH4O4/carbon black composite in the voltage
range of 0.1-2V.
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Figure 3.2. The ball-milling machine.
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Figure 3.4. Scheme of Na half-cell assembly.

Figure 4.1. (a) XRD and (b) Raman spectra of the commercial red P, CNTs, and P/CNT
composite.

Figure 4.2. X-ray photoelectron spectroscopy of the (a) phosphorus, (b) CNT and (c, d) P /
CNT composite ( (c) Cls and (d) P 2p).

Figure 4.3. SEM images of the starting carbon nanotubes (a) and commercial P (b), and (c, d)
images of P/CNT composite, (e,f) TEM images of P/ICNT composite. (c, e) low and (d, f)
high magnification.

Figure 4.4. Initial charge-discharge curve (a) and (b) dQ/dV of CNTs. Charge-discharge
curves (c) and dQ/dV ((d) and (e)) curves of red P and P/CNT composite at current density of
143 mA g™ from 0 - 1.5 V; (d) is the enlargement of (f) from 0.4 to 1.2 V.
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Figure 4.5. Electrochemical impedance spectrum of P/CNT compared with that of
commercial red P in the charged state at 0.65 V in the first cycle. The inset shows the
equivalent circuit used to interpret the data.

Figure 4.6. Cycling performance of P/CNT composite: (a) P/CNT composite compared with
P/carbon black composite, (b) Capacity is calculated on weight of P and (c) P/ICNT
composites with different CNT content.

Figure 4.7. Proposed function of CNTs during the volume expansion.

Figure 4.8. Morphology of the P/Super P composite electrode: (a) before and (b) after 1
cycle.

Figure 4.9. Morphology of the P/CNT composite electrode: (a) before and (b, c) after 1 cycle
at different magnifications.

Figure 5.1. SEM images of (a) graphite and (b) red phosphorus.

Figure 5.2. Morphology of the P/GnPs composite: (a) low and (b) high magnification SEM
images; (c) and (d) STEM images (inset of (c) is the corresponding SAED pattern); element
mapping corresponding to (d) of (e) carbon and (f) phosphorus in the P/GnPs composite.
Figure 5.3. Characterization of the P/GnPs - 500 composite and its precursors: (a) XRD
patterns; (b) Raman spectra; (c) high resolution C 1s XPS spectrum and (d) P 2p XPS
spectrum of P/GnPs — 500.

Figure 5.4. Characterization of the P/GnPs -300 composite: (a)XRD pattern, (0))SEM image
with corresponding EDS mapping, (c) TEM image, (d) C1s and (e) P 2p XPS spectra.
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Figure 5.6. Electrochemical performances of the P/GnPs - 500 and P/GnPs - 300 composites.
(a) Charge-discharge curves of the P/GnPs electrodes in the first two cycles between 0-1.5 V
with current density of 100 mA g™, (b) cycling performances of the P/GnPs electrodes
charged at current density of 100 mA g™ (with Ctotal and Cp denoting the specific capacity
calculated based on the weight of P/GnPs composite and based on the weight of phosphorus
alone, respectively), (c) rate capability of the P/GnPs composites, and (d) comparison of
P/GnPs - 500 with different reported phosphorus/carbon composites'3for sodium ion storage.
Figure 5.7. Electrochemical impedance spectra of P/GnPs — 500 (b) compared with P/GnPs -
300 (c) in the charged state at 0.6 V in the 5th, 20th, and 100th cycles. (a) Equivalent circuit
used to interpret the results.
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Figure 5.8. Cycling performance of the P/GnPs -500 composite electrode at the high current
densities of 500 mA g™* and 1 A g (the current density is 100 mA g™ in the first 5 cycles).
Figure 5.9. (a) Charge-discharge curves for selected cycles, and (b) cycling performance of
the graphite milled for 40 h.

Figure 5.10. TEM images of (a, b) P/GnPs - 300 and (c, d) P/GnPs - 500 electrodes after 100
cycles.

Figure 5.11. Schematic illustration of the structural evolution of P/GnPs - 500 and P/GnPs -
300 after cycle.

Figure 6.1. (a) Rietveld refinement XRD pattern of Sns.xP3@(Sn+P) composite, and XPS
analysis of Sng.xP3@(Sn+P) powder for the elements (b) Sn and (c) P.

Figure 6.2. SEM (a) and HRTEM (b) images of Sns.+xP3@(Sn+P) composite. The inset in (b)
is the corresponding SAED pattern.

Figure 6.3. STEM image of the Sns.xP3@(Sn+P) composite

Figure 6.4. Charge and discharge curves of the Sns.xP;@(Sn+P) composite electrode with
CMC binder in 1 mol L™ NaClO, in EC/DEC (1:1) at the current density of 100 mA/g. Inset
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Figure 6.5. Cycle life (a) and differential capacity plots (dQ/dV) in the first cycle (b) of the
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Figure 6.8. (a) TEM image and (b) high - resolution EDS of Sn.xPs@(Sn+P) electrode after
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Figure 6.9. Rate capability of the Sns.«P3@(Sn+P) composite electrode using CMC binder
with 5% FEC additive in the electrolyte (a), and comparison of the rate capacity of
SnyxP3@(Sn+P) with tin-based and carbonaceous materials (b).

Figure 6.10. (a) HRTEM image and (b) Sn 3d XPS analysis of SnsP; sample.( The
amorphous coating layer of Sn cannot be observed in SnsP3; sample and the amorphous Sn

peak was not observed in XPS)
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Figure 6.11. Differential capacity plots (dQ/dV) in the first 2 cycles (a) and cycle life (a) of
the Sn4P; electrode with 5% FEC additive in 1 mol L™ NaClO, in EC/DEC (1:1) at the
current density of 100 mA g™*. The dQ/dV curves for Sn,P; electrode shows similar shape as
that of Sns.xP3@Sn electrode. However, the cycling stability Sn,P3 electrode is much worse
than Sny.+xP3@Sn electrode. This may be due to the fact that the amorphous Sn layer and FEC
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Figure 7.1. Characterization of FeP: (a) XRD pattern; (b) FE-SEM image; (c) high resolution
TEM image; (d) the corresponding SAED pattern.

Figure 7.2. X-ray photoelectron spectroscopy (XPS) of the as-prepared FeP.

Figure 7.3. (a) Charge-discharge curve of FeP electrode and the differential curves for the
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corresponding to the discharged state at 0.4V, Point C and D are corresponding to the
discharged state at OV and charged state at 1.5V, respectively; (b) ex-situ XRD patterns of
FeP tested at the current density of 50 mA g in the first cycle at the points indicated on the
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Figure 7.4. TEM images (a, ¢) and SAED patterns (b, d) of FeP electrode discharged at 0 V
(a, b) and charged at 1.5 V (c, d).
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Figure 7.6. The cycling performance of FeP with CMC/PAA binder in the electrolyte of 1M
NaClO4/EC:DEC with 5% FEC additive.

Figure 7.7. SEM images of FeP Electrodes with CMC/PAA binder (a, b) before and (c - f)
after 5 cycles in the electrolyte (c, d) without FEC and (e, f) with FEC additive.

Figure 7.8. X-ray photoelectron spectroscopy (XPS) of the FeP electrode after 1 cycle in the
electrolyte with FEC additive: (a) survey spectrum; (b) C1s; (c) Nals.

Figure 7.9. The rate capability of FeP tested at different current density.

Figure 7.10. Characterization of CoP: (a) XRD pattern, (b) SEM image, (c) high resolution
TEM image, (d) SAED pattern, (¢) STEM image and corresponding EDS mapping.

Figure 7.11. Electrochemical performance of CoP electrode in the voltage range of 0-1.5 V:
(a) charge-discharge curves at the current density of 100 mA g*; (b) dQ/dV curves for the
first 2 cycles; (c) cycling performance of charge capacity with and without FEC at the current
density of 100 mA g™, and (d) rate capability of the CoP electrode with FEC additive.
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Figure 7.12. STEM characterization of the CoP electrodes charged or discharged to different
states. (a), (b), and (e) are the image, corresponding SAED pattern, and EDS mapping of the
electrode discharged to 0 V, respectively; (c), (d), and (f) are the image, corresponding SAED
pattern, and EDS mapping of the electrode charged to 1.5 V, respectively.

Figure 7.13. XPS spectra of the pristine CoP electrode, and the one discharged to 0 V and
charged to 1.5V: (a) Co 2psp2; (b) P 2p; (c) C 1s.

Figure 8.1. Schematic illustration of synthesis and sodium storage mechanism in
NMHFC@PPy. (a) the polymerization reation between NMHFC particle and pyrrole; (b) the
mechanism of electrochemical process. The high valence state of transition metal in the
NMHFC leads to the oxidation of pyrrole, simultaneously, ClIO,4 as the dopant embedded into
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Figure 8.2. (a) XRD patterns and (b) Raman spectra of NMHFC particles before and after
PPy coating.

Figure 8.3. FT-IR spectra of PPy, NMHFC and NMHFC@Ppy
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Figure 8.7. Electrochemical performance of NMHFC and NMHFC@PPy electrodes: (a)
charge/discharge curves in the first 2 cycles at current density of 0.1 C; (b) dQ/dV curves in
the first cycle; (c) cycling performance within a voltage window of 4.2 - 2.0 V at 2 C; (d) rate
capability; and (e) potential polarization AE of the NMHFC and NMHFC@PPy electrodes
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Figure 8.8. A comparison of reversible capacity and operating voltage ranges of the layered
sodium insertion materials. The energy density was calculated on the basis of the voltage
versus metallic sodium for simplicity. LiFePO,4 and LiMn,0, are also shown for comparison
based on the voltage versus Li metal.
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refinements. (b) Lattice parameters changes of the Naj.xFe[Fe(CN)g] powders and the crystal
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Chapter 1 Introduction
1.1 General background

The energy crisis and the greenhouse effect have been hot topics worldwide since the 20"
century. The fundamental cause of the greenhouse effect is greenhouse gas emissions (GHG),
such as CO, and CH,4, which are generated by burning fossil fuels for electricity, heat, and
transportation. Meanwhile, the excessive utilization of fossil fuels has triggered the energy
crisis.”™* Thus, the focus of the ever-increasing fuel shortages and the greenhouse effect is the
use of fossil fuel, which is motivating us to find sustainable energy sources and make more
effective energy savings and emission reductions. Nevertheless, the utilization of various
sources of renewable energy, such as solar, wind, and hydropower, is limited by weather and
time. Therefore, it is important to rapidly develop an energy storage system (EES) which can
integrate the renewable energy into the grid smoothly and effectively.”® At present, there is
general agreement that the secondary batteries, among various energy storage technologies,
are one of the most promising means for storing electricity on a large scale, due to their
flexibility and high energy conversion efficiency. >3

Lithium ion batteries, as one such kind of secondary battery, due to their high energy density,
long cycle life, and environmental friendliness, have been generally applied as energy storage
device in electric vehicles (EVs), portable devices, mobile phones, etc. Although lithium ion
batteries possess many advantages (long cycle life, high energy conversion efficiency, and
energy density) which meet the elementary requirements of electrical energy storage (EES),
the price of lithium is one point that should be given more consideration from the view of
large-scale usage. Recently, the price of lithium has been increasing constantly, owing to the
uneven distribution of global lithium reserves, which are often located in remote or politically
sensitive areas, and the large consumption associated with the electric vehicle market. Thus,
it is crucial to research cheap secondary batteries for EES.**3®

In comparison to Li, sodium has abundant natural resources, resulting in its low cost.
Moreover, sodium is located below Li in the periodic table, so it possesses similar chemical
and physical properties to Li in many aspects. Sodium has a higher redox potential of -2.71 V
versus standard hydrogen electrode and lower gravimetric capacity of 1165 mAh g™
compared with lithium (redox potential of -3.01 V and gravimetric capacity of 3829 mAh g,
respectively).***® This makes the energy density of sodium ion batteries lower than for

lithium ion batteries. For the secondary batteries applied in large-scale energy storage
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systems, however, this has to be compared with the low cost, so whether the batteries have
high energy density becomes less crucial. Therefore, sodium ion batteries are a promising

candidate for application in large-scale energy storage systems.

1.2 Challenges for the sodium-ion batteries

Sodium-ion batteries (SIBs) were first investigated for electrochemical energy storage before
1980. Up to the last 10 years, SIBs were becoming one of the hottest research topics for
intensive investigations. Many electrode candidates for lithium ion batteries have been tested
for sodium ion storage, although their cycling performance, specific capacity, and rate
capability are not satisfactory. This is because the ionic radius of Na (0.98 A) is larger than
that of Li (0.76A), so that the kinetic diffusion and storage mechanisms of Na are different
from those of lithium ion batteries (LIBs), causing some problems. For finding cathode
materials for SIBs, the challenge is that the intercalation of Na" is so difficult compared with
Li* that the specific energy and power density of SIBs are smaller compared with LIBs. In
terms of anode materials for SIBs, there are two main difficulties arising from the bigger
ionic radius of Na. One is that the conversion reactions occur at relatively high potentials,
eventually resulting in decreases om overall cell voltage, especially in the cases of oxides,
fluorides, chlorides, bromides, etc. The other is that the volume expansion is larger than for
lithium-based equivalents owing to the bigger ionic radius of Na than that of Li. Usually,
these cause mechanical degradation in anode materials, resulting in poor cycle life. Therefore,
it is crucial for us to find good new electrode materials with superior energy density for
advancing the prospects of SIBs and to enhance their electrochemical properties through the
various strategies for controlling the morphology, structure, and size of the particles, and
forming composites and compounds. This is not an easy task, however, because most of the
sodium-equivalent electrodes are electrochemically inactive; for example, Si cannot store

sodium.
1.3 The goals of this work

In this doctoral work, the main goal is to search for promising anode and cathode materials
for SIBs with the properties of low cost, long cycle life, and environmental-friendliness. For
anode, phosphorus was selected as my research subject due to its low cost, non-toxicity, and
high specific capacity. Then, the electrochemical performance of the P-based anode materials
has been further improved by forming composites with carbon and preparing alloying

compounds. In term of cathode, my main attention has been given to Prussian blue analogues.
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Through combining Prussian blue analogues with conductive polymer and optimizing the
structure, the cycle life of the Prussian blue cathode materials could be prolonged. Moreover,
ex-situ X-ray diffraction (XRD), ex-situ X-ray photoelectron spectroscopy (XPS), ex-situ
transmission electron microscopy (TEM), and in-situ XRD have been implemented to

investigate the sodium storage mechanisms of these electrode candidate materials.

1.4 Outlines of the thesis

The scope of this doctoral work is briefly summarized below as follows:

Chapter 1 concisely introduces the general background, main challenges, some strategies for
enhancing the electrochemical performance of SIBs, and the outline of this study.

Chapter 2 presents a literature review on SIBs, consisting of basic concepts and working
principles, electrode materials, and electrolytes.

Chapter 3 presents the chemicals and methods applied to synthesizing electrode materials.
This chapter also briefly introduces the characterization methods used to characterize the
electrode materials: X-ray diffraction (XRD), synchrotron X-ray diffraction (SXRD),
photoelectron spectroscopy (XPS), Raman spectroscopy, thermogravimetric analysis (TGA),
scanning electron microscopy (SEM), field emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), selected area electron diffraction (SAED), energy
dispersive X-ray spectroscopy (EDS), M&ssbauer spectroscopy, the physical properties
measurement system (PPMS), and electrochemical measurements, which include cyclic
voltammetry (CV), galvanostatic charge-discharge cycling, and electrochemical impedance
spectroscopy (EIS).

Chapter 4 discusses the electrochemical reversibility of commercial microsized red
phosphorus in sodium ion batteries. Through simply mixing microsized red phosphorus with
carbon nanotubes (CNTs) by hand grinding, highly reversible sodium storage was
unexpectedly achieved. The P/CNT composite delivered an initial discharge capacity of 2210
mAh g*, and 76.6 % of the initial reversible capacity still remained after 10 cycles. CNTs
play a crucial role in the reversibility of the P/CNT composite. The network structure of the
CNTs serves to effectively buffer the enormous stresses from the volume expansion of the P
particles and reduces the rate of pulverization of particles. On the other hand, the CNT
network provides pathways for electron transport, which is helpful for maintaining the
connections not only between the red phosphorus particles, but also between the red

phosphorus and the current collector.

-20 -



Chapter 1. Introduction

Chapter 5 further improves the cycling performance of red phosphorus, by reducing its
particle size and incorporating it with graphene nanoplates. Cheap red P and natural graphite
were selected as the starting materials here, and the red phosphorus and graphene nanoplates
composite were prepared via a simple and scalable ball-milling method. The phosphorus-
carbon bond formed during the milling process improves the electrical connectivity between
the P particles and graphene nanoplates, and consequently stabilizes the structure of the
composite to achieve high cycling performance and rate capability. As a result, the red
phosphorus and graphene nanoplate composite delivered high reversible capacity of 1146
mAh g at the current density of 100 mA g™ and an excellent cycling stability of 200 cycles
with 92.5% capacity retention.

Chapter 6 presents the electrochemical performance of a novel tin phosphide — SngPs3,
which contains the active metal Sn. The as-prepared Sns.P3; presents a core-shell-like
morphology, where the core is the tin phosphide and the shell is the amorphous tin and
phosphorus. Such a morphology is beneficial to the electrochemical performance. Then, the
composite was denoted as Sns.+Ps@(Sn+P). It showed excellent cycling performance with
capacity retention of 92.6% at the current density of 100 mA g™ over 100 cycles. Moreover,
the Sns.P3@(Sn+P) electrode exhibited superior high rate capability, with a stable capacity
of 165 mAh g™ at the 10 C-rate (5000 mA g™).

Chapter 7 reports a novel, nanosized FeP and CoP particles, which contain inactive metal Fe
and Co. It was synthesized by the ball-milling method for sodium ion batteries. It delivered a
high capacity of 764.7 and 770 mAh g, respectively. Through ex-situ XRD, XPS and TEM,
the sodium storage mechanism of FeP and CoP was explored.

Chapter 8 presents a facile, one-step, soft chemistry approach to the synthesis of CIO,” doped
polypyrrole-coated Naj 7,MnFe(CN)s composite as a cathode material (NMHFC@PPy) for
SIBs. PPy plays multiple important roles in the composite. First, PPy acts as a conductive
coating layer, which can increase the electronic conductivity of NMHFC to improve the rate
capability. Second, PPy can act as a protective layer to reduce the dissolution of Mn into the
electrolyte to improve the cycling performance. Finally, the PPy doped with CIO4" can act as
an active material to increase the capacity of the composite. As a result, NMHFC@PPy
shows high energy density (428 Wh kg™), enhanced cycling performance (67% capacity
retention after 200 cycles), and excellent rate capacity (46% capacity for the 40 C rate).
Chapter 9 reports a series of different Na-enriched Naj.xFeFe(CN)g samples synthesized by a

facile one-step method which utilizes NasFe(CN)g as the precursor in different concentrations
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of NaCl solution. In this method, more sodium ions enter into the framework, which not only
can effectively reduce the amount of vacancies and coordinating water, but also can increase
the amount of sodium ions per formula unit. As a result, this material not only can enhance
the cycling stability and the efficiency, due to the reduction in the amount of vacancies and
crystal water, but also can improve the specific capacity, due to the benefit from more sodium
ions entering into the framework. The Na; ssFe[Fe(CN)s]-3.1H,0 (PB-5) sample shows a high
specific capacity of more than 100 mAh g™ and excellent capacity retention of 97% over 400
cycles. Moreover, through various characterization techniques including synchrotron X-ray
powder diffraction (S-XRD), M&sbauer spectroscopy, Raman spectroscopy, magnetic
measurements, thermogravimetric analysis, X-ray photoelectron spectroscopy, and
inductively coupled plasma analysis, the structure of the as-prepared Naj.xFeFe(CN)g
samples was determined.

Chapter 10 summarizes the overall doctoral work and provides the outlook for further

research work on the phosphorus-based anode and Prussian blue cathode materials.
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2.1 Development history of the sodium ion batteries

Historically, battery development can be traced to the invention of the Leyden jar, which can
store electric charge, in the city of Leyden in the Netherlands in 1745. Ewald George von
Kleist used a set of Leyden jars connected in series to establish a high voltage. From then on,
a series of similar devices connected more tightly was called a battery. In 1800, Volta, an
Italian physics professor, built the first liquid-electrolyte battery in which alternating zinc and
copper disks were separated by cardboard and soaked in salt water. In the next 200 years,
battery technology developed rapidly. In 1859, Gaston Plant& a French physicist, first
developed the rechargeable lead-sulfuric acid battery. In 1899, Jungner invented the nickel-
cadmium battery, and then nickel-iron batteries appeared in 1901. In the next 60 years, many
researchers worked on studies of rechargeable batteries. In the 1960s, researchers at the Ford
Motor Co. developed high-temperature Na-S batteries, in which the electrodes held at 300 <C
are liquid sodium and sulphur separated by a ceramic electrolyte (B-alumina), sparking
investigations into the field of ion transport for energy storage. Subsequently, NGK
INSULATORS, LTD. (NGK) and the Tokyo Electric Power Co. (TEPCO), two Japanese
companies, worked together on the development of the sodium-sulfur battery, and then, NGK
started to produce it on a large scale for commercial application in April 2003. Then, the
high-temperature Na-S batteries were rapidly extended to application for emergency power,
combined emergency power and loading levelling, and electric transmission and distribution
system support.

The first studies of Li ions as charge carriers for electrochemical energy storage took place in
the 1970s. TiS; was first proposed for electrochemical lithium insertion and application in
energy storage devices at room temperature. At nearly the same time, it was reported that
TiS, could intercalate sodium ions in a highly reversible manner and could be used for
electrochemical energy storage at ambient temperature. In 1980, LiCoO,, a lithium-
containing layered oxide, was developed by Goodenough as a positive electrode material for
lithium storage, and it is still widely used as high energy positive electrode material in
commercial lithium ion batteries even now. Meanwhile, the sodium containing layered oxides,
NaxCoO,, were also reported as positive electrode for sodium ion storage. In the following 20
years, however, the studies of room-temperature sodium ion batteries were almost suspended,

while the development of the lithium ion battery (LIB) proceeded ceaselessly from the
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production of commercial lithium ion batteries by the Sony Co. in 1991. Three important
developments played a vital role in the commercialization of lithium ion batteries: the
discovery of the LiCoO, cathode by John Goodenough (1980), the discovery of the graphite
anode by Rachid Yazami (1982), and the rechargeable lithium battery prototype produced by
Asahi Chemical, Japan. Sony commercialized the lithium ion battery in 1991. Afterwards,
research on lithium ion batteries became a hot topic.”” The series of developments of

secondary batteries is summarized in Figure 2.1.
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Figure 2.1. Schematic representation of battery development over the centuries.”’
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In 2000, investigations on sodium ion batteries (SIBs or NIBs) came back into researchers’
view again. Stevens and Dahn reported that hard carbon can deliver a high reversible capacity
of 300 mAh g for sodium ion storage, close to that for lithium insertion into graphitic
carbon, although its cycle life was not satisfactory for battery applications at that time. Hard
carbon is now extensively investigated as a promising anode candidate for SIBs.*® It was
another important discovery for room-temperature sodium ion batteries that NaFeO, was
reported to be electrochemically active for sodium ion insertion in 2009, based on the redox
couple of Fe**/Fe*" * It is utilization of the Fe*'/Fe*" redox couple that is playing an
important role in developing high-energy and cost-effective SIBs for the future. The studies
of SIBs dramatically increased in recent year after 2010, which can be demonstrated from the

number of publication on SIBs, as shown in Figure 2.2.
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Figure 2.2. Numbers of publications related to sodium for energy storage devices that were
published in the past three decades. (The number in 2014 is limited to the articles published
from January to March.)

The sodium ion batteries are a major topic of research, owing to the ever-increasing
worldwide demand for large-scale batteries for energy storage systems. In terms of large-
scale application, the lithium ion batteries are not suitable because their price is very high,
resulting from the uneven distribution of lithium reserve around the world and increasing
consumption. Sodium, however, is relatively cheap due to its abundant reserves in the Earth’s
crust, in comparison with lithium. Moreover, sodium is located below Li in the periodic table
and possesses similar chemical and physical properties to Li in many aspects, as presented in
Table 2.1. Sodium has a higher redox potential of -2.71V versus standard hydrogen electrode
and lower gravimetric capacity of 1165 mAh g™ compared with lithium (redox potential of -
3.01V and gravimetric capacity of 3829 mAh g™, respectively). In addition, compared with
the expensive copper used as current collector for Li-ion battery anodes, a cheap Al can be
utilized as the current collector for the anode in Na-ion batteries because Al does not reaction
with Na, which can bring about 8 % cost reduction. A slight cost reduction is also expected to
be achieved by replacing Li salts with Na salts in the electrolyte. Figure 2.3 displays the
comparison of the manufacturing costs for Li-ion batteries and Na-ion batteries, assuming
that they deliver the same energy density. It demonstrates that Na-ion batteries are probably
about 10 % less expensive in total cost than commercial Li ion batteries, Up to now, the
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electrodes investigated for sodium ion batteries have shown lower energy density than
lithium ion batteries. Even so, as secondary batteries are applied in the large-scale energy
storage systems, compared with the low cost, the question of whether the batteries have high
energy density becomes less crucial. Therefore, sodium ion batteries are considered as a

promising candidate for application in large-scale energy storage systems.®* "

Table 2.1 Sodium versus Lithium characteristics.**

Category Lithium Sodium

Cation radius 0.76 1.06

Atomic weight (g mol™) 6.9 23

Eo (vs. Li/Li", V) 0 0.3

Cost, carbonates $5000/ton $150/ton

Capacity (mAh g™), metal 3829 1165

Coordination preference Octahedral and tetrahedral Octahedral and prismatic

NIB Anode |Elect-| separator | Al foil
13% |rolyte[ 149 8%
8%
Anode | Elect-| separator | Al & Cu
LIB 13% G 14 % foil
9% 16 %

0 100

Cost/ %

Figure 2.3. comparison of the manufacturing costs for Li-ion batteries and Na-ion batteries.”
2.2 Working principle of sodium ion batteries

The configuration of sodium ion batteries is similar to that of lithium ion batteries, including
the anode (negative electrode), the cathode (positive electrode), the electrolyte with sodium
salt, and the separator. The fundamental working principles of sodium ion batteries are shown
in Figure 2.4. When the battery cell is discharged, the electrons are released from the anode,
causing the oxidative chemical reactions there, and transferred through the external circuit to
the cathode, where the reductive chemical reactions occur. During the process of charging,

the active pathways of electrons are reversed. Na* functions as the charge carrier which
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shuttle from anode to cathode. The electrolyte has high ionic conductivity and low electrical
conductivity, acting as an insulator for the electrons and playing the role of transport medium
between the cathode and anode for the alkali ions. The separator is a physical barrier located
between the cathode and anode to prevent direct contact but allow the ions to freely shuttle
through it.

Electron

\ Charg Discharge

Battery charger —
or

|

e =

Operating device

Discharge

. Electrolyte .
Positive electrode Negative electrode

Figure 2.4. Schematic illustration of Na-ion batteries®
2.3 Fundamental concepts of sodium ion batteries

2.3.1 Active materials
The materials which can take part in chemical reactions in the battery and generate electrical
current at the same time are called “active materials™.
2.3.2. Cathode
The cathode is the positively charged terminal of a storage battery that supplies current.
2.3.3 Anode
The anode is the negatively charged terminal of a storage battery that supplies current.
2.3.4 Binder
Generally speaking, the binder is an organic material which conglutinates the active materials
and the conductive agent (e.g., carbon black) on the metal current collector.
Currently, the common binders can be divided into two kinds - organic and water based
binders, according to whether their solvents are organic.
(1) Organic-based binder, such as polyvinylidene difluoride (PVDF), which has been

successfully applied in commercial lithium ion batteries. The significant advantage of
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PVDF is its large anodic-cathodic stability widow at room temperature (0 — 5V Vs.
Li*/Li, 0—4.7 V vs. Na'/Na). This binder also has some shortcomings, however, such
as, hard decomposition and lack of environmental friendliness caused by its solvent
(N-methyl-2-pyrrolidone (NMP)).

(2) Water-based binder. The most important advantage of this kind of binder is its cheaper
cost and greater environmental friendliness. The binders of this kind that are

77-90 78,90

commonly used are carboxymethyl cellulose, alginate,” poly(acrylic acid),

|’86,91,92 etc.

polyvinyl alcoho
2.3.5 Electrolyte
The electrolyte is a transport medium between the cathode and anode, which ensures that
alkali ions are effectively transported. It also possesses the feature of electronic insulation.
The electrolyte has an important influence on the electrochemical performance and safety of
the battery.
2.3.6 Separator
The separator is an insulated and porous polymer or inorganic composite membrane which is
placed between the cathode and anode. In liquid electrolyte batteries, it plays the crucial role
of preventing direct contact between the cathode and anode while allowing the ions to freely
shuttle through it. Its properties significantly determine the performance and safety of the
battery, even though the separator itself participates in no electrochemical reactions.
2.3.7 Voltage
(1) Open circuit voltage (OCV)
Open circuit voltage (abbreviated as OCV or Voc) is the difference in electrical potential
between the cathode and anode of a battery when there is no current flow transferred through
the cell.
(2) Working Voltage
The working voltage of the cell is the difference in electrical potential that is measured when

there is current flowing through the circuit. It is determined by the following equation:

V=Voc‘ RI (21),
Where R is the internal resistance of the battery cell and I is the working current in the circuit.
2.3.8 Capacity (Q)

Capacity (Q) is the total amount of charge which the electrode provides for participation in
the redox reactions during the charge/discharge process of the cell. The capacity can be

calculated by the following equation:
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Q = [ 1(t)dt = nzF (2.2),
where I(t) is the current, t is the time, n is the number of the ions (mol), z is the valence of the
ions, and F is the Faraday constant (96485 C mol™).

(1) Specific capacity

The specific capacity is the capacity calculated based on the per unit weight of the active
material, per unit density of the active material, or per unit area of the active material.
Correspondingly, it can be described in terms of gravimetric specific capacity (ampere hour
per kilogram; Ah g?), volumetric specific capacity (ampere hour per liter; Ah L™), and
superficial specific capacity (ampere hour per square meter; Ah m™).

(2) Specific charge and specific discharge capacity

The specific charge or discharge capacity (Q; or Qg, mAh g™) is the amount of charge
transferred and is calculated based on per unit weight of the active material during the
process of charging or discharging. The equation is listed as follows:

t2
S I(H)at
m

Qc(or Qq) = (2.3)

Where I(t) is the current (A), t is the time (h), and m (g) is the mass of active materials.
(3) Theoretical specific capacity (Qrsc)
The theoretical specific capacity (Qrsc, mAh g*) is the capacity calculated from the

following equation:

1000XFXxn
Qrsc = Zze00 (24)

nx1000

Where n is the number of moles of electrons participating in the electrochemical reaction, F
is the Faraday constant (96485 C mol™), and M is the molar mass of the active materials.

(4) Irreversible capacity

Irreversible capacity is the difference between charge capacity (Q.) and discharge capacity
(Qq) after each cycle, and is used to evaluate how much capacity is lost during each cycle.

For anode materials:

Irreversible capacity = Qq - Q¢ (2.6)
For cathode materials:

Irreversible capacity = Q. - Qqg (2.7)
2.3.9 Capacity retention

The capacity retention is the ratio of charge or discharge capacity of a later cycle to a

previous one.
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Capacity retention = (N""Qu¢/m™Qg) *100% or (""Q/m™"Q.) *<100% (n > m) (2.8)
2.3.6 Coulombic efficiency (7)

The coulombic efficiency (7) is the ratio of the output of charge to the input of charge for a
secondary battery, which can be expressed by the following equation

n =2t 100% (2.9)

NtpQc

2.3.10 Discharging

Discharging is the operation in which the secondary battery outputs electrical energy to an
external load.

2.3.11 Charging

Charging is the operation in which the secondary battery puts energy into the cell by forcing
an electric current through it.

2.3.12 Rate capability

Rate capability, also called the C-rate, is generally used to evaluate the transfer speed of
alkali ions when the battery is charged or discharged. 1 C means that the time for the battery
to be completely charged or discharged is 1 h. 5 C means that the time for the battery to be
completely charged or discharged is 0.2 h.

2.3.13 Charge-transfer resistance

Charge-transfer resistance (Rc), as an important parameter of a battery, is used to
quantitatively evaluate the speed of an electrochemical reaction on the electrode. Generally,
when the charge-transfer resistance is larger, the electrochemical reaction is slower. The R
can be calculated from electrochemical impedance spectroscopy (EIS).

2.3.14 Specific energy density (SED)

Specific energy density (SED) is the amount of energy (Wh) stored in a given system per unit

mass (m, kg) or volume (V, L), and can be calculated as follows:

SED(mass) = E X Q (2.10)
SED (volume) = EXQ% (2.11)

Where E is the voltage (V), Q is the specific capacity (Ah kg™), m is the weight of the cell
(kg), and V is the volume of the cell (L).

2.3.15 Specific power density (SPD)

Specific power density (SPD) is used to characterize the ability of the battery to deliver

power, and can be calculated as follows:

SED(mass)

SPD(mass) = -

(2.12)
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SED(volume)

SPD(volume) = ;

(2.13)

2.4 Current cathode materials for sodium ion batteries

For a full battery cell, the cathode plays a crucial role in both the electrochemical
performance and the total cost of the advanced commercial SIBs needed to meet the demands
of a large-scale energy storage system. It is a fact that the energy density and rate capability
of a full cell are mainly limited by the theoretical capacity and thermodynamics of the
cathode material in the present sodium ion battery technology. Moreover, it was reported that
the cost of the cathode materials accounts for ~32% of the total cost of a battery,”® more than
twice that of the anode, in a typical SIB cell including cathode and anode electrodes, current
collectors, electrolyte, and binders. Therefore, it is very important to develop promising
cathode materials for the current SIB technology. Figure 2.5 shows the recent reported
electrode materials for SIB. In the following text, | classify these current cathode materials
into six groups that | will introduce in detail: Layered transition metal (TM) oxides,
Phosphates, Pyrophosphates and mixed polyanions, Fluorides, Hexacyanoferrates, and
Organic compounds.

Nag/sNiqsMny 30, NazV,(PO,);
4.5 / 4.5 1
4.0 4.0 \

.NEi4C03(F’O4)2F3207

Na;V,(PO,4),F3

Positive

. Na,Fe3(PO,),P,0,

NaMn, 5Ni;3C04,50, Na,;5(Feq;3Mny;5)0,

Potential (V vs. Na*/Na)

Na,Sb
1.0 NaggMo,0, NaygP, 1.0 Hard & 2
Na,Ti(PO,); car;ons T
0.5 - 0.5 - - Na,Ti;O; <
m =z
0.0 . ‘ ‘ : : : 0.0 . , ‘ ,,,,,, ,
50 100 150 200 250 300 100 150 200 600

NaTiy(PO,);~

MoO
a,(MoO,),P,0, °

254 Nag 44MnO, 35|
. \ V505
3.0 4 N 3.0
2.5 ‘ 25
2.0 ,. 2.0
1 N

15 15

Na;FeP;0; NaFePO,
Na-carboxylate

Capacity (mAh g™")

Capacity (mAh g™')

Figure 2.5. Recent reported electrode materials for sodium-based batteries. VVoltage versus
capacity for reported positive and negative electrode materials with plausible application in
Na-ion cells within the past three decades and as studied during the past three years.*®

2.4.1 Sodium transition metal (TM) oxides

2.4.1.1 Layered transition metal (TM) oxides

Delmas et al. proposed that the layered transition metal oxides are built by a stacking
arrangement in which the alkali ions are stacked between layers which are constituted by

sheets of edge-sharing MOs octahedra.** Accordingly, the sodium layered oxide compounds
231 -
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(NayMO,, M = transition metal) can be classified into two major groups: the O3 and P2 types
(Figure 2.6(a) and (b)). The letter O or P refers to octahedral or prismatic sites occupied by
alkali ions; the number 3 or 2 represents the number of transition metal layers in the repeated
stacking unit perpendicular to the layering. O'3 and P"2 refer to the monoclinic distortion of

03 and P2 phase packing. The clear difference between the O3 and P2 type in the X-ray
diffraction (XRD) patterns is shown in Figure 2.7.

(2) o)
N 2b
A
B
zd Na
B
A

Figure 2.6. The stacking types of (a) O3 and (b) P2 phases in AyMOz.y. In particular, in the
P2-structure, there are two different sites for Na ions. One occupies the 2d site sharing the

edges with MOg octahedral whereas the other occupies the 2b site sharing two faces with the
MOs octahedra.®®
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Figure 2.7. XRD patterns of the (a) O3-type and (b) P2-type NaxM,0,.%

Recently, the layered transition metal (TM) oxides have been intensively investigated by the
researchers due to their high energy density, above 500 Wh/kg.*”*° Some issues, however,
are blocking their practical application. O3-type NayMO, usually undergoes a complicated
phase transition during the charge-discharge process, which results in a serious degradation in
both the capacity and the cycle life.**% For example, O3-type NaCrO, was charged in a Na
half-cell, and the structural evolution was measured by the in-situ XRD. The in-situ XRD
patterns and the structural evolution of the NaCrO; are shown in Figure 2.8. When 0.08Na is
extracted from the initial O3 rhombohedral phase, a new phase began to form and grow. The
rhombohedral (012) peak splits into two peaks, suggesting that the rhombohedral phase is
making a transition to monoclinic phase. When 0.25Na is extracted from the pristine structure,
the monoclinic phase Nag74CrO, became the dominant phase. With more Na extracted from
the structure, a second new phase emerges and becomes the final phase when 0.48 Na is
extracted. The peaks of the XRD pattern of the final phase are consistent with the Nays,CrO,
phase (JCPDS no0.38-1204), which is a P3-type structure.
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Figure 2.8. In situ X-ray diffraction patterns collected during the first charge (up to 3.6V at
C/12 rate) or a NaCrO,/Na cell (the 20 angles are calculated to corresponding angles for
=1.54A for Cu-Ko from the real =0.7747 A wavelength used for synchrotron XRD
experiments).The corresponding voltage-composition profile is given on the right side of

XRD patterns. Oxygen stacking of O3 and P3 structures is given on the extreme right.'*

In addition, O3-type layered transition metal (TM) oxides are normally unstable under
ambient atmosphere, because they can react with water, or water/CO, molecules can be
inserted into alkali metal layer.®"'%*'® Subsequently, they need be stored under inert gases,
adding to the costs. To improve the stability of the O3-type compound and the cycling
performance, an effective strategy is to incorporate Co or Ni into the transition metal

19125 the elements Co and Ni are toxic, however. Moreover, due to the wide utilization

layer.
of Ni and Co in lithium ion batteries, the cost of Ni and Co is increasing day by day.
Therefore, it is better to avoid using Ni or Co in the cathode materials. Recently, Huang’s
group developed new air-stable Co/Ni-free O3-Nagg[Cuo22Fe030Mno4g]02.%° Figure 2.9
presents the electrochemical performance of the Nago[Cuo 22F€0.30Mng45]O2. As shown in
Figure 2.9(a), Nag.o[ Cug 22F€e0.30Mng 4] O2 delivers about 100 mAh g'1 reversible capacity with
an initial Coulombic efficiency of 90.4%. Moreover, it shows excellent cycling performance,
with 97% capacity retention of its initial capacity after 100 cycles (Figure 2.9(b)). To
evaluate the stability of Nago[Cup2F€030Mno4g]O, in air, its structure and the
electrochemical performance were tested after the material was stored in air for one month to
exclude the effects of CO,. Figure 2.10 shows the XRD patterns and electrochemical
performance of the O3-Nag o[ Cug22F€0.30Mno 48] O, stored in air for one month. As shown in
Figure 2.10(a), it is clear that there was no change in the XRD pattern of
Nap o[ Cug 22F€p.30Mnp 48] O, stored in air for one month compared with the as-prepared
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Nag o[ Cuo.22F€0.30Mng 48] O2. Moreover, the cycling performance of Nag o[ Cug 22F€0.30Mno 48] O2
remained stable after storage in air (Figure 2.10(d)). All the results demonstrate that
Nag o[ Cuo 22F€e0.30Mng 48] O2 is very stable in air. Huang proposed two possible reasons for the
stability improvement of Nag o[Cug22F€0.30Mng.4s]O,. One is that the incorporation of Cu into
layered oxides increases the average storage voltage, which avoids oxidation by
water/oxygen/CO,. The other one is that different surface structures and compositions can be

formed to protect the bulk material from direct contact with air.
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Figure 2.9. Na storage performance of the O3-Nag o[ Cug 22F€0.30Mng 48] O2 electrode (a—c). (a)
The first and second galvanostatic charge and discharge curves of the
Nag o[ Cuo.22F€0.30Mng 48] O2 electrode cycled between 2.5 and 4.05 V at a current rate of 0.1C
(10 mA g™). (b) Long-term cycling performance. The capacity, Coulombic efficiency, and
energy conversion efficiency versus cycle number at a 0.1C rate. ¢) Rate capability. Capacity
versus cycle number at various current rates from 0.1C to 5C. Na storage performance of the
03- Nago[Cug.22Fe0.30Mng 48] Oo//hard carbon full cells (d-f). (d) The first, second, and fifth
charge and discharge curves of the full cell cycled between 1 and 4.05 V at a 0.5C rate. (e)
Long-term cycling performance, the Coulombic efficiency, and the energy conversion
efficiency versus cycle number at the 0.5C rate and (f) rate capability. Discharge curves of
the full cell cycled at constant charge/discharge rates from 0.5C to 6C (one charge curve at
0.5C rate is also shown). The specific capacities were calculated based on the mass of
cathode material in (a—c) and based on the mass of anode material in (d—f).%
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Figure 2.10. (@) The XRD patterns of as-synthesized O3- Nago[Cug.22F€e0.30Mng.45] Oz and the
sample stored in air for one month, the insert photograph is the Nag.o[Cug22F€0.30Mng.45]O2
powder showing the black colour; (b) typical SEM image of the sample stored in air for one
month; (c) the typical first and second charge/discharge curves of the sample stored in air for

one month at the current rate of 0.1C and long cycling performance at 0.1C rate (d).®

In contrast to O3 compounds, the P2 compounds can keep the P2 structure over a wide range
of Na content, suggesting that they rarely undergo a phase transition during the charge-
discharge process.®%12128 Figyre 2.11 shows the structural evolution of the P2-
Nag.67[MngesNig.15Fe02]O2 during the first discharge process. Clearly, the initial P2 phase
retains its structure over the wide range of voltage. When the Nagg7[MnggsNig.15F€0.2]O2 was
discharged at low voltage of about 1.8 V, it was transformed from P2 phase into a distorted
P2’ phase. A new uncharacterized high potential phase, denoted as “Z”, appeared at high
voltage (> 3.7 V). Moreover, Nazar suggested that this deleterious high voltage transition can
be mitigated by substitution for Fe** by Ni**.*® For example, when nickel atoms were
incorporated into the transition metal layers of NagssFeosMnysO, to form
Nag.29F€0.2MnggsNig 1502, the stability domain of the P2 structure was pushed to higher
voltage-from 4 V to 4.1 V, as shown in Figure 2.12.
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2.4.1.2 tunnel-type transition metal oxides

Tunnel-structured NayMO, is an orthorhombic structure, as shown in Figure 2.13. It is built
from octahedral units (MOg) and square-pyramidal units (MOs). The edge-sharing MOs sites
are connected with one triple and two double octahedral chains at the vertexes, forming an S-
shaped tunnel. This unique tunnel structure drives the sodium ions to mainly diffuse along the
c direction. In contrast to most layered transition metal oxides, the tunnel-type transition
metal oxides are extremely stable in air, resulting in their being studied widely. The
representative tunnel-type compound is Nag44MnO,, which was first proposed by
Hagenmuller’s group in 1971.1%° Recently, Huang’s group developed a new tunnel-type
Nag.61[Mngs1xFexTio.39] O2, Which delivered the highest capacity of ~ 90 mAh g'1 among the
tunnel-type oxides and exhibited a high storage voltage of 3.56 V due to the Fe**/Fe** redox

couple.*!

Figure 2.13. Structural pattern of tunnel oxides.**

2.4.2 Phosphates

The phosphates can be mainly classified into 4 groups: phosphates which contain a single
phosphate group (NaMPO,4, M = transition metals), sodium superionic conductor (NASICON)
type  NayMy(PO,)s;, pyrophosphates and mixed polyanions (Na,MP,O; and
NasM3(PO,).P,0;), and fluorophosphates. Figure 2.14 shows the structures of these
phosphates.

2.4.2.1 Phosphate NaMPQO4

NaFePO, compound has two Kkinds of structures: the olivine structure and the
thermodynamically stable maricite structure. Maricite NaFePO4 prepared by the normal route
is electrochemically inactive, however, owing to the lack of cationic transport channels in the

structure.™®® Nevertheless, it was reported that nanosized maricite NaFePO, with 50 nm
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particle size can present superb electrochemical activity because the mobility of Na is
enhanced through a structural transformation to the amorphous phase.’** It delivered 142
mAh g™ rechargeable capacity in the voltage range of 1.5-4.5 V and showed an impressive
cycling performance with 95% capacity retention over 200 cycles.

© Na oM er @O0 OF

Figure 2.14. Crystal structures of (a) olivine NaMPQ,, (b) NASICON NazV,(PO,)s3, ()
triclinic Na,MP,05, (d) orthorhombic Na,MP,0;, (e) orthorhombic Na;M3(PO,).P.0O, (f)
orthorhombic Na,MPO4F, (g) monoclinic Na,MPO,F, and (h) tetragonal NazM,(PO,).F3 (M
represents transition metals).**

2.4.2.2 NASICON NazM,(POy)3

NASICON type compounds were proposed as sodium ion solid electrolytes because of their
high Na" ionic conductivity owing to their three-dimensional (3D) open framework. A typical
representative NASICON material is NasV,(POy4)s, which can exhibit both cathodic and
anodic electrochemical properties.”*>**° The charge-discharge curves of NazV,(PO4); used as
both cathode and anode are shown in Figure 2.15. When it acts as cathode, two sodium ions
can be extracted from the host with a theoretical capacity of 118 mAh g™, showing a potential
plateau at 3.4 V. When NazV,(POy)s3 is used as anode material, one sodium ion can be

inserted into the host with a theoretical capacity of 59 mAh g™, exhibiting a potential plateau
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at 1.6 V vs. Na'/Na. Utilizing this unique feature, a symmetric battery using it as both
cathode and anode can operate at a voltage of ~1.8 V. Moreover, this full cell showed
superior rate capability due to the high Na* ionic conductivity of NASICON type compounds.
Recently, Ji et al. used NasV,(PO4); encapsulated inside nanoporous carbon as both cathode
and anode material to fabricate an intercalation pseudocapacitor. This pseudocapacitor
delivered a high power density exceeding 5.4 kW kg™ and exhibited excellent cycle life, with

64.5% capacity retention over 10000 cycle at 1.17 A g.**

q 4o bz.s
3 s
+‘Z“ 3.6+ +‘z° 2.04
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Figure 2.15. First-three sodiation/desodiation profiles at 1C current rate of the NazV,(PO,)3
sample as (a) cathode and (b) anode.'**

2.4.2.3 Pyrophosphates and mixed polyanions (Na;MP,07, NayM3(PO,4),P,07)

Pyrophosphate Na,MP,07 (M=Fe, Mn, Co) as a cathode material for sodium ion batteries has
attracted more attention because it has a stable structure and good Na ion mobility.
Na;MP,0; can grow into different structures depending on the type of transition metal and
the synthesis conditions, including triclinic, orthorhombic, and tetragonal structure. For
Na,FeP,07 and Na,CoP,05, the most thermodynamically stable structure is the triclinic phase,
while for Na,CoP,0O;, the most accessible phase is the orthorhombic structure. Triclinic
Na,FeP,0; was first reported as cathode for sodium ion batteries, delivering 83 mAh g™
reversible capacity with a potential plateau at 3 V that is related to Fe**/Fe®* redox couple.'*?
The triclinic Na,MnP,07 shows a similar capacity of 80-90 mAh g™ and an average potential
of 3.7V 143146

NayM3(PO,).P,07 is a family which is consisted of mixed phosphate and pyrophosphate
groups. As shown in Figure 2.14 (e), it is composed of a three-dimensional nework of
[M3P2013] finite layer parallel to the bc-plane.**” NasFes(PO4),P,0; is a typical mixed

polyanion compound. It delivered capacity 110 mAh g™ and showed an average voltage of
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3.2V at the C/40 rate. Notably, the potential of Fe**/Fe?* redox in the mixed polyanion
compound is higher than that in phosphates and pyrophosphates.

Fluorophosphate is a new family which combines F" ions with phosphates. Recently, there
have been many papers reporting fluorophosphate as cathode for both Li- and Na-ion
batteries.®*'*¥**" Fluorophosphates can be divided into two main groups: Na,MPO4F and
Naz(VOx)2(PO4)2F3.2« (0 < X < 1). In terms of the NaoMPO,F family, Na,FePO4F and
Na,CoPO4F are two main structures that need to be investigated. Recently, it was reported
that carbon-coated NayFePO4F delivered a reversible capacity of about 100 mAh g™ and
showed a potential plateau at 3.0 V vs. Na*/Na.**® Carbon-coated Na,CoPO,F also exhibited
a similar capacity of 100 mAh g*, but its potential plateau is higher (4.3 V) than that of
Na,FePO,F, so that it shows the highest energy density of more than 400 mWh g™ in the
Na;MPO,F family.™**% The framework of NazV,(PO,)F; consists of [V,0gF3] bi-octahedral
and [PO,] tetrahedral units. It exhibits two potential plateaus at 3.7 V and 4.2 V, which are
related to the two-step reaction of the V*/V** redox couple, respectively, when
NazV2(PO4)F3 is charged from 2.0 to 4.5 V. Moreover, the F in Na3V2(PO4)F; can be
replaced by oxygen to form Naz(VOy)2(PO4)2F3.2x (0 <x < 1) family.

2.4.3 Sulfates

Sulfates belong to the family of polyanionic compounds, and there several sulfates have been
developed as cathode candidates for sodium ion batteries, such as NayFe;(SO4); and
NayFe(SO04)2:2H,0. Recently, Goodenough’s group prepared a new sulfate compound,
NaFe(S0.),.1%* It is a mineral with the eldfellite structure, and the detailed structure is shown
in Figure 2.16. It is clear that the octahedral sites in the ab planes are occupied by Na* and
Fe** ions. These planes are linked by (SO4) polyanions that leave interplanar space for two-
dimensional (2D) Na" ion diffusion. The theoretical specific capacity of NaFe(SO4); is 99
mAh g, and it delivered a reversible capacity of 80 mAh g™ at the 0.1 C rate. Moreover, it

exhibited a potential plateau at 3.3 V vs Na*/Na, related to the Fe**/Fe®* redox couple.
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Figure2.16. Crystal structure of eldfellite, NaFe(SO,), (a) planner view and (b) vertical

stacking.'®!

2.4.4 Fluorides

Fluoride cathode materials have attracted more attention in the field of lithium ion and

sodium ion batteries in recent years, owing to their stable structure, high theoretical capacity,

low cost, high safety, and low toxicity.”>****" Fluorides have the ability to generate high

electrochemical energy, resulting from their large electronegativity and the small
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electrochemical equivalent of fluorine. Yamaki’s group reported FeF3 as cathode for sodium
ion batteries, and it showed a discharge capacity of 100 mAh g™.® FeF; cannot be applied as
cathode in commercial sodium ion batteries, however, because of the lack of sodium as a
charge carrier. Therefore, Na-containing fluorides such as NaFeFs; have been developed
recently and are being intensively investigated.’**" Yamaki prepared two kinds of NaFeFs
with different fluorine sources: NaF and NaHF,.”> The NaFeF; obtained from NaHF,
exhibited better electrochemical performance than that obtained from NaF, delivering 130
mAh g initial discharge capacity with 84.6% coulombic efficiency in the voltage range of
1.5-4.0 V, as shown in Figure 2.17.

 (a) NaFeF, (obtained from NaF) '

_ 4} o
> 3:
s 2|
T 1 i 1st cycle
e 2nd cycle
g 0 —
o 4
g
S 3
> 3
5 2
O 1-

. | | B .

0 50 100 150 200

Capacity [ mAh/g ]

Figure 2.17. First and second charge and discharge curves of NaFeF3 obtained from (a) NaF
and (b) NaHF, at a rate of 0.076 mA cm™ between 1.5 and 4.0V vs. Na*/Na.”

2.4.5 Hexacyanoferrates

Prussian blue (PB) has the perovskite-type structure, A,M" [T" (CN)s] (A: alkali metal; M
and T: transition metals), in which there are two redox reaction metals, as shown in Figure
2.18. Thus, the ideal electrochemical reaction is A;M" [T" (CN)g] <> 2A™ + 2¢” + M"[T"
(CN)g], which can achieve maximum ion storage (2A"). Goodenough’s group reported a
series of KMFe(CN)g (M = Fe, Mn, Ni, Cu, Co, and Zn) compounds as cathode materials for
sodium ion batteries.®® Figure 2.19 shows the charge-discharge curves of KMFe(CN)g (M =
Fe, Mn, Ni, Cu, Co and Zn) compounds in sodium ion batteries. A fatal flaw, however, is that

KMFe(CN)s compounds do not have sodium ions, which hinders their application in sodium
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ion batteries. Therefore, many Na,M[T(CN)s] compounds are being investigated as cathode
170-179

for sodium ion storage.
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Figure 2.18. Framework of Prussian blue analogues.*®
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Figure 2.19. The charge-discharge curves of Prussian blue analogues KMFe(CN)g-Na cells at
the third cycle with a current of C/20. Insets show their corresponding
chronoamperograms.*®®

The synthetic procedure for PB is in aqueous solution, however, so the general formula of PB
as it is prepared is A\M[T(CN)g]1.yoy NnH20 (0 < x < 2, y < 1), where o denotes a [T(CN)s]
vacancy occupied by coordinating water.*® The presence of vacancies and coordinating water
will break down the bridging of the M-CN-T framework, resulting in a distorted lattice,
which gives rise to lower efficiency and structural instability of the PB compound during the
charge-discharge process.'®! Therefore, it is important to fabricate a PB framework with few
vacancies. Recently, Guo’s group reported that Nag g1Fe[Fe(CN)e]o.94T00.06 With few vacancies
had been prepared by a facile method and could be stably cycled over 150 cycles without
- 44 -
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apparent capacity 10ss.*"® Goodenough’s group removed the interstitial H,O by drying as-
prepared NaMnFe(CN)g in air/vacuum at 100 <C for 30 h. As a result, vacuum-dried
Na,MnFe(CN); delivered a high capacity of 150 mAh g™ with a potential plateau at 3.5 V. In
addition, it showed excellent rate capability (120 mAh g™ at 20 C) and superior cycling

performance, with 75% capacity retention over 500 cycles.*®
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Figure 2.20. Galvanostatic initial charge and discharge profiles profiles of (a) air-dried and
(b) vacuum-dried Na,MnFe(CN)s at a current of 0.1C(15mA g™) in the voltage range of 2.0-
4.0V. The derivative curves (dQ/dV) plotted as a function of V are shown as inserts. (c) Rate

capability and (d) cycling performance of vacuum-dried Na,MnFe(CN)g.*®?

2.4.6 Organic compounds

Organic electrode materials have been intensively developed to construct green rechargeable
batteries due to their environmental friendliness, low cost, and recyclability. Moreover, they
can be synthesized from natural biomass by a process with low energy consumption.®%
Diverse organosulfur compounds, radical compounds, carbonyl compounds, and functional
polymers have been studied as cathode materials for rechargeable batteries."®®?% There is a
problem limiting the development of organic electrodes, however, that they are easy to

dissolve in organic liquid electrolytes. In addition, low thermal stability, particularly poor
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electronic conductivity, and sluggish kinetics also hinder the application of organic electrodes,
whether in Li- or Na-ion batteries. Figure 2.21 shows some representative organic cathode
materials. These organic cathode materials can be classified into two groups: cation-insertion

type and anion-insertion type.
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Figure 2.21. Representative organic cathode materials with high specific capacity or high

operating potentials.'*

2.5 Current anode materials for sodium ion batteries

The anode materials investigated for sodium ion batteries can be classified into four different
groups: carbon-based materials, oxides and sulfides, alloy compounds, and organic
compounds. Figure 2.22 shows the average voltage and energy density versus gravimetric
capacity for various negative electrode materials for NIBs with sodiated
NagsNiyzsMny, TiysO2 or NagsFe,Mny 20, as cathode. As shown in Figure 2.22 (a) and (b),
when Nay;sNiyzsMnyTiygO, is used as the cathode materials in the full cells, the average
voltage and energy density for various anode materials for NIBs is higher than that for
NaysFe12Mny2,0,. Notably, in all the recent anode candidates, phosphorus and phosphorus-
based compounds show the relatively higher capacity and energy density for sodium ion

storage.
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Figure. 2.22. Average voltage and energy density versus gravimetric capacity for various

negative electrodes materials for NIBs: (a) sodiated as Nay;sNiysMny,TiyeO, as cathode;

(b)NaysFe1,Mny,0, as cathode. Gravimetric energy density (W h kg™), based on the weight

of active materials in

optimally balanced positive and negative electrodes, is calculated by the

difference of average potential and reversible capacity of active materials examined in Na

half cells according to previous reports. 2%

2.5.1 Carbon-based materials

Graphite is widely applied as anode material in commercial lithium ion batteries owing to its

ability to reversibly

form the intercalated compound LiCs.?" Nevertheless, there is no
_47 -



Chapter 2. Literature Review

intercalated NaCg compound that exists under moderate conditions, possibly due to the
mismatch between the size of the Na* ion and the graphite structure.?®® Thus, in the past ten
years, it is commonly recognized that graphite cannot be utilized as an anode candidate for
sodium ion batteries. Recently, however, Adelhelm’s group reported the opposite and showed
that graphite can be used as anode material for sodium ion batteries.?®® They utilized the co-
intercalation of both alkali ions and solvent to form a ternary graphite intercalation compound.
The reaction can be described in Equation 2.14,

Ch+e” + A" + ysolv & A*(solv), Cy (2.14)
As a result, the graphite presented excellent cycle life with capacity of about 100 mAh g™

over 1000 cycles and coulombic efficiency > 99.87% in sodium ion batteries (Figure 2.23).
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Figure 2.23. Cyclic voltammetry (a) and cycling performance and coulombic efficiency of
the graphite in 1M NaOTf in diglyme over 1000 cycles at 0.1C.2*

Hard carbon, as one type of amorphous carbon, shows promising electrochemical
performance as anode for sodium ion batteries. Hard carbon with improved performance was
reported in sodium ion batteries by Dahn’s group, who synthesized it by paralysing glucose.
It delivered a high capacity of about 320 mAh g™.>® The sodium storage mechanism of hard
carbon is also proposed by Dahn et al., in which Na™ ion insertion into hard carbon takes
place in two distinct structures. Correspondingly, there are two stages in the discharge curve,
as shown in Figure 2.24. One is the sloping region ranging from 1 to 0.2 V, which is assigned
to the insertion/deinsertion of the sodium ions in between parallel graphene layers in the
turbostratic graphitic structure. The other stage is the potential plateau at 0.1 V, which

corresponds to the sodium ion storage in the nanovoids of hard carbon.
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Figure 2.24. Sodiation/desodiation potential profiles for glucose-derived hard carbon formed

by pyrolysis at 1000 <C. The inset is an enlargement of the indicated region.

In addition, other carbonaceous materials are also being intensively investigated, such as
graphene, nanostructured carbon (carbon nanowires and nanospheres).?**#2 Our group
reported that reduced graphene oxide can allow sodium ion insertion, showing a reversible
capacity of 174 mAh g™ at the 0.2 C rate and a superior rate capability as high as 93.3 mAh g
! even at 200 mA g*.?!° To improve the cyclability and capacity, some morphologies and
structures of carbonaceous materials were studied, such as carbon nanospheres and nanowires.
Liu et al. reported that the as-prepared nanospheres can deliver a reversible capacity of ~160
mAh g™ at current density of 100 mA g™ after 100 cycles.”** The nanowires synthesized by
Maier’s group exhibited a ~200 mAh g™ reversible capacity at 50 mA g after 400 cycles.*?
2.5.2 Metal oxides and sulphides

2.5.2.1 Metal oxides (MOy)

In the recent years, many metal oxide materials have been tested as anodes for sodium ion
batteries. According to the sodium storage mechanism, metal oxide electrodes can be
classified into two groups: intercalation type and conversion type. Intercalation type metal
oxides include TiOy(B), Na,TizO7, NayTigO13, NasTisO1p, LigTisO1p, and P2-
Nao.66[Lio.22Tio.78] O2.2*3%* Owing to the limited number of storage sites in these structures,
the intercalation type metal oxides deliver reversible capacity of less than 300 mAh g™, In
contrast, the conversion type metal oxides show high theoretical specific capacities (> 600
mAh g?). The conversion type metal oxides can be divided into two groups according to

whether the metal in the oxides is active.
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In the first group of conversion type metal oxides, such as Fe3O,4, Fe,O3, CuO, NiCo,0,4, and

CoO, the metal M in the oxides is electrochemically inactive.?”*?*" The sodiation/desodiation

process can be described by the following equation,

MO, + 2xNa" + 2xe” <> xNa,O + M (2.15)
Most of this kind of metal oxide delivers low capacities of less than 400 mAh g, in spite of

the high theoretical capacities.

In the second group of conversion type metal oxides, such as SnO, and Sh,0,, the metal M in

the oxides is electrochemically active. The mechanism for the reactions of these compounds

during the charge-discharge process can be described by the following equations,

MO, + 2xNa" + 2xe” <> XNa,O + M, (2.16)
xNa,O + M + yNa" + ye <> xNa,O + Na,M (2.17)
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Figure 2.25. (a) 1st and 2nd cycles discharge and charge profiles of bare graphene, bare
Sn02, and SnO2@graphene nanocomposites at 20 mA g™ current density. (b) Cycling
performance of bare graphene, bare SnO,, and SnO,@graphene nanocomposites at 20 mA g™

current density. (c) Cycling performance of SnO,@graphene nanocomposites at current
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densities of 40, 80, 160, 320, and 640 mA g™. (d) Rate performance of SnO,@graphene

nanocomposites at varied current densities. (b—d) are recorded from the 2nd cycle.?®

Due to the presence of active metal elements, most such oxides deliver high reversible
capacities. SnO; is one of most investigated oxides with an active metal. Its theoretical
capacity is 1368 mAh g, based on the following sodiation reaction,??

31Na + 4Sn0O,; — Naj5S, + 8Na,0 (2.18)
Nevertheless, the theoretical capacity is difficult to achieve for pure SnO, because of the
huge volume changes and the poor electronic conductivity of SnO,. To improve the
electrochemical performance of SnO,, the most effective strategy is to combine the SnO,
with carbonaceous materials. Wang’s group reported that SnO, incorporated in graphene
nanosheets could deliver a high reversible capacity of 741 mAh g™ at a current rate of 20 mA
g™, It also showed good cycling performance with 638 mAh g™ capacity remaining after 100
cycles, as shown in Figure 2.25.2%

2.5.2.2 Sulphides

Metal sulphides, including FeS,, NisS;, MoS;, Sb,S3;, have become an intensively studied
family in recent years.””*?® Layered structure MoS; has been widely researched as an anode
material for sodium ion batteries. The storage mechanism of MoS; can be divided into two

steps according to the sodiation voltage. When MoS, was discharged above 0.4 V, Na* was

inserted into the layers, and the process can be described by Equation 2.19,%
MoS; + xNa — NayMoS; (above 0.4 V, x < 2) (2.19)
When the MoS; was further discharged below 0.4 V, the conversion-type reaction takes place,

as shown in Equation 2.20,%%’

NayMoS; + (4-x)Na = Mo+2Na,S (below 0.4 V) (2.20)
Chen et al. reported that MoS, nanoflowers showed a high discharge capacity of 350 mAh g™
at 0.05 A g and excellent rate capability, with 195 mAh g at 10 A g*.*° FeS, is another
metal sulphide that was intensively investigated due to its non-toxicity, excellent reversibility,
and the low cost of Fe.?*>?® Recently, Chen’s group prepared FeS, microspheres that showed
excellent cycling performance, with almost no degradation over 20000 cycles, as shown in

Figure 2.26.%%
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Figure 2.26. Electrochemical performances of Na/FeS, cells with optimized test parameters.
(@) cyclic performance of FeS, microspheres, (b) rate capability of FeS, microspheres, (c)
charge-discharge profiles of as-prepared FeS, at 1A g™ at different temperatures, (d) cycling

performance of a commercial bulk FeS, coin cell at a current density of 1A g*.2*®

2.5.3 Alloy materials

Most Group 14 and 15 elements have the ability to form binary alloy compounds with Na,
including Sn, Sh, P, Ge, and Pb. Figure 2.27 presents the theoretical gravimetric and
volumetric capacities of the Group 14 and 15 elements. The most significant feature of these
alloy elements is that their theoretical capacities are very large because a single atom may
combine with multiple Na atoms. Si and Ge can alloy with one Na* to form NaX-type alloy
compounds. There is no report, however, on the electrochemical formation of NaSi in a Na
cell so far. Sn and Pb have the ability to form NajsX,-type compounds, while P, Sb, and Bi
can alloy with 3 Na" to form NagX-type compounds. P in particular has the highest
theoretical capacity of 2600 mAh g™ among these elements. Alloy anodes based on these
elements, such as SnSh, Sns.xP3, and SnGeSh, have also been investigated as anode materials
for sodium ion batteries. In the following sections, we have chosen P, Sn, and Sb for detailed

description.’#2%%242
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Figure. 2.27. (a) Theoretical gravimetric capacity estimated from phase diagrams for the
group 14 and 15 elements. (b) Theoretical volumetric capacity of Si, Sn, Sb, and P electrodes

in Na cells. Hard-carbon as a Na insertion material is also compared.?*

2.5.3.15n

Kumta et al. studied the alloying process for Sn in Na half-cells. Figure 2.28 shows the
differential capacity plot (dQ/dV vs. V) in the first cycle for pure Sn. It is clear that there are
three peaks appearing at 0.18 V, 0.081 V, and 0.033 V in the discharge process. This suggests
that three phases are formed at 0.18 V, 0.081V, and 0.033V in the discharge process, denoted
as X-I, X-II, and X-III, respectively. Based on the corresponding specific capacity of the
respective phases related to the number of reacting sodium ions, the X-I, X-IT, and X-III
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phases are NaSn, NagSna, and NaysSna, respectively.** Huang et al. used in-situ transmission
electron microscopy to study the microstructural evolution and phase transformations of Sn
nanoparticles during the sodiation process.?*It was reported that the sodiation process for Sn
passed through two steps: two-phase sodiation and single-phase sodiation. At first, Na* was
converted to sodiated Sn particles through a two-phase mechanism to form a Na-poor,
amorphous Na,Sn alloy (x = 0.5). Then, Sn was further sodiated via a single-phase
mechanism to form some Na-rich amorphous phases and finally form the crystallized Na;sSn,
(x = 3.75). Figure 2.29 presents a schematic illustration of the structural evolution of Sn

nanoparticles (NPs) during the sodiation.
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Figure 2.28. Differential capacity vs. cell potential curves of pure microcrystalline Sn
obtained after 1 cycle at 50 mA g in the potential window 0.01-1.2V.%*

The big challenge for Sn application in sodium ion batteries is the huge volume change of
420% from the Sn transformation to NajsSn4, which results in the poor cycling life of Sn. To
improve the cycling performance of Sn, a few efforts have been made to prepare Sn/C
composite. Hu’s group synthesized a carbon/tin composite through depositing Sn thin film on
wood fibers, which showed excellent cycling performance with a retained capacity of 145

mAh g™ over 400 cycles at a current density of 85 mA g*.24
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Figure 2.29. Three a-NaySn phases in the single-phase sodiation. (a) electron diffraction
pattern (EDP) of the first a-NasSn phase, which was taken when the reaction front just swept
the entire Sn NPs. The simulated EDP indicated that the composition of the first a-Na,Sn
phase was close to the NaSn2 phase. (b) EDP of the second a-NasSn phase. The amorphous
halos match the simulated a-NagSn, phase. (c) EDP of the third a-NaxSn phase, which was
identified as a-NazSn based on volumetric expansion. It is structurally close to the c-Na;sSny
phase as tiny c-NajsSn, crystallites usually nucleate in this phase. (d) Schematic illustration
of the structural evolution of Sn NPs during the sodiation.**

2.5.3.2Sb

Monconduit et al. used in-situ XRD to explore the sodium storage mechanism of Sh. Figure
2.30 shows the XRD patterns of Sb cycled at the C/8 rate in the first two cycles. At first, Sb
was sodiated with Na* to form an amorphous Na,Sb phase, which reaches its maximum
sodium content at x = 1.5. With more Na" sodiation of Sb, the amorphous phase is converted
into crystalline NazSb phase. During the charge process, the crystalline NazSb phase is first
transformed into amorphous Na;sSb and then converted into Sb.?*" Also, like Sn, the huge
volume changes of Sb (~390%) causes rapid capacity degradation. To improve its cycle life,
some researchers milled Sb with a conducting carbon additive (Super P) to obtain good

cycling performance with capacity retention of 94% over 100 cycles.?4%2

Recently, Yu’s
group prepared a novel Sb 3D nanostructure where the Sh nanoparticles were incorporated
into a 3D reticular carbon network (denoted as Sb@3D RCN) by the electrostatic spray

deposition technique.?*® Figure 2.31 shows the morphology of the Sb@3D RCN composite. It
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is clear that the Sb nanoparticles were encapsulated in the reticular carbon matrix, which can
effectively accommodate the large volume changes during the charge-discharge process. As a
result, this 3D nanostructure presents excellent cycling performance with capacity of 224
mAh g retained over 900 cycles at the 3 C rate (Figure 2.31(g)).
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Figure 2.30. Operando evolution of the XRD pattern recorded at a C/8 rate (top left). The
black and the red patterns are those recorded during the discharges and charge, respectively.
The corresponding voltage profile (top right). A zoom illustrating the diffraction peaks from
the cubic NasSb (bottom).
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Figure 2.31. SEM images of (a) pure nickel-foam, (b) cross-section of the Sbh@3D RCN film,
(c) the Sb@3D RCN film and (inset) high-magnification image, (d) the obtained film after
heat treatment at 600C. (¢) TEM and (f) HRTEM images of the Sb@3D RCN, (g) cycling
performance of Sh@3D RCN at 3C rate.**°

2533P

Elemental phosphorus (P) is the most promising anode materials for SIBs with the highest

theoretical capacity of 2596 mAh g™, because it can react with 3 Na* ions to form NasP phase.

Phosphorus has three allotropes, white, black, and red. Among these allotropes, white

phosphorus is not chemically stable, and synthesis of black phosphorus is not facile, as it

needs an inert atmosphere under high pressure.”*®' In comparison, red phosphorus is
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commercially available with ease. For sodium ion storage, recently, Qian et al. and Kim et al.
reported that an amorphous phosphorus composite with carbon that was obtained by high-
energy mechanical milling could deliver a high capacity of 1764 mAh g™ at the current
density of 250 mA g™ and 1890 mAh g™ at the current density of 143 mA g™, respectively.
1252 Moreover, the sodium storage mechanism of P was investigated through ex situ XRD by

Kim et al.>*? It clearly shows that the red P is converted into NasP in the fully discharged state,
as shown in Figure 2.32.
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Figure 2.32. (a) Voltage profiles (black) of amorphous red P/C composite and the
corresponding electrode thickness change (gray) during sodiation and desodiation. (b) ex situ

XRD patterns of amorphous red P/C composite electrodes collected at various points as
indicated in (a).%*



Chapter 2. Literature Review

2.5.4 Organic compounds

Organic compounds with C=0 bonds can be used as anode materials due to the reaction
between alkali ions and C=0 bonds. Recently, disodium terephthalate (Na,CgH4O4) was
reported as anode for sodium ion batteries because there are two C=0 bonds in the compound.
The molecular structure of Na,CgH4O,4 and its Na insertion/deinsertion mechanism is shown
in Figure 2.30(a). It showed 250 mAh g™ reversible capacity with an average voltage of 0.45
V.%The electronic conductivity of Na,CgH4O4, however, is relatively poor. To improve its
electronic conductivity, a large amount of carbon black was added when preparing the
electrode slurry. Subsequently, the initial coulombic efficiency was very low, about 60%, as
shown in Figure 2.30(b). This is possibly because a side reaction may take place between
carbon black and the electrolyte. The coulombic efficiency and cycling stability of

Na,CgH;O,4 need improvement.
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Figure 2.33. (a) Molecular structure of Na,CgH;O, and its Na insertion/deinsertion
mechanism, (b) charge-discharge curves of Na,CgH4O4/carbon black composite in the voltage
range of 0.1-2Vv.%

2.6 Electrolyte

The electrolyte plays an indispensable role in batteries, providing alkali ion conduction and
acting as a transport medium between the cathode and anode. Electrolytes are mainly
composed of salts and solvents. In addition, to achieve a functional electrolyte, the third
component, the additive, is added into the electrolyte. The most widely used additive is
fluoroethylene carbonate (FEC), the function of which is to modify the solid electrolyte
interphase (SEI) film. The most commonly used sodium salts and solvents are listed in Table

2 and Table 3, respectively.
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Table 2.2 Basic properties of the most commonly used Na-salts for sodium ion batteries

electrolytes.??

Salt Anion chemical My[gmol™]  Tn[<T](Li-salt) o[mS cm ]?(Li-
structure salt)
NaClO, o7 122.4 468 (236) 6.4 (6.5)
o//c'“‘o
(o]
NaBF, Ak 109.8 384 (293) (3.4)
F/,P\F
F
NaPFs 20 167.9 300 (200) 7.98 (5.8)
F\Fl,/F
F|F
F
NaTf o - 172.1 248 (>300) (L.7)
FE \_O
\C/S\\
7\ ©
F
NaTFSI - 3031 257 (234) 6.2 (5.1)
n A\ ;_|
/\\ /‘;\
NaFSlI 203.3 118 (130
\\/ \//_I (130)

Table 2.3 Solvents commonly used. Tr, Ty, Tt, #, € and AN/DN stand for the melting point,

the boiling point, the flash point, the viscosity, the dielectric constant and the acceptor and

donor numbers, respectively.??

solvent Tm(°C) Tb(°C)  Tf(°C) 7 (cP)25°C ¢25°C AN (DN)

EO>=° 36.4 248 160 19(40°C) 8978 (16.4)

Ethylene carbonate
(EC)
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\EZ% -48.8
0

Propylene carbonate
PC)

242

132

2.53

64.92 18.3(15.1)

0 4.6
\OJ\O/

Dimethyl-carbonate
(DMC)

91

18

0.59

3.107

0 743

/\O)l\o/\\
Diethyl carbonate
(DEC)

126

31

0.75

2805  (16.0)

N io/ 53

Ethylmethyl carbonate
(EMC)

110

0.65

2.958

Me (o) -58
AN
NN N\
Dimethoxyethane
(DME)

84

0.46

718  10.9(18.6)

o O "oc, 64

Diethyleneglycol
dimethylether
(Diglyme)

162

57

1.06

74 9.9(19.2)

ch’o\/\o”\/o\/\ O,CH3 -46

Triethylene glycol
dimethyl ether
(Triglyme)

216

111

3.39

753  10.5(14)
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Chapter 3. Experimental methods

Figure 3.1 shows the experimental procedures in this doctoral work. Initially, P/carbon
composites (P/CNT and P/graphene nanoplates, denoted as P/GnPs), active metal phosphide
(Sn4+xP3), and inactive metal phosphide (CoP and FeP) by the facile and large-scale ball-
milling method; and synthesized Na; 7,MnFe(CN)s and Naj s¢FeFe(CN)g by large-scale co-
precipitation. Then, these materials are characterized by a series of techniques, such as, X-ray
diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), Raman and Msbauer spectroscopy, etc.
Finally, there materials were used to prepare electrodes to measure their electrochemical

performance.

— e

Materials svnthesis
.t . o

P/carbon  Sn, P, | Fe(Co)P Na,,,MnFe(CN), Na,.FeFe(CN),

pei—— e

Materials Characterization
iy -

XRD SEM TEM XPS Raman Mdssbauer

/-_ _-h""‘\

&ctmchemical measun‘em@

Cell assembly] |Charge-discharge EIS C-rate

Figure 3.1. The outline of my experimental procedures.
3.1 Chemicals and materials

The chemicals and materials used in this doctoral work are summarized in Table 3.1.

Table 3.1 Chemicals and materials used in this work.

Materials/Chemicals Formula Purity (%) Supplier
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Carboxymethyl cellulose CgH1sNaOsg N/A Sigma Aldrich

(CMC)

Polyacrylic acid (PAA) O Ot N/A Sigma Aldrich

Polyvinylidene difluoride (CH,CF,), N/A Sigma Aldrich

(PVDF)

1-methyl-2-pyrrolidinone  CsHgNO 99.5 Sigma Aldrich

(NMP)

Copper foil Cu N/A China

Carbon black C Super P Timcal Belgium

CR2032 type coin cells N/A N/A China

Diethyl carbonate (DEC)  CsH1oO3 99" Sigma Aldrich

Ethylene carbonate C3H405 99 Sigma Aldrich

Graphite C N/A Sigma Aldrich

Sodium metal Na 99.9 Sigma Aldrich

Sodium perchlorate NaClO, 98" Sigma Aldrich

Fluoroethylene carbonate  FEC 99 Sigma Aldrich

Multi-wall C CNT Sigma Aldrich

nanotube

Iron powder Fe 97" Sigma Aldrich

Tin powder Sn 99" Sigma Aldrich

Cobalt powder Co 99.95 Sigma Aldrich

Pure ethanol C,HsOH 99.95 Sigma Aldrich

Pyrrole £ 98 Sigma Aldrich
H

Sodium chloride NaCl 99"

Hydrochloric acid HCI N/A Sigma Aldrich

Sodium ferrocyanide NasFe(CN)g- 10H,O0 997 Sigma Aldrich

decahydrate

Poly(vinylpyrrolidone) N/A Sigma Aldrich

(PVP)
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sodium citrate i N/A Sigma Aldrich
o ONa *Hz0
NaOJ\H/oﬁtONa “H,0
manganese acetate Mn(CH3C0OO),°4H,0 99" Sigma Aldrich
tetrahydrate
Dimethyl carbonate ji 99" Sigma Aldrich
HsCO™ ~OCHs
Iron (L) chloride FeCl; 97" Sigma Aldrich

3.2 Materials preparation

3.2.1 Ball milling method

A ball mill is a type of grinder used to grind and blend materials for use in mineral dressing
processes. Ball mills are used extensively to produce alloys from powders. A ball mill works
on the principle of impact, as the balls drop from near the top of the shell. There are some
requirements for the grinding media (ball and jar): (1) Size: the grinding media particles are
required to be larger than the largest pieces of material which are to be ground. It is noted that
the particle size of the final product is more smaller if the smaller the media particles. (2)
Density: The grinding media is required to be denser than the ground material. Otherwise, the
grinding media will float on top of the ground material resulting in loosing the grinding
function. (3) Hardness: The grinding media is required to have proper hardeness so that it can
be durable enough to grind the material rather than it wears down due to its toughness. (4)
Composition: The specifice requirements depends on different grinding applications.

The ball-milling method has unique advantages, making it a common method used for SIBs:
the cost of the installation, power, and grinding medium is low; it is suitable for both batch
and continuous operation, and similarly, it is suitable for open as well as closed circuit
grinding and is applicable for materials with all degrees of hardness. The ball-milling

machine used in this doctoral work is a Fritsch Pulverisette 7, shown in Figure 3.2.
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Figure 3.2. The ball-milling machine.

3.2.2 Co-precipitation method

Co-precipitation (CPT) is a normal chemiscal method which product the precipation by
mixing soluble solution under the specific conditions employed. In application of lithium ion
batteries and sodium ion batteries, co-precipitaion is a commonly used synthesis method
because it is facile, scalable and low energy consumption. In this doctoral work, co-
precipitation is used to prepare the Prussian-blue analogues.

3.2.3 Polymerization

Polymerization is a chemical process in which the monomer molecules react together to form
polymer chains or three-dimensional networks. Most photopolymerization reactions are
chain-growth polymerizations, which are triggered by the absorption of visible or ultraviolet
light. The light may be absorbed either directly by the reactant monomer (direct
photopolymerization) or else by a photosensitizer, which absorbs the light and then transfers
energy to the monomer. Generally, synthesizing the polymer requires two steps. One is to
disperse the monomer precursors and catalyst into the solvent at the required temperature.
The second step is to add the oxidant into the monomer precursor. In this doctoral work, we
use polymerization of pyrrole to form polypyrole (PPy) on the surface of Prussian blue

particles.
3.3 Physical and chemical characterization techniques

3.3.1 X-ray diffraction
X-ray diffraction (XRD) is a basic technique to identify the atomic and molecular structure of
a crystal. The principle of XRD is illustraetd in Figure 3.3. When X-rays comes up with the

crystals, it will be scattered by each set of lattice planes at a unique angle. This phenomenon
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is called as elastic scattering. The patterns of the scattering X-ray waves have the

characteristic relations with the give crystal materials, which can be determined by Bragg's

law:
2dsin® = n\ (3.2).
1
2
(k) \
N \D \ F/
:d
(hk)

Figure 3. Bragg’s law can be derived from the geometrical relation between the interplanar

spacing d and the diffraction angle 0.4

Here d is the spacing between crystal planes in the given materials, & is the incident angle, n
is an integer, and 4 is the wavelength of the incident X-ray beam. Thus, X-ray powder
diffraction is most widely used for the identification of unknown crystalline materials.
Determination of unknown solids is critical to studies in geology, environmental science,
materials science, engineering and biology. Moreover, through Rietveld refinement, XRD can

determine the crystal structure and unit cell dimensions, and measure the sample purity.
3.3.2 Synchrotron XRD

In Synchrotron Radiation X-Ray Powder Diffraction (SR-XRPD), X-rays generated by a
synchrotron facility is at least 5 orders of magnitude more intense than the best X-ray
laboratory source. In comparison with laboratory XRD, synchrotron XRD (SXRD) has some
significant advantages: (1) High photon wavelength resolution; (2) Tunable photon energy,
ideal for acquiring fluorescence-free XRD data and better diffraction peaks separation; (3)
Angular (FWHM) resolution better than 0.01°26; (4) d-spacing resolution better than 0.35 A;
(5) Ultra-fast data ciollection (millisecond scale); (6) Very high counting statistics (millions
of counts) in a few seconds. In this doctoral work, SXRD measurements were carried out at

the Australian Synchrotron Powder Diffraction Beamline.
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3.3.3 Scanning electron microscopy equipped with energy dispersive spectroscopy

A scanning electron microscope (SEM) is a type of electron microscope which scans the
sample with a high-energy beam of electrons to produce images of it. The electrons interact
with atoms in the sample, producing various signals, including secondary electrons (SE),
back-scattered electrons (BSE), characteristic X-rays, specimen currents under illumination,
and transmitted electrons. Through these signals, we can detect and collect information on the
morphology, composition, and other properties of the sample surface, such as electrical
conductivity. In the mode of secondary electron imaging (SEI), the high-resolution images of
a sample surface can be obtained to observe details under 1 nm in size.

Usually, SEM is equipped with some other detectors which have other analytical capabilities,
for example, energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS). EDS is an
analytical technique which is used to detect the elemental analysis or chemical characteristics
of a sample. Its characterization capabilities rely on an interaction between some source of X-
ray excitation and the sample, because each element has a unique atomic structure, allowing a
unique set of peaks on its X-ray spectrum. In my doctoral work, the morphology, elemental
analysis, and elemental mapping of the samples were detected by field emission scanning
electron microscopy (FESEM; JEOL JSM-7500FA).

3.3.4 Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique where a electron beam
is transmitted through an ultra-thin sample, interacting with the sample when it passes
through. TEM can be used to observe morphology, crystal structure, and electronic structure.
Its selected area electron diffraction (SAED) capability can be used to identify crystal
structures and examine crystal defects. Scanning transmission electron microscope (STEM) is
a modified TEM by adding a system which rasters the beam across the sample to form the
image. In this doctoral work, TEM of the samples was carried out using transmission electron
microscopy (TEM, JEOL 2011, 200 keV) and scanning transmission electron microscope
(STEM, JEOL ARM200F).

3.3.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique to test the surface
chemistry of a material in its as-received state or after some treatment. XPS usually test: (1)
What elements and the quantity of those elements exist within sample surface. (2) The
chemical state of identified elements. (3) The binding energy of the electronic states. (4) The

density of electronic states. In this doctoral work, X-ray photoelectron spectroscopy (XPS)
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was conducted using a SPECS PHOIBOS 100 Analyser installed in a high-vacuum chamber
with base pressure below 10® mbar. X-ray excitation was provided by Al Ka radiation with
photon energy A#v = 1486.6 eV at the high voltage of 12 kV and power of 120 W. The XPS
binding energy spectra were collected at the pass energy of 20 eV in the fixed analyser
transmission mode. Analysis of the XPS data was carried out using the commercial CasaXPS
2.3.15 software package. All the spectra were calibrated by C 1s = 284.6 eV.

3.3.6 Raman spectroscopy

Raman spectroscopy is commonly used in chemistry to provide a fingerprint by which
molecules can be identified. It can observe vibrational, rotational, and other low-frequency
modes in a system. For instance, the vibrational frequencies of SiO, Si,O,, and SizO3; were
identified and assigned on the basis of normal coordinate analyses using infrared and Raman
spectra.**The fingerprint region of organic molecules is in the (wavenumber) range of 500-
2000 cm™. Another way that the technique is used is to study changes in chemical bonding,
such as when a substrate is added to an enzyme. In this work, Raman spectra were collected
using a JOBIN Yvon Horiba Raman 57 Spectrometer model HR800.

3.3.7 Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy (IR spectroscopy) is a common method based on absorption
spectroscopy.lt is used to collect an infrared region spectra of emission, absorption, and
photoconductivity. In this doctoral work, a Nicolet Avatar 360 FTIR Fourier transform
infrared spectrometer was used to collect FTIR spectrographs. The samples were mixed with
KBr powder which acts as the background file, followed by placing the samples in a sample
cup.

3.3.8 M&Gshauer spectroscopy

Md&ssbauer spectroscopy is an analysis technique based on the M&sbauer effect to detect the
magnetic properties and oxidation state of compounds. In this doctoral work, the °’Fe
Méssbauer spectra of the samples were detected at 300 K by using a °’CoRh source and a
standard constant-acceleration spectrometer. The spectrometer was calibrated at room
temperature with a—ion foil.

3.3.9 Physical Properties Measurement System (PPMS)

The physical properties measurement system (PPMS) is an instrument that provides common
analysis techniques in materials science, condensed matter physics, and analytical chemistry.
It can measure the widest range of magnetic, thermal, and electrical properties of the analyte.

In this doctoral work, the magnetic measurements were carried out using a 14 T physical
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properties measurement system (PPMS), equipped with a vibrating sample magnetometer
(VSM), over a wide temperature range from 5 K to 300 K in a 1000 Oe magnetic field.

3.3.10 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a thermal analysis method to study the changes with
temperature in the physical and chemical properties of materials. TGA analysis depends on a
function of temperature or time. TGA is commonly used to test the composition of
composites according to the weight loss or gain. In this doctoral work, TGA was carried out
by using a SETARAM Thermogravimetric Analyzer (France) to measure the PPy content in

the composite samples.
3.4 Electrochemical Measurements

3.4.1 Electrode preparation and battery assembly

Electrodes were prepared by mixing active materials, carbon black, and binder
(carboxymethyl cellulose (CMC), polyvinylidene difluoride (PVDF), polyacrylic acid (PAA))
by weight ratio to form an electrode slurry, which then was coated on copper foil, followed
by drying in a vacuum oven overnight at 80 <C for CMC and PAA binder or 120 <C for
PVDF binder, and then pressing with a pressure of 30 MPa. The average loading mass for an
electrode is 2 mgecm™. Then, the electrodes were assembled in 2032-type coin cells in an Ar-
filled glove box. Sodium foil was cut by the doctor blade technique from sodium bulk stored
in mineral oil, and it then was employed as both reference and counter electrode. A schematic
illustration of the Na half-cell assembly is presented in Figure 3.4. The working electrode was
first placed at the positive cap, and then 2 drops of electrolyte were dropped in. Then, the
separator was placed on the top of working electrode followed by dropping an extra 2 drops
of the electrolyte. The Na electrode, steel spacer, spring and positive cap were placed

subsequently. Finally, the coin cell was sealed.
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Figure 3.4. Schematic illustration of Na half-cell assembly.

3.4.2 Cyclic voltammetry
Cyclic voltammetry (CV) is an important electroanalytical technique that is commonly used
to measure a variety of redox reactions. Thus, it can detect the electrochemical activity of
electrode materials, and also can determine the stability of resultant products, reactions, and
electron transfer kinetics, the presence of intermediates in redox reactions, and the
reversibility of a redox reaction. In addition, CV can determine the reduction potential, the
electron stoichiometry and the diffusion coefficient of a system. CV curves usually display a
hysteresis in the absolute potential between the cathodic and anodic peaks due to the
polarization of the electrode, which results from a combination of the diffusion rate and the
intrinsic activation barrier obstructing the transfer electrons from an electrode to the sample.
In a typical CV experiment, the potential of the cell is scanned at a specified scan rate, and
then the response current is collected. In this doctoral work, the CV data were obtained on a
Biologic VPM3 electrochemical workstation. All the CV testing is based on the two-
electrode model, in which sodium foil (for SIBs) acts as the reference electrode and counter
electrode.
3.4.3 Galvanostatic Charge-Discharge
Galvanostatic charge-discharge measurements are conducted in constant current density
mode to test the capacity and cycling performance of the materials in a certain voltage
window. This testing technique can also be used to estimate the rate capability of the
electrode materials by using a variety of current densities. The charge or discharge capacity
(Q) equals the total electron charge in the corresponding process and can be calculated from
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the applied current and the total time. In this doctoral work, galvanostatic charge-discharge
measurement was carried out with an automatic battery tester system (Land®, Wuhan, China).
3.4.4 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an important experimental measurement
technique to test the inner resistance of a sodium-ion cell. EIS can determine the charge
transfer resistance, double layer capacitance, and ohmic resistance of a cell. Normally, the
impedance spectrum of a cell consists of a semicircle and a linear tail at high-frequency and
low-frequency, respectively. The semicircle is attributed to the charge transfer resistance,
reflecting the kinetic processes and the double layer capacitance. The linear tail relates to the
diffusion of alkali ions into the bulk of the electrode materials from the electrolyte. Moreover,
EIS can measure the alkali ion (Li*, Na*) diffusion and apparent energy activation of the
electrode. In this doctoral thesis, EIS data were collected on a Biologic VPM3

electrochemical workstation.
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Chapter 4. Simply Mixed Commercial Red Phosphorus and Carbon Nanotube

Composite with Exceptionally Reversible Sodium-ion Storage

The commercially available red phosphorus with micro-size particle shows large initial
specific capacity but cannot react with Na reversibly. A reversible sodium ion storage can be
realized, when bulk commercial phosphorus particles were crushed into amorphous
nanoparticles. Therefore, the question was raised here as to whether commercial red
phosphorus with large particles can react reversibly with Na just via improving the electronic

conductivity.

4.1 Introduction

Looking forward to the energy future of humanity, renewable energy will definitely the most
sustainable way to solve many social and environmental problems. How to store the variable
renewable energy in an efficient and cheap way would be a great challenge. The most
promising energy storage systems should combine the features of relatively high energy
density, good power capability, enviromental friendliness, and low cost.>*®*%" Recently,
sodium ion batteries (SIBs) have been given intense attention because they are the most
promising alternative to lithium ion batteries for application in renewable power stations,
owing to their low cost, their abundant natural resources, and the similar chemistry of sodium
and lithium. In the last ten years, a large variety of host materials have been demonstrated as

48,258 giich as sodium

sodium ion storage cathodes, as summarized in recent review papers,
transition metal oxidesand MFe(CN)g (M = Na, K).10917417529260 |5 comparison, there have
been few investigations on anode materials for SIBs. In the light of the successful experience
with carbon anodes in lithium ion batteries (LIBs), carbonaceous materials, such as hard

Carb0n5,58'261_264

carbon nanospheres and nanowires, and graphene, have been introduced as
anode materials for SIBs.?%*? Subsequently, Sn and Sh-based materials have been studied as
anode for sodium ion batteries, as they have high reversible capacity, but their specific
capacities are still relatively low (500 - 800 mAh gt).70:247:265.266

Elemental phosphorus (P) is an attractive anode material, which can give a high theoretical
specific capacity of 2596 mAh g™ to form NasP phase. Phosphorus has three allotropes, white,
black, and red. Among these allotropes, white phosphorus is not chemically stable, and
synthesis of black phosphorus is not facile, as it needs an inert atmosphere under high

pressure.”%# In comparison, red phosphorus is commercially available with ease. For
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sodium ion storage, recently, Qian et al. and Kim et al. reported that an amorphous
phosphorus composite with carbon that was obtained by high-energy mechanical milling
could deliver a high capacity of 1764 mAh g™ at the current density of 250 mA g™* and 1890
mAh g* at current density of 143 mA g™, respectively."*? Based on their reports, the
commercially available red phosphorus with micro-size particle shows large initial specific
capacity but cannot react with Na reversibly. A reversible sodium ion storage can be realized,
when bulk commercial phosphorus particles were crushed into amorphous nanoparticles,
highly dispersing in a conductive carbon matrix, during the long and vigorous high-energy
ball milling. Crystalline P can reversibly react with Li ions, however, via the electronic
improvement of P by vaporization and condensation on mesoporous carbon.?’ The electronic
modification was the main reason for the reversible de/insertion of Li ions into/out of
crystalline red phosphorus. Therefore, the question was raised here as to whether commercial
red phosphorus with large particles can react reversibly with Na just via improving the
electronic conductivity.

Making carbon composite materials is one effective solution to improve conductivity in the
battery field. Carbon nanotubes (CNTSs) could be a promising candidate to serve as both the
conductive network and the buffer to alleviate the stress from volume expansion, owing to its
advantages of a unique network structure with low electrical resistivity and good mechanical
properties, such as strength, stiffness, and resilience.?®®#’? All the previous reports used
different dedicated chemical or physical methode to prepare composite materials, which
would also increase the cost of the materials. Herein, we kept the particle of commercial red
phosphorus in micrometer size, simply mixed it with CNTs by hand grinding, to
unexpectedly achieve highly reversible sodium storage in commercially available red
phosphorus. The simplicity of the preparation method and the highly reversible sodium
storage are likely to make a great impact in the reseach on sodium battery materials.

4.2 Experimental section

4.2.1 Materials preparation.

Crystalline red phosphorus/carbon nanotube (denoted as P/CNT) composite was prepared
using a facile and simple method: hand grinding commercial red phosphorus (99%, Sigma
Aldrich) with multi - wall carbon nanotubes (95%, Nanostructured & Amorphous Materials

Inc.) in an agate mortar for 1 h. The composites mixed for 10, 20h were prepared by low-
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energy ball milling. The weight ratio of red phosphorus to multi - wall carbon nanotubes was
7:3.

4.2.2 Structural and electrochemical characterizations.

The microstructure of the powders was characterized by Powder X-Ray diffraction (XRD;
GBC MMA diffractometer) with Cu Ko radiation at a scan rate of 2° min™. The morphology
of the samples was investigated by field emission scanning electron microscopy (FESEM,;
JEOL JSM-7500FA) and transmission electron microscopy (TEM, JEOL 2011, 200keV).
Raman spectra were collected using a JOBIN Yvon Horiba Raman spectrometer model
HR800, with a 10 mW helium/neon laser at 632.8 nm excitation in the range of 150 to 2000
cm’*. X-ray photoelectron spectroscopy (XPS) was conducted using a SPECS PHOIBOS 100
Analyser installed in a high-vacuum chamber with the base pressure below 10-8 mbar, X-ray
excitation was provided by Al Ka radiation with photon energy hv = 1486.6 eV at the high
voltage of 12 kV and power of 120 W. The XPS binding energy spectra were recorded at the
pass energy of 20 eV in the fixed analyser transmission mode. Analysis of the XPS data was
carried out using the commercial CasaXPS 2.3.15 software package. All the spectrum were
calibrated by C1s=284.6ev.

4.2.3 Electrochemical measurements

The electrochemical measurements of the phosphorus/multi-wall carbon nanotube as anode-
active material were done using 2032 - type coin cells. The working electrode was prepared
by coating slurry containing 70 wt% active materials, 10 wt% Super-P carbon black, and 20
wt% carboxymethyl cellulose (CMC) binder on a copper foil substrate. Then, the electrode
film was dried in a vacuum oven at 80 < overnight. The electrolyte used in this work was
1.0 mol L™ NaClOy in an ethylene carbonate (EC) - diethyl carbonate (DEC) solution (1:1
vIv), with 5 wt% addition of fluoroethylene carbonate (FEC). All the cells were assembled in
a glove box filled with argon and tested at room temperature. The galvanostatic
charge/discharge testing was conducted on a Biologic VMP3 electrochemical workstation
with a cut-off voltage range from 0 - 1.5 V (vs. Na/Na®) at a constant reversal current of 143

mA g™.
4.3 Results and discussion

Figure 4.1 shows the Raman spectra and X-ray diffraction (XRD) patterns for commercial red
phosphorus (P), carbon nanotubes (CNTs), and P/CNT composite. The XRD pattern of the
commercial red P shows a sharp diffraction peak at 15° (Figure 4.1(a)), suggesting a
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medium-range ordered structure.’”® The multiwall CNTs show two peaks at 26<and 44<
respectively. After grinding red phosphorus with CNTs for 1 h, there is no new phase in the
XRD pattern of the composite. The composite consists of commercial red phosphorus and
carbon nanotubes (Figure 4.1(a)). The Raman spectra further demonstrate that the composite
only exhibits peaks of red phosphorus and carbon nanotubes (Figure 1(b)). Three bands from
300 cm™ to 500 cm™ can be assigned to red phosphorus. The two peaks at 1324 cm™ and
1571 cm™ are the D-band and G-band of carbon nanotubes, respectively. Moreover, no shift
in the D-band of the carbon nanotubes can be observed, indicating that there are no
interactions between the P and the CNTs. XPS results further demonstrate this point (Figure
4.2). Hence, after grinding for 1 hour, the starting red phosphorus retains its pristine structure,
showing that it is only physically mixed with the carbon nanotubes to form the P/CNT
composite. Figure 4.3 shows the morphology of the P/ICNT composite. The particle size of
bulk commercial red phosphorus (Figure 4.3 (a)) was broken down to an average of 3 um
after grinding (Figure 4.3(c)). Moreover, the red phosphorus particles were wrapped up by
the CNTs, which would be helpful for increasing the electronic conductivity of the red
phosphorus (Figure 4.3(d, e,)).

a L
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Figure 4.1. (a) XRD and (b) Raman spectra of the commercial red P, CNTs, and P/CNT

composite.

=75 -



Chapter 4. Simplely Mixed Commercial Red Phosphorous and Carbon Nanotube Composite with Exceptionally
Reversible Sodium-ion Storage

25000
- (a) A C1s
S 20000} £ X defects,attributed to C
[4+] X atoms no longer in the
S u lar tubular structure
=, 15000} |
b
2]
2 10000}
3
= 5000 |
o _,i.,.‘,,',f"f“'” v
L L . s 2000 L L
280 282 284 286 288 126 128 130 132
- Binder Energy (ev) Binder Energy (ev)
’:‘5‘ (c) \ Cls 1800}
< 20000 !‘:‘\. defects,attributed to C =
& f'.y atoms no longer in the =.
>, 15000 | egular tubular structure g 1600
it \
= >
(2]
S 10000 7 1400
c
i)
£ so00f {4 2 1200
I E
0 L L s L L L
280 282 284 286 288 100?26 128 130 132
Binder Energy (ev) Binder Energy (ev)

Figure 4.2. X-ray photoelectron spectroscopy of the (a) CNT, (b) phosphorus and (c, d) P /
CNT composite ( (c) C1s and (d) P 2p).
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Figure 4.3. SEM images of the starting carbon nanotubes (a) and commercial P (b), and (c, d)
images of P/CNT composite, (e,f) TEM images of P/CNT composite. (c, ) low and (d, f)
high magnification.

Figure 4.4(c) presents the charge/discharge curves of the commercial P and P/CNT composite
between 0 and 1.5 V at a current density of 143 mA g™. The commercial red phosphorus
delivered an initial discharge capacity of ~1600 mAh g™. Its initial charge capacity was only
50 mAh g, however, demonstrating its irreversible electrochemical performance. This result
is similar to those reported in literature."*** The pristine CNT also shows limited reversible
capacity for sodium storage. It delivered ~300 mAh g™ initial discharge capacity and ~40
mAh g charge capacity in the first cycle (Figure 4.4(a)). Interestingly, when the commercial
red phosphorus was mixed with the CNTSs, it exhibited highly reversible charge/discharge
capacity. The charge/discharge profiles of the P/CNT composite are similar to those of a
reported amorphous red P/carbon black composite.'The initial discharge capacity of the
P/CNT composite electrode was ~2210 mAh g™, which is about 40% larger than that of the
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red P one, while the charge capacity was 1530 mAh g™ in the first charge (Figure 4.4(c)). The
specific capacity was calculated based on the weight of the phosphorus, because the
contribution of the carbon nanotubes to the reversible capacity is negligible (only 40 mAh g
1).

In order to clarify the reactions of the P/CNT composite in SIBs, the dQ/dV curves of red P
and P/CNT composite are displayed in Figure 4.4(d) and (e). One small (~0.9 V) and two
large (below 0.5 V) cathodic peaks can be seen in both samples. The peak position for red P
is lower than for the P/CNT composite, which is due to the high resistance of the red P
sample. The first small peak (Figure 4.4(e)) can be attributed to the decomposition of
electrolyte in the formation of a solid-electrolyte interphase (SEI) layer on the surface of the
active materials. The second cathodic peak located in the range of 0.2 - 0.35 V corresponds to
the sodium ion insertion reaction to form the NaP compounds. The peak at around 0.1 V is
ascribed to the formation of fully charged NasP phase.?®® In the reversed process, a very weak
peak can be observed for the commercial red phosphorus (Figure 4.4(e)), demonstrating the
irreversible desodiation process, while the P/CNT composite has one sharp peak and two
small shoulder peaks, indicating a reversible sodiation/desodiation process. This phenomenon

is possibly owing to the improvement of electronic conductivity after CNT addition.
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Figure 4.4. Initial charge-discharge curve (a) and (b) dQ/dV of CNTs. Charge-discharge
curves (c) and dQ/dV ((d) and (e)) curves of red P and P/CNT composite at current density of
143 mA g™ from 0 - 1.5 V; (d) is the enlargement of (f) from 0.4 to 1.2 V.

Electrochemical impedance spectroscopy (EIS) was conducted to further investigate the
conductivity enhancement. Figure 4.5 shows the Nyquist plots of the P/CNT composite
electrode compared with commercial P electrodes in the charged state at 0.65 V (vs. Na'/Na).
The impedance curves of both P/CNT and red P show two semicircles in the medium
frequency and the low frequency regions, which could be assigned to the sodium ion
diffusion through the solid electrolyte interphase (SEI) film (Ry) and the charge transfer
resistance (R), respectively. The R is calculated using the equivalent circuit shown in the
inset of Figure 4.5. The R value of the commercial red P was 7500 Q, but after the addition
of CNTs, the R value significantly decreased to 3900 Q. This demonstrates that addition of
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CNTs can significantly improve the conductivity of bulk commercial red P, delivering

reversible charge/discharge capacity.
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Figure 4.5. Electrochemical impedance spectrum of P/CNT compared with that of
commercial red P in the charged state at 0.65 V in the first cycle. The inset shows the

equivalent circuit used to interpret the data.

In order to further confirm the function of CNTs in the composite, P/carbon black (Super-P,
CB) composite was prepared by hand grinding for 1 h, in which the weight percent of carbon
black was also 30%. The cycling performance of P/ICNT compared with P/carbon black is
shown in Figure 4.6(a). When commercial red phosphorus was mixed with 30 wt.% carbon
black, its initial discharge capacity (2200 mAh g™) was increased compared with the pristine
red phosphorus (1530 mAh g?). Although the P/carbon black electrode could charge-
discharge reversibly, the discharge capacity dropped dramatically, down to 770 mAh g™ for
the 2" cycle and only 90 mAh g™ for the 3" cycle. In comparison with the P/carbon black
composite, the reversible cycling performance of the P/CNT composite was much better.
After 10 cycles, the discharge capacity was 1283.3 mAh g, with 76.6 % reversible capacity

retention.
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In order to obtain good electrochemical performance, we optimized the weight ratio of carbon
nanotubes to red phosphorus (see Figure 4.6(b, c)). From Figure 4.6(b), It is clear that the
initial discharge capacity increased with the weight ratio of CNTSs increasing from 10% to
50%, moreover, the cycle stability was also improved. However, when capacity was
calculated on weight of composite, the composite with 30 wt.% CNTs performed more stable
cycling performance (Figure 4.6(c)). It should be notice that the cycle stability of composite
IS not good enough, to achieve long cycle life, we should make further efforts in future, such
as selecting appropriate binder which has both good cohesiveness and favorable mechanical

properties, to get better stable electrochemical performance of commercial red phosphorus.
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Figure 4.6. Cycling performance of P/CNT composite: (a) P/CNT composite compared with
P/carbon black composite, (b) Capacity is calculated on weight of P and (c) P/ICNT
composites with different CNT content.

It is obvious that the commercial red phosphorus wrapped with CNTs can reversibly cycle
better than when mixed with carbon black. The most likely reason would be that the CNTs
could form a network structure and increase the buffer space between the P particles as
shown in Figure 4.7. Since the volume expansion is around 491% during the phase transition
from phosphorus to NasP after the initial discharge, CNTs, which have excellent mechanical

properties, can effectively buffer enormous stresses and thus reduce the rate of bulk red
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phosphorus pulverization. Also there are some reported papers make use of the CNT’s
network structure as a soft matrix to remit the stress from volume expansion of Si,?”* Sn,?"
Sn0,*™ and SnSb*®?”" in LIBs. For sodium ion batteries, recently, Wang and co-workers
used CNT as a matrix and a conducting network to provide good contact between isolated
SnO, particles and buffer the volume expansion of SnO, nanocrystals.2’® The network
structure provides pathways for electron transport that promote good connections between the
red phosphorous particles and reduce the influence of volume expansion on the connections
not only between the red phosphorus particles, but also between red phosphorus and the
current collector. This point was supported by the morphology of the P/carbon black (Figure
4.8) and P/CNT (Figure 4.9) composite electrodes before and after one cycle. It is apparent
that the small carbon black particles didn’t completely cover the big phosphorus particles, as
shown in Figure 4.8(a). In contrast, the bulk red phosphorus particles were wrapped well by
the CNT network in the P/CNT composite (Figure 4.9(a)). That is why the P/CNT composite
electrode has better electronic conductivity than the P/carbon black composite electrode.
After one cycle, there is a big change on the surface of the P/carbon black composite
electrode. The fluffy morphology can be observed in Figure 4.8(b). It is due to both the
formation of the SEI layer and huge volume change when sodium ions are inserted into and
extracted from P, which induces strong stresses on the phosphorus particles and causes
pulverization and rapid capacity fading (Figure 4.6). A similar phenomenon also can be
observed when Li ions are inserted into and de-inserted from Si particles.?” In contrast, the
surface of the P/ICNT composite electrode did not change much after 1 cycle, as shown in
Figure 4.9(b). The red phosphorus particles cracked into small particles, but were still
wrapped by the CNTs (Figure 4.9(c), which maintained the electronic connections among the
red phosphorus particles. As a result, the P/ICNT composite electrode could still be cycled

beyond the first few cycles, with a relatively stable capacity (Figure 4.6).
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P/Super P

Before After

Figure 4.7. Proposed function of CNTs during the volume expansion.

1
5.0kV SEI SEM X 5.0kV SEI SEM

Figure 4.8. Morphology of the P/Super P composite electrode: (a) before and (b) after 1

cycle.
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Figure 4.9. Morphology of the P/CNT composite electrode: (a) before and (b, c) after 1 cycle

at different magnifications.
4.4 Conclusion

In summary, we prepared a P/CNT composite simply by hand grinding commercial red P
with carbon nanotubes. The P/CNT composite can be cycled reversibly, with an initial
discharge capacity of 2210 mAh g, and 76.6 % of the initial reversible capacity still
delivered after 10 cycles. CNTs play a crucial role in the reversibility of the commercial
P/CNT composite. The network structure of the CNTs serves to effectively buffer the
enormous stresses from the volume expansion of the P particles and reduce the rate of
pulverization of particles. On the other hand, the CNT network provides pathways for
electron transport, which is helpful for maintaining the connections not only between the red
phosphorus particles, but also between the red phosphorus and the current collector. Our

results suggest that the simply mixed commercial red phosphorus and CNTs would be a
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promising candidate for the next generation anode material for sodium ion batteries with high

capacity and low cost.
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Chapter 5. Significantly enhance the cycling performance and rate capability for P/C

composite via chemical bonding (P-C)

Although commercial red phosphorus can reversibly react with Na after improving the
electronic conductivity by handing with CNT, the cycling performance was still unsatisfied.
To further improve the cycling performance of P, P/C compsite in which the reduction of
particle size and the carbon matrix covering the phosphorus are conductive to reducing the
volume expansion and buffering the stress from the volume expansion, respectively.
Moreover, the formation of P-C bonds between red phosphorus and graphene nanoplates
brings the graphene nanoplates into close contact with the P particles, maintaining the
electrical contact between the P particles and the graphene nanoplates, and consequently,
stabilizing the structure of the composite to improve its cycling performance.

5.1 Introduction

Sodium ion batteries (SIBs), as a promising alternative to lithium ion batteries, which might
well lead to a new era in energy storage systems, have attracted increasing attention, owing to
the abundant sodium resources around the world and sodium’s similar electrochemical (or
physical) properties to lithium *4#892230256259280 Tha hig challenge for developing SIBs,
however, is to search for an appropriate candidate with both a long lifetime and high capacity.
In the case of cathode materials, massive improvement of cycle life has now been achieved.
NasV,(PO,)s and acetylene carbon composite delivered 97.0 mAh g™ capacity with retention
of 96.4% over 200 cycles.®® Najy 25V30g nanowires presented excellent cycling performance
with 95% and 92% capacity retention after 200 and 1000 cycles, respectively.?®? Our group
developed Na-enriched Naj.xFeFe(CN)gs cathode material, showing superior capacity
retention of 97% over 400 cycles.?®® In contrast, apart from carbon materials, anode materials
seldom possess excellent cycling stability with more than 80% capacity retention after 200
cycles. For example, N-doped carbon showed 88.7% capacity retention over 200 cycles,?®*
Carbon nanofibers synthesized by electrospinning exhibited excellent cycling stability, with
97.7% capacity retention over 200 cycles.”®® One of the biggest drawbacks of the carbon
materials, however, is their low capacity (less than 300 mAh g™). In addition, Sn- and Sbh-
based materials, which can deliver 600 mAh g™ capacity, based on their alloying mechanism,

have recently demonstrated improved cycling performance. 52236288
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Among the anode candidates, red phosphorus has the highest theoretical capacity of ~2600
mAh g*, and it has been widely investigated since it was first reported as anode material for
SIBs in 2013.1%°2%% The poor electrical conductivity and huge volume expansion (490 %) of
red phosphorus, however, give it poor practical capacity and cycling stability, which are
obstructing its practical application. To overcome these problems, various carbon materials,
such as Super P®,%%? multi-walled carbon nanotubes (MWCNT),?®® single-walled carbon
nanotubes (SWCNT),? and graphene,® have been introduced to prepare red phosphorus and
carbon (P/C) composites, where the carbon plays the roles of both improving the electric
conductivity and buffering the volume expansion. Compared with commercial red
phosphorus, the cycling performance of P/Super P and PPMWCNT composites was improved
to some extent, however, the capacity still gradually deteriorated. Among these P/C
composites, P/SWCNT and phosphorus/graphene (P/G) composites showed improved
cycling performance.?® P/SWCNT composite synthesized by the vaporization-condensation
method showed excellent cycling stability with no capacity decay over 200 cycles at the
current density of 500 mA g™*.2 There is a big potential safety hazard, however, if the tube is
not well sealed, because of the white phosphorus generated during the preparation process at
the temperature of 600 <C, and moreover, the utilization of SWCNT can increase the cost.
Song et al. reported that P/G composite prepared via simple ball milling delivered 1706 mAh
g™ capacity (on the basis of phosphorus weight) with 95% retention of the capacity in the
second cycle for over 60 cycles.® Such good cycling performance is proposed to originate
from the strong P-O-C chemical bonds between the graphene nanosheets and the phosphorus,
which can stabilize the solid electrolyte interphase (SEI) to improve the cycling performance.
The preparation of graphene requires tedious steps, however, such as the synthesis of graphite
oxide (GO) and the reduction of GO. Moreover, the price of graphene is higher than that of
natural graphite. Before, Jeon et al. reported the graphite can be exfoliated into graphene
nanoplates during the ball milling process through the shear force.’Cui et al. demonstrated
that the P-C bond can form during the ball-milling process to improve the contact between
black phosphorus and carbon, giving the black phosphorus and carbon composite excellent
electrochemical performance for lithium ion storage.”"

Therefore, inspired by the reported functionality of the chemical P-C bond and the formation
of graphene nanoplates from natural graphite during ball-milling process, we chose the cheap
graphite as the carbon source to prepare our chemically bonded red phosphorus and graphene
nanoplates (P/GnPs) composite as anode for sodium ion batteries through the simple and
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productive ball-milling method. During the milling process, the bulk red phosphorus particles
were milled into small nanoparticles and dispersed well into graphene nanoplates; such a
reduction of particle size and the carbon matrix covering the phosphorus are conductive to
reducing the volume expansion and buffering the stress from the volume expansion,
respectively. Moreover, the formation of P-C bonds between red phosphorus and graphene
nanoplates brings the graphene nanoplates into close contact with the P particles, maintaining
the electrical contact between the P particles and the graphene nanoplates, and consequently,
stabilizing the structure of the composite to improve its cycling performance. As a result, the
P/GnPs composite exhibits superior cycling performance for sodium ion storage, with 92.5%
capacity retention over 200 cycles at the high current density of 1000 mA g™*. Additionally, it
shows excellent rate capability, retaining 274 mAh g™ capacity, even when discharged at the
high current density of 10 A g%, corresponding to 27.6% retention of the capacity delivered at
100 mA g™

5.2 Experimental

5.2.1 Synthesis of P/GnPs composite.

The red phosphorus (99%, Sigma Aldrich) and natural graphite were used as the raw
materials without any further purifying treatment. The P/GnPs composite was prepared
through a simple and productive ball - milling method. The weight ratio of red phosphorus to
graphite was 7:3. Then, the materials were put into a jar and sealed in a glove box under
argon gas, which was followed by milling for 40 h at a speed of 500 rpm. The resultant
composite was denoted as P/GnPs - 500. To compare, the control sample was prepared under
the same experimental conditions except the milling speed of 300 rpm, which is denoted as
P/GnPs - 300.

5.2.2 Material Characterization

The microstructure of the powders was characterized by powder X-Ray diffraction (XRD;
GBC MMA diffractometer) with Cu Ko radiation at a scan rate of 2° min™. The morphology
of the samples was investigated by field emission scanning electron microscopy (FESEM;
JEOL JSM-7500FA) and scanning transmission electron microscopy (STEM, JEOL
ARMZ200F) in conjunction with energy - dispersive X-ray spectroscopy (EDS). Raman
spectra were collected using a JOBIN Yvon Horiba Raman spectrometer model HR800, with
excitation from a 10 mW helium/neon laser at 632.8 nm in the range of 150 to 2000 cm™.

FTIR spectra were performed by a FTIR Prestige-21 (Shimadzu). X-ray photoelectron
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spectroscopy (XPS) was conducted using a SPECS PHOIBOS 100 Analyser installed in a
high-vacuum chamber with the base pressure below 10 - 8 mbar, with X-ray excitation
provided by Al Ka radiation with photon energy hv = 1486.6 eV at the high voltage of 12 kV
and power of 120 W. The XPS binding energy spectra were recorded at the pass energy of 20
eV in the fixed analyser transmission mode. Analysis of the XPS data was carried out using
the commercial CasaXPS 2.3.15 software package. All the spectra were calibrated by C 1s =
284.6 eV.

5.2.3 Electrochemical test

The electrochemical measurements of the P/GnPs composite as anode material were
conducted using 2032-type coin cells. The working electrode was prepared by coating
aqueous slurry containing 70 wt% active materials, 15 wt% Super-P® carbon black, and 15
wt% carboxymethyl cellulose (CMC) binder on a copper foil substrate. Then, the electrode
film was dried in a vacuum oven at 80 T overnight and pressed at 10 MPa. The electrodes
were punched into disks with loading of 1.5-2.0 mg cm™. The electrolyte used in this work
was 1.0 mol L™ NaClO, in an ethylene carbonate (EC) - diethyl carbonate (DEC) solution
(2:1 v/v), with 5 wt% addition of fluoroethylene carbonate (FEC). All the cells were
assembled in a glove box filled with argon and tested at room temperature. The galvanostatic
charge/discharge testing was conducted on a Biologic VMP3 electrochemical workstation
with a cut-off voltage range from 0 - 1.5 V (vs. Na/Na*). The rate capability of the P/GnPs
composite was also investigated at a variety of current densities from 50 mA g™ to 10 A g*

with a cut-off voltage range from 0 to 1.5 V (vs. Na/Na®).
5.3 Results and discussion

The P/GnPs composite was prepared by a simple and productive ball-milling method.
Commercial red phosphorus and natural graphite were used as the starting materials, in the
weight ratio of 7:3, respectively, and then milled at 500 rpm for 40 h under argon atmosphere.
The resultant composite was denoted as P/GnPs - 500. The morphologies of the red
phosphorus and pristine graphite are shown in Figure 5.1. It is clear that the commercial red
phosphorus is a micrometer-sized bulk and the pristine graphite is a layered bulk (Figure 5.1).
After milling, these two bulk materials were broken down into nanoscale particles ~ 100 nm
in size, as shown in Figure 5.2(a-b), however, the bulk pristine graphite cannot be observed in
the SEM images. To clearly detect the morphology of pristine graphite in the P/GnPs - 500

composite, scanning transmission electron microscopy (STEM) was conducted. It is obvious
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that the pristine graphite was exfoliated into nanoplatelets through the shear force during the
milling process, and the small phosphorus particles were embedded in the graphene
nanoplatelets (GnPs) (Figure 5.2(c)). Moreover, the selected area electron diffraction (SAED,
inset of Figure 5.2(c)) pattern shows a diffuse ring, suggesting that the P/GnPs - 500
composite is amorphous. Energy-dispersive X-ray spectroscopy (EDS) mapping was carried
out to further explore the structure of the P/GnPs - 500 composite, as shown in Figure 5.2(e-f).

Significantly, the phosphorus was dispersed uniformly with the carbon, suggesting that the

phosphorus and carbon were mixed uniformly and were in intimate contact.

Figure. 5.2. Morphology of the P/GnPs composite: (a) low and (b) high magnification SEM
images; (c) and (d) STEM images (inset of (c) is the corresponding SAED pattern); element

mapping corresponding to (d) of (e) carbon and (f) phosphorus in the P/GnPs composite.
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To further investigate the connections between the phosphorus particles and the graphene
nanoplatelets, a variety of characterization techniques, including powder X-ray diffraction
(XRD), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS), were
implemented. Figure 5.3(a) shows the XRD patterns of the P/GnPs - 500 composite and its
precursors. The XRD pattern of the commercial red phosphorus shows broad and low-
intensity peaks at 20 of 15.5° and 32.3°, respectively, obviously indicating its amorphous
nature. In the XRD pattern of pristine graphite, there is a sharp diffraction peak at 26.5<
assigned to the (002) plane. After milling for 40 h, these diffraction peaks disappear, and no
peak appears in the XRD pattern of P/GnPs composite. The XRD results demonstrate that the
P/GnPs - 500 composite is amorphous, consistent with SAED pattern (inset of Figure 5.2(c)).
Raman spectra were collected to further test the structure of P/GnPs - 500, as shown in Figure
5.3(b). Red phosphorus shows three bands from 300 cm™ to 500 cm™, assigned to the P-P
bonds. For the P/GnPs composite, these three bands were also observed, but their intensities
were decreased, implying that some P-P bonds were broken up to generate the P-C bonds.***
The spectrum of the pristine graphite shows a weak D band at 1327 cm™ and a strong G band
at 1572 cm™, corresponding to the breathing mode of aromatic rings and the E2g symmetrical
bond stretching motion of pairs of C sp® atoms, respectively.?*> Compared with the pristine
graphite, the intensity ratio of the D band to the G band (ID/IG) increased from 0.31 to 2.91
in the P/GnPs - 500 composite, implying that the carbon in the composite was partially
amorphous. Notably, a right shift of the G band from 1572 cm™ for pristine graphite to 1585
cm™* was observed, demonstrating that the number of layers of pristine graphite in the P/GnPs
- 500 composite was reduced due to the mechanical shear exfoliation of the graphene
nanoplates.?®? XPS was carried out to detect the surface chemical composition of the P/GnPs
- 500 composite, and the XPS results are shown in Figure 5.3(c, d). The C 1s peak is
deconvoluted into four peaks at 283.4 eV, 284.6 eV, 285.3 eV and 288.3 eV (Figure 5.3(c)).
The peaks at 284.6 eV and 285.3 eV are assigned to the sp2 and sp3 C-C bond, respectively,
while the peak at 288.2 eV are assigned to the C=0 bond from the carbon. The peak at 283.7
eV should be ascribed to the P-C bond, according to J. Sun et al.®®* The P 2p spectrum is
fitted to two pairs of 2p1/2 and 2p3/2 doublets, as shown in Figure 5.3(d). One pair of 2p3/2
and 2p1/2 components at 129.7/130.6 eV corresponds to the P-P bond, while the other pair at
130.1/131.0 eV is assigned to the P-C bond, consistent with a previously reported result.26 In
addition, there is a fitting peak that appears at 133.9 eV, which is ascribed to the P-O bond.
The appearance of the C=0 and P-O bonds is possibly due to the oxidization of milled
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nanoparticles when the milling jars were opened. The XPS results demonstrate that P-C

bonds are formed between red phosphorus and graphene nanoplate in the P/GnPs - 500

composite.
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Figure. 5.3. Characterization of the P/GnPs - 500 composite and its precursors: (a) XRD

patterns; (b) Raman spectra; (c) high resolution C 1s XPS spectrum and (d) P 2p XPS

spectrum of P/GnPs - 500.

To investigate the effects of milling speed on the structure of P/GnPs composite, we prepared
a control sample under the same experimental conditions as for P/GnPs - 500 except for using
a milling speed of 300 rpm, with the sample denoted as P/GnPs - 300. XRD, SEM, XPS,
transmission electron microscopy (TEM), and Raman spectroscopy were carried out to
characterize the P/GnPs - 300, as shown in Figures 5.4-5.5. The XRD pattern shows that
there is no new phase emerging in the P/GnPs - 300. The intensities of the peaks from carbon
decreased after milling compared with the pristine graphite, demonstrating that the particle
size of the carbon in the composite had been reduced (Figure 5.4 (a)). From the SEM image,
it is clear that the particle size of the P/GnPs - 300 is about 100 nm. Moreover, the EDS

mapping results indicate that the carbon and red P were mixed uniformly (Figure 5.4(b)). In
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the TEM image of the P/GnPs - 300, there are some lattice fringes with spacing of ~ 0.34 nm,
which were assigned to the gaps between the graphene layers in graphite (Figure 5.4(c)). It
demonstrated that the extent of exfoliation of pristine graphite in P/GnPs — 300 is smaller
than that of pristine graphite in the P/GnPs-500 (Figure 5.2(c)). Figure 5.4(d-e) shows the
XPS spectra of P/GnPs — 300. The C 1s peak is deconvoluted into two peaks at 284.6 eV and
288.3 eV assigned to the C-C bond and C-O, respectively, (Figure 5.4(d)). The P 2p spectrum
is fitted to a pair of 2p3/2 and 2p1/2 components at 129.7/130.6 eV corresponds to the P-P
bond. Besides that, there is a fitting peak that appears at 133.9 eV ascribed to the P-O bond,
as shown in Figure 5.4(e). To clearly observe the structural differences between the P/GnPs -
500 and P/GnPs - 300, Raman spectroscopy was conducted, and the results are presented in
Figure 5.5(a). For both the P/GnPs - 500 and the P/GnPs - 300 composites, the intensity of
the D-band from carbon is larger than that of the G-band, suggesting that the pristine graphite
in the composites was partially amorphous after milling. In addition, compared with P/GnPs -
300, the G-band in the P/GnPs - 500 composite has left shifted from 1598 cm™ to a lower
wavenumber (1585 cm™). Considering the larger extent of exfoliation of pristine graphite in
P/GnPs - 500, the G-band should shift to large wavenumber, compared with the P/GnPs -300.
However, the actual tendency is reverse. This is due to the P-C bond formation in the P/GnPs
- 500 composite through the 7-p conjugation which makes the G-band shift left.*** Therefore,
the left shift of G-band is also evidence of the P-C bond formation in the P/GnPs - 500
composite. In addition, the FTIR spectra are also measured to test the P-C bond. The results
show that there is an additional peak at 1006 cm™ appearing in the FTIR spectrum of P/GnPs-
500, compared with P/GnPs-300 (Figure 5.5(b)), suggesting a new bond forming in P/GnPs-
500 composite. The formation of P-C bonds in the P/GnPs - 500 composite provides good
contact between red phosphorus particles and graphene nanoplates, consequently improving
the electronic conductivity of red phosphorus and promoting structural integrity during

sodiation/desodiation processes.
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Figure 5.4. Characterization of the P/GnPs - 300 composite: (a)XRD pattern, (b)SEM image
with corresponding EDS mapping, (c) TEM image, (d) C1s and (e) P 2p XPS spectra.
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Figure 5.5. (a) Raman spectra and (b) FTIR spectra of P/GnPs of P/GnPs composites milled
at different speeds.

To validate the function of the P-C bonds in the P/GnPs composites in the electrochemical
performance, the P/GnPs composites were tested in sodium ion half cells in the voltage range
of 0 - 1.5 V. Both the capacity and the current density were calculated on the basis of the
overall weight of the P/GnPs composite. Figure 5.6(a) shows the charge-discharge curves of
the P/GnPs - 500 and P/GnPs - 300 composites in the first two cycles at the current density of
100 mA g*. In the discharge curves of both the P/GnPs - 500 and the P/GnPs - 300
composites, there are three sloping regions at 1.5-0.5 V, 0.5-0.25 V, and 0.25-0 V,

respectively, corresponding to the multistep reaction between P and sodium to form the final
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NasP phase.}3?°2289 The P/GnPs - 300 delivered the discharge capacity of 1376 and 822 mAh
g™ in the first and second cycles, respectively. Compared with the P/GnPs - 300, the capacity
delivered by the P/GnPs - 500 composite is higher, with 1471 mAh g™ capacity in the first
cycle and 1146 mAh g™ in the second cycle. Additionally, the hysteresis (AE) between the
discharge and charge potential plateaus was reduced from 0.34 V for P/GnPs - 300 to 0.22 VV
for P/GnPs - 500. The reduced hysteresis is similar to that of the reported black phosphorus
and graphite composite, which was proposed as evidence of P-C bond formation and
consequently, improved Coulombic efficiency resulting from the better connections between

particles during the very large volume changes in the charge-discharge processes.?**
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Figure 5.6. Electrochemical performances of the P/GnPs - 500 and P/GnPs - 300 composites.
(a) Charge-discharge curves of the P/GnPs electrodes in the first two cycles between 0-1.5 V
with current density of 100 mA g*, (b) cycling performances of the P/GnPs electrodes
charged at current density of 100 mA g™ (with Ctotal and Cp denoting the specific capacity
calculated based on the weight of P/GnPs composite and based on the weight of phosphorus
alone, respectively), (c) rate capability of the P/GnPs composites, and (d) comparison of

P/GnPs - 500 with different reported phosphorus/carbon composites®*for sodium ion storage.
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Both the increased capacity and the reduced hysteresis for the P/GnPs - 500 composite
demonstrate that it has better electronic conductivity than P/GnPs - 300. The electrochemical
impedance measurements also confirm this point, and the results are shown in Figure 5.7.
Before testing the impedance, the cells were run for 5 cycles and then charged at 0.6 V. The
impedance curves of both P/GnPs - 500 and P/GnPs - 300 show two semicircles in the
medium frequency and the low frequency regions, which could be assigned to the sodium ion
diffusion through the solid electrolyte interphase (SEI) film (Rx) and the charge transfer
resistance (Rct), respectively. The Rct was calculated using the equivalent circuit shown in
Figure 5.7(a). Significantly, the Rct value of the P/GnPs - 500 composite (95 Q) is very much
smaller than that of the P/GnPs - 300 (147 Q), demonstrating that the electronic conductivity
of the P/GnPs - 500 composite is better than that of P/GnPs - 300.

Figure 5.6(b) shows the cycling performance of P/GnPs - 500 composite charged at the
current density of 100 mA g™. For comparison, the P/GnPs - 300 electrode was also tested
under the same experimental conditions, and its cycling performance is also shown in Figure
5.6(b). Ciora and C, denote the specific capacity calculated based on the weight of P/GnPs
composite and based on the weight of the phosphorus alone, respectively. The P/GnPs - 300
presents a dramatic capacity decay of 4 mAh g™ per cycle, with Ciot OF 205 mAh g™ over
100 cycles. In contrast, the P/GnPs - 500 composite possessing P-C bonds showed superior
cycling stability, with a capacity decay of 0.66 mAh g™ per cycle. 864 mAh g™ and 1234
mAh g were retained for Cyw and Cp over 100 cycles, respectively. Moreover, the
Coulombic efficiency of the P/GnPs - 500 composite increased from 45% to 67%, compared
with the P/GnPs - 300. Even when charged at the current density of 1 A g™, the P/GnPs - 500
electrode still demonstrated excellent cycling performance, with 92.5% retention of the
capacity in the second cycle (649 mAh g™) over 200 cycles, as shown in Figure 5.8. Table 5.1
summarizes the electrochemical performances of phosphorus and carbon composites as anode
materials for sodium ion batteries. Compared with the other red phosphorus and carbon (such
as Super P, graphene, and SWCNT) composites reported, the cycling performance of our
synthesized P/GnPs - 500 composite is superior for sodium ion storage. This is due to the P-C
bond formation, leading to a better connection between the red phosphorus particles and the

graphene nanoplates, which improves the cycling stability. The structural stability of the

Table 5.1 Summary of the electrochemical performances of phosphorus-carbon composites

as anode materials for sodium ion batteries.
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Figure 5.7. Electrochemical impedance spectra of P/GnPs — 500 (b) compared with P/GnPs -
300 (c) in the charged state at 0.6 V in the 5th, 20th, and 100th cycles. (a) Equivalent circuit

used to interpret the results.

Table 5.2 Rt (©2) and Ry (Q2) of the P/GnPs electrodes after different cycles.

5™ cycle 20" cycle 100" cycle
Ry Rt Ry Rt Ry Ret
P/GnPs -500 49 95 70 96 79 106
P/GnPs -300 32 147 64 168 139 277
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P/GnPs - 500 composite is also evidenced by the smaller impedance changes in the electrode
during cycling, in comparison with the P/GnPs - 300 (Figure 5.7). Table 5.2 shows a
comparison of Rct values calculated for the P/GnPs composites with and without P-C bonds.
After 100 cycles, the Rct value of the P/GnPs - 500 composite increased a little, from 95 Q to
106 Q, while the Rct value of the P/GnPs - 300 composite changed from 147 Q to 277 Q. In
order to calculate the contribution of red P to the capacity of the P/GnPs - 500 composite, we
milled natural graphite for 40 h at 500 rpm. The electrochemical performance of the milled
graphite is shown in Figure 5.9. The milled graphite delivered first discharge and charge
capacities of 388 mAh g* and 168 mAh g*, respectively (Figure 5.9(a)). The huge
irreversible capacity is due to the SEI formation on the surface of the milled graphite particles,
resulting from the electrolyte decomposition. In the second cycle, the milled graphite
delivered 186 mAh g™ capacity. According to Equation 5.1, where 0.3 and 0.7 are the weight
fractions of P and graphite in the composite, respectively, the capacity contributed by P is
1558 mAh g,

0.7 * Cphosphorus + 0.3 * Chilled graphite = Crotal (5.1)
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Figure 5.8. Cycling performance of the P/GnPs -500 composite electrode at the high current
densities of 500 mA g™ and 1 A g (the current density is 100 mA g™ in the first 5 cycles).

To further explore the structural stability of the P/GnPs composites, the morphologies of the
P/GnPs - 500 and P/GnPs - 300 electrodes after 200 cycles were characterized by TEM. The
cells were disassembled in an Ar-filled glove box. Figure 5.10(a) shows the morphology of
the P/GnPs - 300 electrode after 200 cycles. It is clear that the particles of P/graphite - 300
are pulverized into isolated nanoparticles due to the huge volume changes in the P during

cycling. The high resolution TEM image demonstrates that the size of the pulverized particles
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was less than 5 nm, as shown in Figure 5.10(b). By contrast, the original morphology of the
P/GnPs - 500 remains its primary morphology, and significant pulverization of particles
cannot be observed (Figure 5.10(c, d)), suggesting that the structure of the P/GnPs - 500 is
more stable than that of P/GnPs - 300. A schematic illustration of the structural evolution of
P/GnPs - 500 and P/GnPs - 300 after cycling is shown in Figure 5.11. During the charge -
discharge process, the red P particles undergo huge volume expansion and condensation
(about 490 %), and concomitantly, enormous stresses emerge in the particles, leading to
pulverization of the red phosphorus. As a result, some red P particles lose contact with both
other red P particles and with the graphene nanoplates, so that the electrical conductivity is
reduced. On the basis of our present investigation, the electrical conductivity plays an
important role in the reversible capacity and cycling stability of red P.2%° Thus, for the P/GnPs
- 300 composite, the loss of electrical contact in the active materials leads to capacity decay.
In contrast, for the P/GnPs - 500 composite, the P-C bonds foster close connections between
the P particles and the graphene nanoplates. Moreover, the P-C bond plays a role in
restraining the expansion of P particles during the sodiation of P. Even if the P particles are
pulverized during the cycling, the red P particles can maintain their contact with the graphene
nanoplates, so that good electrical conductivity is retained. Therefore, the P/GnPs - 500
composite has excellent cycling stability.
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Figure 5.9. (a) Charge-discharge curves for selected cycles, and (b) cycling performance of
the graphite milled for 40 h.

The rate capability of the P/GnPs - 500 composite was also investigated at a variety of current

densities from 50 mA g™ to 10 A g™ with voltage range of 0-1.5V. As shown in Figure 5.6(c),

the P/GnPs - 500 electrode delivered stable capacities of 990, 935, 888, 843, and 788 mAh g*

at the current densities of 50, 100, 250, 500, and 1000 mA g, respectively. Even at current
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densities as high as 5 A g™ and 10 A g, the P/GnPs - 500 electrode still retained capacities
of 413 mAh g™ and 274 mAh g, corresponding to capacity retention of 41.7% and 27.6%,
respectively. Then, the current density was returned to the low value of 50 mA g, and the
capacity was restored to the previous value of 989 mAh g™, suggesting that the P/GnPs - 500
composite has excellent rate capability. By comparison, the capacity of the P/GnPs - 300
electrode dropped dramatically with increasing current density. With operation at the current
density of 1000 mA g™, only 75 mAh g™ was retained. On increasing the current density to
25 A gl 5Ag" and 10 A g7, the capacity delivered by the P/GnPs - 300 electrode was
nearly zero. In addition, the rate capability of P/GnPs - 500 composite was further compared
with other P/carbon composites previously reported. Figure 5.6(d) shows a comparison of the
rate capability between other phosphorus/carbon (SWCNT, Super P®, and graphene)
composites and P/GnPs - 500 composite for sodium ion storage. It can be clearly seen that the
P/GnPs - 500 composite presents superior rate capability to other P/carbon composites. This
is possibly due to the excellent conductivity of P/GnPs - 500 composite as a benefit of the P-

C bond formation.

Figure 5.10. TEM images of (a, b) P/GnPs - 300 and (c, d) P/GnPs - 500 electrodes after 100
cycles.
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Figure 5.11. Schematic illustration of the structural evolution of P/GnPs - 500 and P/GnPs -

300 after cycle.
5.4 Conclusion

In summary, we prepared red phosphorus and graphene nanoplate composites by a facile and
scalable ball milling method. The SEM and TEM images show that the pristine graphite was
exfoliated into nanoplatelets through the shear forces during the milling process, and the
small phosphorus particles were embedded in the graphene nanoplatelets. Moreover, the XPS
results demonstrate the existence of P-C bonds formed between the red phosphorus particles
and the graphene nanoplates in the P/GnPs - 500 composite. This unique morphology and
strong chemical bonding is responsible for the stable structure of P/graphene nanoplate
composite. During the sodiation of P, the P-C bond plays a role in restraining the expansion
of P particles. Moreover, even if the P particles are pulverized during the cycling, the red P
particles can remain in contact with the graphene nanoplates, so that good electric
conductivity is retained. Therefore, the P/GnPs - 500 composite has excellent cycling stability
and superior high rate capability, compare to that of the P/GnPs - 300 composite which does

not have P-C bonds.
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Chapter 6. Sny.xP3 crystalline and amorphous composite as anode for sodium-ion

batteries with low cost, high capacity, long life, and superior rate capability

Combined with carbonaceous materials, red phosphorus can realize the stable cycling
performance, however, the introduction of large amount of carbon in the composite will
decrease the energy density of the whole electrode. In order to prolong the cycling life of
these anode candidates, preparing alloys with other elements is an effective solution. Herein,
the as-obtained Sng.xPs@(Sn+P) composite which contains two active elements (Sn and P)
was investigated as anode for SIBs in half cells and showed high capacity, excellent cycling

performance and rate capability.

6.1 Introduction

Effective usage of renewable energy sources such as solar and wind are the key to building a
more sustainable society and reducing emissions of the main greenhouse gas (CO,).
Nowadays, the great challenge would be how to store renewable energy in a cheap and
efficient way. That is to say, an energy storage system for renewable energy requires low cost,
high power capability, relatively good energy density, and high safety.?**’ Na-ion batteries
(S1Bs), which have been attracting more attention owing to their low cost, could potentially
be the most promising candidate for stationary batteries.*

Since the Na ion (radius 0.95 A) is about 55% larger than the Li ion (0.6 A), this seriously
limits the energy density and rate capability of SIBs. From the energy point of view, sodium
can form alloys with Sn (847 mAh g), Sb (664 mAh g™), Pb (484 mAh g™), and P (2596
mAh g) that will deliver higher theoretical capacity as the anode in SIBs than non-graphitic
carbons with reversible capacities of less than 300 mAh g*.%8210-2122612%3 g and red P based
materials show great potential due to the cheap and non-toxic nature of the raw materials.
Komaba et al.?**** reported Sn electrodes with the high capacity of 500 mAh g for 20
cycles. Zhu et al.?*® reported an electrodeposited Sn film on conductive wood fiber to acheive
150 mAh g for 400 cycles. Qian et al.land Kim et al.”®* reported that an amorphous
phosphorus composite with carbon could deliver a high capacity of 1764 mAh g™ at the
current density of 250 mA g™ and 1890 mAh g™ at current density of 143 mA g™, respectively.
Xiao et al.”* reported SnSb/C alloy anode for Na-ion batteries with a capacity of 274 mAh g’
! at the high rate of 1000 mA g™. Liu et al.?*® reported that 3D Sn nanorod arrays composed

of a carbon outer shell, a Sn intermediate layer and a metal inner core were fabricated by
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combination of physical vapor deposition, radio frequency magnetron sputtering, and
electroless deposition method via template route to achieve 405 mAh g™ after 150 cycles.
However, all the previous reports on Sn and P based materials involve the usage of large
amounts (more than 30%) of carbon in the composite or using high-cost technique to show

reasonably good electrochemical performance,!239:24.252:289.294.29 T

large amount of carbon
will significantly lower the volumetric energy density of the whole electrode and the high-
cost technique will be hard for commercial application for cheap sodium ion battery.
Furthermore, high rate capability is another challenge for SIBs, as SIBs have to accommodate
the big current inputs and outputs that are used for stationary batteries. So far, the reported
results show relatively poor rate capability up to the 2 C rate for Sn based anode materials.
Herein, we prepared a novel tin phosphide and amorphous Sn and P (Sns.«xPs@(Sn+P))
composite in large amounts by a simple low energy ball-milling method, which can meet the
demand for large-scale applications. The as-obtained Sn;.xP3;@(Sn+P) composite was
investigated as anode for SIBs in half cells and showed high capacity and high rate capability,
which offers a new alternative to carbonaceous anode materials in Na cells. In addition,
improvement in its cycling stability was also achieved by including an additive to the

electrolyte.
6.2 Experimental section

6.2.1 Preparation of the Sns.+xPs@(Sn+P).

The active Sng.+«xP3@(Sn+P) powder was prepared by using red phosphorus and tin powder as
the starting materials in the molar ratio of 3:5, respectively, for mechanochemical synthesis.
The starting materials were put into a hardened steel vial with milling balls 2 mm in diameter.
The weight ratio of milling balls to powder was 50:1. The vial was assembled in an argon-
filled glove-box, and then mounted on the ball mill. The rotation speed of the mill was set to
300 rpm for 20 h. Sn4P3; was also prepared for comparison using the same procedure with red
phosphorus and tin powder in the molar ratio of 3:4.

6.2.2 Characterization.

The crystalline structure of the active powder was characterized by powder X-ray diffraction
(XRD) on a GBC MMA diffractometer with a Cu Ka source. The morphology of the sample
was investigated by field emission scanning electron microscopy (FESEM; JEOL JSM-
7500FA) and transmission electron microscopy (TEM, JEOL 2011, 200 keV). X-ray
photoelectron spectroscopy (XPS) was conducted using a SPECS PHOIBOS 100 Analyser
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installed in a high-vacuum chamber with base pressure below 10-8 mbar. X-ray excitation
was provided by Al Ka radiation with photon energy hv = 1486.6 eV at the high voltage of
12 kV and power of 120 W. The XPS binding energy spectra were collected at the pass
energy of 20 eV in the fixed analyser transmission mode. Analysis of the XPS data was
carried out using the commercial CasaXPS 2.3.15 software package. All the spectra were
calibrated by C 1s = 284.6 eV.

6.2.3 Electrochemical measurements

The Sn4.xP3@(Sn+P) electrodes were prepared by mixing 70% active materials, 10% carbon
black, and 20% carboxymethyl cellulose (CMC)) binder by weight to form an electrode
slurry, which then was coated on copper foil, followed by drying in a vacuum oven overnight
at 80 <C, and then pressing at 30 MPa. The sodium foil was cut by the doctor blade technique
from a sodium bulk stored in mineral oil, which then was employed as both reference and
counter electrode. The electrolyte was 1.0 mol/L NaClO4 in an ethylene carbonate (EC) -
diethyl carbonate (DEC) solution (1:1 v/v), with or without 5 vol.% addition of
fluoroethylene carbonate (FEC). The cells were assembled in a argon-filled glove box. The
electrochemical performances were tested by a Land Test System in the voltage range of 0-
1.5V (vs. Na'/Na).

6.3 Results and discussion

Figure 6.1(a) presents the X-ray diffraction (XRD) pattern of the Sns.«xPs@(Sn+P) powder.
All the XRD peaks can be well indexed to the stoichiometric SnyP3 phase (JCPDS, file no.
20-1294.) based on the hexagonal crystal system of R-3m, in good agreement with the XRD
pattern reported previously.?"**® This compound has a layered structure consisting of Sn
layers and P layers packed alternately. The cell constants are a = 3.9935 A and ¢ = 35.4627 A.
No other impurity phases are observed. A broad background can be observed from 26 °to 32<
which may be due to the presence of amorphous tin. The X-ray photoelectron spectroscopy
(XPS) results show that the tin has two peaks: The main peak is located at 486.1 eV, with a
peak area proportion of 83.62%, corresponding to SnsP3; phase. The peak at 484.01 eV with
peak area proportion of 26.38% is attributed to Sn Figure 6.1(b)). It is possible that the
redundant tin exists in the amorphous state, so it was not detected in XRD. A scanning
electron microscope (SEM) image of the as-prepared materials is shown in Figure 6.2(a). The
morphology of the precursors, including the irregular oval shapes of commercial tin particles

and the bulk size of commercial red phosphorus was not preserved after ball milling.
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Microsized secondary Sns.xPs; particles can be observed, which are composed of primary
nanoparticles about 30-80 nm in size. Such a morphology is also an advantage for materials
to be used in batteries, since the primary nanoparticles can facilitate the contact between the
active materials and the electrolyte, and shorten the lithium diffusion length, while the
secondary microsize particles can improve the electrode density to improve the volumetric
energy density. A typical high resolution transmission electron microscope (HRTEM) image
(Figure 6.2(b)) was taken from the edge of one particle. The lattice fringes are visible, with d-
spacing of 0.29 nm, corresponding to the (107) plane of Sns.xP3. The crystal size is about 30
nm, and there is an amorphous layer with thickness of 3 nm covering the surface of the
particle. The selected area electron diffraction pattern (SAED, inset of Figure 6.2(b)) further
confirms the coexistence of polycrystalline Sng.xP3 with clear spotted diffraction rings and
amorphous tin with diffusion rings. In order to further determine the composition of the
anorphous layer, the high - resolution EDS was conducted by the probe-corrected JEOL
ARMZ200F, as shown in Figure 6.3 and Table 6.1. The Sn/P ratio is 1.48 and 1.70 in the
crystalline part, which are similar to that of Sn4P3. In comparison, the Sn/P ratio for spots at
the amorphous adge increases, with the value of 2.9 and 3.7. It suggests that the amorphous
layer is mainly consist of amorphous Sn and small amount of P. During ball milling, there are
three kinds of powders in the jar, e.g. P, Sn, Sn4P3, which have different hardness. Sn4P;3 as
intermetallic compound has the highest hardness value, while the hardness value of P is
smallest. Thus, Sn and P with the relatively smaller hardness value was milled into the
smaller amorphous parcticles, covering over the surface of SnsP3to form the core-shell-like

morphology of Sny.xP3;@(Sn+P).
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Figure 6.1. (a) Rietveld refinement XRD pattern of Sn.xP3@(Sn+P) composite, and XPS

analysis of Sns+xP3@(Sn+P) powder for the elements (b) Sn and (c) P.

Figure 6.2. SEM (a) and HRTEM (b) images of Sns.xP3@(Sn+P) composite. The inset in (b)

is the corresponding SAED pattern.
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Figure 6.3. STEM image of the Sns.xP3@(Sn+P) composite

Table 6.1 EDS results of the spots in both crystalline and amorphous layer.

Spot Sn/P (at.%)
1 1.48

2 1.705

3 2.903

4 3.715

Figure 6.4 shows the charge and discharge curves of the Sn,.«P3@(Sn+P) electrode at current
density of 100 mA g™. There were two potential plateaus in the discharge process: one was
within the voltage range of 0.25 - 0.1 V and the other located at 0.1 - 0 V. Correspondly,
there were two potential plateaus in the charge curve. The ex-situ XRD patterns of
Snu.xPs@(Sn+P) at different potentials during discharge and charge processes in the first
cycle were used to try to determine the possible mechanism, as shown in the inset of Figure
6.4. Since the XRD patterns are amorphous during charge and discharge processes, it is very
hard to study the mechanism in detail. The formation of small Sn peaks can be observed at
point b, which may be due to the decomposition of Sns.«xP3. Based on the previous reports on
P and Sn for Na storage, the possible reactions would be that Sns.xP3 was transformed to

NasP %% and NaysSns, > respectively.
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Figure 6.4. Charge and discharge curves of the Sns.P3@(Sn+P) composite electrode with
CMC binder in 1 mol L™* NaClO, in EC/DEC (1:1) at the current density of 100 mA/g. Inset
presents ex-situ XRD patterns for the Sns.xPs@(Sn+P) electrode collected at different

potientials.

Sn+xP3+ y Na <> NagP + NajsSng (6.1)
The theoretical specific capacity is 1080 mAh g, based on the total conversion of
SnyxP3@(Sn+P) to NajsSn, and NagP. Our result is approaching the theoretical capacity,
with an initial discharge capacity of 1030 mAh g™ and a reversible charge capacity of 892
mAh g™. A similar mechanism was also observed for Sn,P; electrodes in lithium ion batteries
(L|BS).297’3OO

Figure 6.5(a) presents the cycling performance of the Sny.«Ps@(Sn+P) electrodes with and
without fluoroethylene carbonate (FEC) as additive in the electrolyte. A rapid fade in
capacity was observed for the electrode without FEC as an additive, with discharge capacity
of 50.4 mAh g and capacity retention of 4.8% after 50 cycles. Komaba et al. have reported
that FEC can improve the cycling stability.?**?® Therefore, 5% volume fraction FEC was
added into the electrolyte to improve the cycle life in our work. It is clearly seen that the

SnyxP3@(Sn+P) electrode with 5 vol. % FEC exhibited relatively stable cycling performance.
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Figure 6.5. Cycle life (a) and differential capacity plots (dQ/dV) in the first cycle (b) of the
Sn4xP3@(Sn+P) composite electrode with and without FEC additive in 1 mol L™ NaClOy in
EC/DEC (1:1) at the current density of 100 mA g™.
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Figure 6.6. The charge/discharge curves of Sns.xPs@(Sn+P) composite in the electrolyte (a)
without and (b) with FEC additive .

After 100 cycles, the capacity still remained 465 mAh g™, with 72.1% and 92.6 % retention

of the first (645 mAh g™*) and second cycle (502 mAh g™) capacity, respectively. To the best
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of our knowledge, this is the best electrochemical performance reported for tin-based anode
in SIBs, with higher stable capacity and longer cycling life compared with the previously
reported results,1#28:239.244:246252,278.294-29%.301 The charge/discharge curves of Sng.xPs@(Sn+P)
in the electrolyte with FEC and withou FEC are shown in Figure 6.6. It is clear that the
charge/discharge curves of Sns.P;@(Sn+P) with FEC electolyte additive overlapped well
after 10 cycles, further suggesting cycling stability of Sns.xP3@(Sn+P) has been improved
significantly after adding FEC. This result clearly suggests that by using CMC as binder and
the addition of 5 vol. % FEC to the electrolyte (1.0 mol/L NaClO4in an ethylene carbonate
(EC) - diethyl carbonate (DEC) solution (1:1 v/v), Sns+xPs@(Sn+P) can delivery highly stable
cycling performance. It is noticed that the initial discharge capacity (645 mAh g™) for the
electrode using FEC as additive was much lower than the one without FEC in the electrolyte.
To investigate the low initial capacity of the electrode using FEC as additive, the differential
capacity plots (dQ/dV) of the Sns«xP3;@(Sn+P) electrodes with and without FEC as additive
are shown in Figure 6.5(b). Three cathodic peaks at around 0.26, 0.13, and 0.02 V are
observed for the electrode with no addition of FEC. Correspondingly, there are three anodic
peaks appearing at around 0.135, 0.27, and 0.58 V, respectively. In contrast, there are only
two peaks in both the cathodic and anodic processes for the electrode using FEC as additive.
The cathodic peak position was shifted from 0.26 to 0.12 V. The redox peaks at 0.02 V and
0.135 V are missing. This is probably due to the formation of a thick solid - electrolyte
interphase (SEI) layer which has higher resistivity. Therefore, the capacity was only partially
reversible. SEM images of the electrodes with and without FEC in the electrolyte are shown
after one cycle in Figure 6.7. It is clearly seen that some microcracks have appeared in the
SnyxP3@(Sn+P) electrode without FEC additive (Figure 6.7(a)), while after the addition of
FEC, the Sny.«xPs@(Sn+P) electrode maintains its integrity (Figure 6.7(c)). This is because
SnyxP3@(Sn+P) electrode suffers mechanical failure during alloying/de-alloying processes
due to the large volume expansion (411.6%) occurring during alloying of Sn and P with Na to
form NaszP (391%) and NajsSns (424%). As a result, there is a loss of electrical contact
between the cracked and isolated Sns.xP3@(Sn+P) particles in the electrode, resulting in
capacity failure. Since the inital capacity of Sns.xP;@(Sn+P) electrode with FEC in the
electrolyte is only 62% of the capacity without using FEC, the volume expansion will be
much smaller. Moreover, the FEC is decomposed to form a thicker SEI layer on the surface
of the active materials and carbon black, as observed in Figure 6.7(d). This SEI layer can also
maintain the integrity between the Sns.xP3@(Sn+P) and carbon black particles and serve as a
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buffer to relieve the stress from the volume expansion during the alloying/dealloying
processes. This is the possible reason for the significant improvement in cycling stability of
the Sns.xP3@(Sn+P) electrode with FEC additive in the electrolyte. Figure 6.8 shows the
morphology of the Sns.Ps;@(Sn+P) electrode charged at 2.0V after 50 cycles. The lattice
fringes are visible, with d-spacing of 1.85nm, corresponding to the (106) plane of C, which is
from the carbon black. Moreover, there are amorphous particles embedded into the
amorphous layer (Figure 6.8(a)). In order to further determine the structure of the
Sny+xP3@(Sn+P) after cycling, STEM was tested and element mapping shows a compact SEI
layer covered over the amorphous Sn and P particles ( Figure 6.8(b) ).

T - ¥ P ; \ - - RegiBad
a \ ‘ 48 N J f b | /_ S
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Figure 6.7. Morphology of the Sn,.xP3@(Sn+P) composite electrodes without (a, b) and with
FEC (c, d) electrolyte additive after the first cycle: (a, c) low magnification; (b, d) high

magnification.

-113 -



Chapter 6. Sny..P; Crystalline and Amorphous Composite as Anode for Sodium-ion Batteries with Low Cost,
High Capacity, Long Life, and Superior Rate Capability

PK o JE 20 [Sn L] o [ 2>

10 nm g *

10/nmj s

Figure 6.8. (a) TEM image and (b) high - resolution EDS of Sn4.xP3@(Sn+P) electrode after
50 cycles.

Figure 6.9 displays the rate capability of the Sns.«Ps;@(Sn+P) electrode with 5 vol. % FEC
additive in the electrolyte over the potential range of 0-1.5 V vs. Na'/Na. The
Sny.+xP3@(Sn+P) electrode exhibited excellent high rate cycling performance, as shown in
Figure 6.9(a). The average discharge capacity is 543.2, 478.8, 423.3, 317.7, 245.2, 165.0, and
58.2 mAh g™ at different current density of 0.2, 0.4, 1, 2, 4, 10, and 20 C (1 C =500 mA g}),
respectively. Finally, the rate performance of Sn.xP;@(Sn+P) is compared with those of
reported tin-based electrodes in composites with multiwalled carbon nanotubes (MWCNTS)
and other forms of carbon for sodium storage (SnO,@MWCNT composite,?’®

2% together with the best results

SnO,@graphene nanocomposites,®'®??® SnSh/C composite
for carbonaceous materials for SIBs (hollow carbon nanospheres,?*! carbon nanowires,?*? and
reduced graphene oxide (RGO)?°) (Figure 6.9(b)). It is obvious that the rate capability of the
SnyxP3@(Sn+P) is better than those of the carbonaceous materials and is the best among the
tin-based electrodes reported. This is probably due to the structure of the composite in which
amorphous Sn can maintain electrical contact between Sng.xP3 particles and small particle
size (30-80 nm) can shorten the diffusion length of sodium ion. The characterization and
electrochemical performance for SnsP3; was shown in Figure 6.10 and Figure 6.11. The Sny4P3
without amorphous Sn coating confirmed by HRTEM (Figure 6.10(a)) and XPS results
(Figure 6.10(b)) cannot cycle stably for more than 20 cycles even with 5% FEC additives in
the electrolyte (Figure 6.11). This may be due to the fact that the amorphous Sn layer and

FEC additive can work together to form a stable SEI layer. This shows the important role of

_114-



Chapter 6. Sny..P; Crystalline and Amorphous Composite as Anode for Sodium-ion Batteries with Low Cost,
High Capacity, Long Life, and Superior Rate Capability

amorphous Sn in the composite. Further improvement of high rate capability could be

achieved via making carbon composites and optimize the FEC contents.
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Figure 6.9. Rate capability of the Sns.«P3@(Sn+P) composite electrode using CMC binder
with 5% FEC additive in the electrolyte (a), and comparison of the rate capacity of
Sn4xP3@(Sn+P) with tin-based and carbonaceous materials 21012228239.278 )
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Figure 6.10. (a) HRTEM image and (b) Sn 3d XPS analysis of Sn4P3 sample.( The

amorphous coating layer of Sn cannot be observed in SnsP3 sample and the amorphous Sn

peak was not observed in XPS).
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Figure 6.11. Differential capacity plots (dQ/dV) in the first 2 cycles (a) and cycle life (a) of
the Sn4P5 electrode with 5% FEC additive in 1 mol L™ NaClO, in EC/DEC (1:1) at the
current density of 100 mA g™. The dQ/dV curves for SnsP; electrode shows similar shape as
that of Sns.«P3@Sn electrode. However, the cycling stability Sn,P3 electrode is much worse
than Sny.«xP3@Sn electrode. This may be due to the fact that the amorphous Sn layer and FEC

additive can work together to form a stable SEI layer.
6.4 Conclusion

In summary, we prepared Sns.xP3@(Sn+P) composite in large quantities by direct low-speed
ball milling of the P and Sn powders and studied its electrochemical performance as anode
material for sodium ion batteries. The results demonstrated that the Sns.xP3@(Sn+P)
electrode using CMC binder delivered an initial discharge capacity of 1030 mAh g™ and a
reversible charge capacity of 892 mAh g™, at the current density of 100 mA g™. The addition
of 5% FEC to the electrolyte can improve the cycling stability of the Sng.Ps;@(Sn+P)
electrode, delivering a stable capacity of 465 mAh g™, with capacity retention of 92.6%, at
the current density of 100 mA g™ over 100 cycles. Moreover, the Sn..,Ps electrode exhibited
superior high rate capability, with a stable capacity of 165 mAh g™ at the 10 C-rate (5000 mA
g™l). All the results indicate that Sns.Ps@(Sn+P) would be a promising anode material
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candidate for sodium ion batteries with low cost, long cycling stability, and relatively good

rate capability.
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Chapter 7. A new, productive MP (M=Fe,Co) anode material for sodium-ion batteries

Sn4+xP3 which is investigated in Chapter 6, notably, possesses two active elements, i.e., Sn
and P, which both can alloy with Na. Therefore, Sn in the SnsP3 compound makes
contributions to both the total capacity and the volume change during the
sodiation/desodiation. The question is whether the cycling performance of phosphide
compound will be further improved through the substitution of Sn by inactive metals. Herein,
we prepared iron phosphide (FeP) and cobalt phosphide (CoP) in large amounts by a simple
ball-milling method. In this sample, the metal (Fe, Co) is inactive and acts as a conductive

matrix to buffer the volume expansion.

7.1 Introduction

Recently, Na-ion batteries (SIBs) have been attracting more attention as the most promising
candidate for stationary batteries due to their low cost, and the abundant supply and
widespread reserves of Na mineral salts.**482°6-298302303 gjnca the Na ion (radius 0.95 A) is
about 55% larger than the Li ion (0.6 A), however, the range of potential candidate materials
is seriously limited. The main goal for sodium ion battery research is to search for a candidate
material with long cycle life and high capacity. Carbonaceous materials have been widely
investigated as the anode for sodium ion storage due to their good cycling performance, but
their capacity is low (less than 300 mAh g*).8668.212263304 Nqqre recent reports show that
some elements can alloy with sodium to deliver higher theoretical capacity as the anode in
SIBs, such as Sn (847 mAh g™),*° Sh (664 mAh g™),**® and P (2596 mAh g).?*° The fatal
defect for these anode candidates, however, is their huge volume change during the
sodiation/desodiation, resulting in pulverization of the electrode material accompanied by
poor cycling performance.

Generally, there are three ways to overcome the poor cycling performance. The first is to
synthesize nanosized materials.?®**315 |t is very difficult, however, to use a chemical
method to prepare nanosized P. In a previous report, even though the particles were
nanosized, the cycling performance was still unstable, due to the poor electronic conductivity
of P. Thus, this method to synthesize nanosized structures is not suitable for P. The second
way is to coat a conductive and elastic layer on the surface of the active material to form a
composite, which can not only improve the electronic conductivity, but also act as a buffer to
absorb the stress from the volume expansion. Recently, some papers have reported P/carbon

composites, such as P/Super P,%%2 P/carbon nanotubes (CNTSs),**P/graphene ®etc. The
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results show that the cycling stability of P was improved dramatically. The third way is to
prepare an alloy compound, which has been confirmed as an effective method to overcome
the disadvantages resulting from huge volume expansion in both LIBs and SIBs, 8233239306316
Manthiram’s group reported that MxSb (M = Cu, Fe, Ni) in a matrix of Al,03-C had a better
cycling performance than Sb in the same matrix of Al,O3-C for sodium-ion batteries.**® Lin et
al. reported that SngoCuo. as anode for SIBs had a stable capacity of 420 mAh g™ for 100
cycles.*® SnSb/C alloy anode for Na-ion batteries has been reported with a capacity retention
of 80% after 50 cycles.”®® Recently, our group reported that Sn,.,Ps@(Sn-P) composites as
anodes for SIBs significantly extended the cycle life, with a stable capacity of 465 mAh g*
and capacity retention of 92.6% over 100 cycles.®*” Kim et al. and Qian et al. also reported
that Sn4Ps and SnyP3/C can deliver the capacity of 718 mAh g™ and 850 mAh g* at the
current density of 100 mA g™ and 50 mA g™, respectively.?***® Notably, Sn,P3 possesses
two active elements, i.e., Sn and P, which both can alloy with Na. Therefore, Sn in the SnsP;
compound makes contributions to both the total capacity and the volume change during the
sodiation/desodiation. The reported specific capacity is still far below the theoretical capacity,
however.

To fully utilize the capacity from P, herein, we prepared iron phosphide (FeP) and cobalt
phosphide (CoP) in large amounts by a simple ball-milling method. In these sample, the
metal (Fe, Co) is inactive and acts as a conductive matrix to buffer the volume expansion.
The as-obtained FeP and CoP compoundS were investigated as anode in SIBs in half cells
and showed high reversible capacity of more than 500 mAh g™ and 700 mAh g, respectively,

which offers a new alternative to carbonaceous anode materials in Na cells.
7.2 Experimental Section

7.2.1 Synthesis of FeP phosphide

Fe (>99.5%, Sigma), Co (> 99.8%, Sigma) and red P (>99 %, Sigma) were used as the
starting materials without further purifying. FeP and CoP was prepared by the simple ball-
milling method using the corresponding stoichiometric molar ratio of the metal (Fe, Co) to P.
The starting materials were put into a hardened steel vial with milling balls 2 mm in diameter.
The weight ratio of milling balls to powder was 20:1. The vial was assembled in an argon-
filled glove-box, and then mounted on the ball mill. The rotation speed of the mill was set to
300 rpm for 20 h.

-119 -



Chapter 7. A new, productive MP (M=Fe, Co) Anode Materials for sodium ion batteries

7.2.2 Characterization

The crystalline structure of the active powder was characterized by powder X-ray diffraction
(XRD) on a GBC MMA diffractometer with a Cu Ka source. The morphology of the sample
was investigated by field emission scanning electron microscopy (FESEM; JEOL JSM-
7500FA) and transmission electron microscopy (TEM, JEOL 2011, 200 keV). X-ray
photoelectron spectroscopy (XPS) was conducted using a SPECS PHOIBOS 100 Analyser
installed in a high-vacuum chamber with base pressure below 10-8 mbar. X-ray excitation
was provided by Al Ka radiation with photon energy hv = 1486.6 eV at the high voltage of
12 kV and power of 120 W. Ex-situ XRD data were collected by powder X-ray diffraction
(XRD) on a GBC MMA diffractometer with a Cu Ka source. The cell used for the data
collection was charged at a current density of 100 mA g™ between 0 V and 1.5 V.

7.2.3 Electrochemical measurements

The FeP and CoP electrodes were prepared by mixing 70% active materials, 10% carbon
black, and 20% binder by weight to form an electrode slurry, which then was coated on
copper foil, followed by drying in a vacuum oven overnight at 80 <C, and then pressing at 30
MPa. The electrode was punched into a round area with 3 mg cm™. Three kinds of FeP
electrodes were prepared by changing the binders: carboxymethyl cellulose (CMC)),
Poly(vinylidene fluoride (PVDF), carboxymethyl cellulose (CMC))/Poly(acrylic acid) (PAA).
The CoP electrodes were prepared using carboxymethyl cellulose (CMC) as binder. The
sodium foil was cut by the doctor blade technique from a sodium bulk stored in mineral oil,
which then was employed as both reference and counter electrode. The electrolyte was 1.0
mol/L NaClO, in an ethylene carbonate (EC) - diethyl carbonate (DEC) solution (1:1 v/v),
with or without 5 vol.% addition of fluoroethylene carbonate (FEC). The cells were
assembled in an argon-filled glove box. The electrochemical performances were tested by a
Land Test System at current density of 50 mA g* in the voltage range of 0-1.5 V (vs.
Na‘/Na).

7.3 Results and discussion
7.3.1 Investigation on FeP electrode for sodium ion battery

FeP was prepared by simple ball milling for 20 h using the corresponding stoichiometric
molar ratio of the metal (Fe) to P. Figure 7.1(a) shows the XRD pattern of the FeP, which can
be indexed to the orthorhombic phase with space group Pnma (JPCDS No. 65-2595, a =
5.187 A, b = 3.095 A, ¢ = 5.793 A). The as-prepared FeP showed broad peaks with low
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intensity, suggesting that the particle size of the as-prepared sample after the ball milling is
very small. The morphology of FeP was examined by field emission scanning electron
microscopy (FE-SEM), as shown in Figure 7.1(b). The FE-SEM images of FeP show that the
particle size is about 30-50 nm. Figure 7.1(c, d) shows a high resolution transmission electron
microscope (HRTEM) image and the corresponding selected area electron diffraction (SAED)
pattern, respectively, of the as-prepared FeP. As shown in Figure 7.1(c), small crystals 10-20
nm in size are embedded in the amorphous matrix. The d-spacings of these FeP nanoparticles
are 0.273 nm and 0.237 nm, corresponding to the (011) and (201) planes, respectively. The
SAED pattern of the as-prepared FeP presents the characteristics of polycrystalline rings
(Figure 7.1(d)). X-ray photoelectron spectra (XPS) of the as-prepared FeP were collected and
are shown in Figure 7.2. The binding energies for P2p at 129.3 eV and Fe 2p3/2 at 706.9 eV
are ascribed to the FeP.**

@ —— FeP)

JPCDS No. 65-2595
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Figure 7.1. Characterization of FeP: (a) XRD pattern; (b) FE-SEM image; (c) high resolution
TEM image; (d) the corresponding SAED pattern.

- 121 -



Chapter 7. A new, productive MP (M=Fe, Co) Anode Materials for sodium ion batteries

P2p Fe 2p3/2

Intensity (a.u.)
Intensity {a.u.)

1 1
708 710

I 1 I 1
126 128 130 702 704 706
Binding Energy (eV)

Binding Energy (eV)
Figure 7.2. X-ray photoelectron spectroscopy (XPS) of the as-prepared FeP.

The electrochemical performance of the FeP electrode was tested at the current density of 50
mA g within the voltage range of 0-1.5 V in the electrolyte of 1 M NaClO4/ EC:DEC. The
loading mass of each electrode tested in this work is about 3 mg cm™. Figure 7.3(a) presents
the initial charge/discharge curve of FeP and the differential curves for the first two cycles
(inset). As shown in Figure 7.3(a), the FeP electrode delivered the discharge and charge
capacity of 764.7 and 460 mAh g™, respectively, in the initial cycle. There was one sloping
plateau between 1.0 V and 0.4 V in the initial discharge curve, corresponding to the solid
electrolyte interphase (SEI) formation due to the electrolyte decomposition."**This is the
reason for the large irreversible capacity lost in the first cycle. To reveal the details of the
electrochemical reactions of FeP, the differential capacity curves of the FeP in the first two
cycles are plotted in the inset of Figure 7.3(a). It can be seen that two peaks around 0-0.3 V
are observed in the second discharge process. Since no Na-Fe-P ternary phase exists, the
possible sodium storage mechanism of FeP is not the intercalation reaction. Moreover, the
peaks that appeared at 0-0.3 V in the dQ/dV curves are similar to those of P, which are

assigned to NayP formation.
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Figure 7.3. (a) Charge-discharge curve of FeP electrode and the differential curves for the
first two cycles (inset). Point A is corresponding to the pristine state, Point B is
corresponding to the discharged state at 0.4V, Point C and D are corresponding to the
discharged state at OV and charged state at 1.5V, respectively; (b) ex-situ XRD patterns of
FeP tested at the current density of 50 mA g™ in the first cycle at the points indicated on the

curve in (a).

To reveal the sodium storage mechanism of FeP, ex-situ XRD, and transmission electron
microscopy (TEM) have been used. Figure 7.3(b) shows the XRD patterns of the FeP
electrodes charged at different states in the first cycle. When the FeP electrode is discharged
at 0.4 V, the characteristic peak of Fe was observed in the XRD pattern, and the characteristic
peaks of FeP disappeared (Figure 7.3(b)). This demonstrates that FeP decomposes to form the
Fe during the electrochemical reduction process. Besides Fe, NasP was also detected in the
XRD pattern when the FeP electrode was fully discharged at 0 V. Therefore, the sodium
storage mechanism of FeP is described by the following equation

FeP + 3Na" + & — Fe + NagP (7.1).
Based on this mechanism, the theoretical capacity of FeP is about 924 mAh g*, which
approaches the capacity of FeP delivered in the first cycle (764.7 mAh g™). However, the
initial capacity is lower than the theoretical one, it is possible due to the polarization resulted
from both the low electric conductivity of FeP and the SEI formation on the surface of
electrode. During the charge process, the sodium is extracted from the Na3P to form P at the
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end. Only the characteristic peak of Fe was observed, however, in the XRD pattern of the
electrode charged at 1.5 V (the end of the charge process). This is possibly because the P that
is finally formed is amorphous or the crystal size is very small, so that it cannot be detected
by XRD. Therefore, the charge process of FeP for the sodium ion battery can be summarized
as follows:

NasP + Fe — P + Fe + 3Na" + 3¢ (7.2).

Fe(102)—  __Fe(101)

l __Na,P(110)

—Na,P(103)

_~NayP(102)

()

Fe(103)™ Fe(004)
Fe(101)

Figure 7.4. TEM images (a, ¢) and SAED patterns (b, d) of FeP electrode discharged at 0 V
(a, b) and charged at 1.5 V (c, d).

To further confirm the storage mechanism of FeP, the structure and phase change of the FeP
electrode were detected by transmission electron microscopy (TEM). Figure 7.4 shows the
structures and the SAED patterns of the FeP electrodes charged at different states. When the
FeP is fully reduced (Figure 7.4(a)), the morphology is completely changed compared to the
as-prepared FeP in Figure 7.1(d). Small crystallized particles 5-10 nm in size can be seen in
the amorphous matrix. Moreover, the SAED pattern reveals that two phases appear at the end
of the discharging. One is Fe, and the other is NagP, as shown in Figure 7.4(b), which is
consistent with the ex-situ XRD results. After fully charging, the FeP electrode has an
amorphous character, as shown in Figure 7.4(c). The SAED pattern of the FeP electrode

charged at 1.5 V shows the main amorphous diffusion rings with some diffraction spots. The
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diffraction spots are indexed to Fe (Figure 7.4(d)). Therefore, combining the TEM results
with the ex-situ XRD results, it is concluded that the sodium storage mechanism of FeP is
through P reacting reaction with Na. In the FeP compound, the metal (Fe) is inactive and acts
as a conductive matrix to buffer the huge volume expansion of P.
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Figure 7.5. Cycling performance optimization of FeP electrodes prepared with different
binders in the electrolyte of 1M NaClO4/(EC: DEC).
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Figure 7.6. The cycling performance of FeP with CMC/PAA binder in the electrolyte of 1M
NaClO4/EC:DEC with 5% FEC additive.
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In order to improve the electrochemical performance of FeP, optimization was conducted
with three different binders (CMC, PVDF, CMC/PAA) and FEC electrolyte additive. The
cycling performances of the FeP electrodes with different binders were tested at the current
density of 50 mA g™ in the voltage range of 0 - 1.5 V, as presented in Figure 7.5. It can be
seen that the FeP electrode with PVDF binder presents serious capacity decay. After 5 cycles,
the capacity decreased from about 765 mAh g™ in the first cycle to 210 mAh g*. When CMC
was used as the binder, the capacity degradation was improved. By using CMC and PAA in a
combined binder, the cycle life of the FeP electrode was greatly extended. This is because
CMC/PAA binder can form a cross-linked structure which has high tolerance for the internal
mechanical stresses generated by the volume expansion.®*° The capacity of the FeP electrode
with CMC/PAA binder still dropped after 20 cycles, however. In order to enhance the cycling
performance of the FeP electrode, 5% FEC was added to the electrolyte. FEC is an effective
additive to help a contact SEI film formation on the surface of the electrode, as reported by
Komaba et al.?*****® Clearly, after 5% FEC addition, the cycle life of the FeP electrode with
CMC/PAA binder was prolonged significantly (Figure 7.6). Capacity of 321 mAh g* was
retained after 60 cycles, which is 69 % retention of the capacity in the second cycle. SEM
images of the electrodes after cycling for 5 cycles show some microcracks on the electrode
without FEC additive, while the electrode remains intact with 5% FEC additive, confirming
that FEC additive promotes stable SEI film formation on the surface of the electrode to
improve the cycling performance (Figure 7.7 and Figure 7.8). At the same time, such thick
and stable solid-electrolyte interphase (SEI) layer which has higher resistivity increases the
resistance of the electrode.’®” Therefore, the capacity of the FeP electrode in the electrolyte
with FEC was only partially reversible. In summary, the cycling performance of the FeP
electrode was improved after choosing CMC/PAA as the binder and FEC as the electrolyte
additive. The rate capability of FeP was tested at various current density and shown in Figure
7.10. When the current density increased from 50 mA g* to 500 mA g*, the capacity
decreased from 420 mAh g to 60 mAh g, respectively.
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Figure 7.7. SEM images of FeP Electrodes with CMC/PAA binder (a, b) before and (c - f)
after 5 cycles in the electrolyte (c, d) without FEC and (e, f) with FEC additive.
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Figure 7.8. X-ray photoelectron spectroscopy (XPS) of the FeP electrode after 1 cycle in the
electrolyte with FEC additive: (a) survey spectrum; (b) C1s; (c) Nals.
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Figure 7.9. The rate capability of FeP tested at different current density.
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7.3.2 Investigation on CoP electrode for sodium ion battery

The structure and morphology of CoP were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), and transmission electron microscopy (TEM). Figure
8.1(a) shows the XRD pattern of the CoP. From the XRD pattern of the as-obtained CoP, the
intensity of the CoP peaks is very low, and the peaks are very broad, indicating that the
particle size is very small. The CoP phase was indexed to orthorhombic phase with Pnma
space group (JPCDS No. 29-0497, a =0.5077 nm, b = 0.3281 nm, ¢ = 0.5587 nm). Moreover,
the SEM and TEM images of CoP also demonstrate that the CoP particles are very small
(Figure 8.1(b, ¢)). As shown in Figure 8.1(c), the morphology of the as-prepared CoP mainly
presents amorphous characteristics, with small crystals 10-20 nm in size embedded in the
amorphous matrix. The d-spacings of these CoP nanoparticles are 0.254 nm and 0.283 nm,
assigned to the (200) and (011) planes, respectively. The selected area electron diffraction
patterns (SAED) are indexed to the orthorhombic phase, and the diffraction rings correspond
to the (020), (211), (200), (011), and (201) planes, as shown in Figure 8.1(d). It is worthy
noticing that the as-prepared CoP is not sensitive to air, however, if it is kept under air for
long time, it will be oxidized. Thus, it is kept in glove boxes. To detect the component of the
amorphous part in the TEM image, energy-dispersive X-ray spectroscopy (EDS) mapping is
carried out, and the results are shown in Figure 8.1(e). As shown in Figure 8.1(e), it is clear

that the amorphous matrix mainly consists of amorphous P and small amount of Co.
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Figure 7.10. Characterization of CoP: (a) XRD pattern, (b) SEM image, (c) high resolution
TEM image, (d) SAED pattern, (¢) STEM image and corresponding EDS mapping.

The electrochemical performance of CoP as anode for sodium ion batteries was tested within
the voltage window of 0-1.5 V. The electrolyte was 1 M NaClO, in a solution of EC:DEC =
1:1, (v/v). Figure 8.2(a) shows the charge/discharge curves of the CoP electrode at the current
density of 100 mA g™. During the first discharge, the CoP electrode features one sloping
profile in the voltage range of 1.0-0.5 V, which corresponds to the solid electrolyte interphase
(SED) film formation due to the electrolyte decomposition and the irreversible conversion
reaction of CoP. Additionally, there is one obvious potential plateau at 0.05 V, which is
similar to that of P assigned to the formation of NasP."***?*® The charge-discharge curves of
317

CoP in SIBs are similar to those of iron phosphide (FeP) in SIBs,
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a similar storage mechanism, i.e., the P in the CoP is alloyed with Na to form NasP. The

equation is listed as follows:

CoP +3Na" + 3e" — Co + NasP (7.3)
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Figure 7.11. Electrochemical performance of CoP electrode in the voltage range of 0-1.5 V:
(a) charge-discharge curves at the current density of 100 mA g™; (b) dQ/dV curves for the
first 2 cycles; (c) cycling performance of charge capacity with and without FEC at the current
density of 100 mA g™, and (d) rate capability of the CoP electrode with FEC additive.

Moreover, the CoP electrode delivered 770 mAh g™ initial discharge capacity with 65.2%
initial coulombic efficiency, which is close to the theoretical capacity of 893.3 mAh g™ for
NaszP formation (Figure 8.2(a)). The reason for the lower than theoretical capacity is the
pulverization caused by the low electronic conductivity of the SEI film. To clearly show the
voltage plateau, the dQ/dV curves are plotted in Figure 8.2(b). It is clear that there are two
couples represented by the reversible peaks at 0.05/0.46 V and 0.21/0.58 V in the second
cycle dQ/dV curves, as shown in Figure 8.2(b). The peaks at 0.21/0.58 V are ascribed to the
NaxP (NaoP, NaP and NaP-) intermediate phase formation/decomposition, while the ones at
0.05/0.46 V correspond to the NasP formation/decomposition.'Thus, the sodium storage
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mechanism of CoP anode can be explained as a reaction between Na and the P resulting from

the decomposition of CoP.

(b)
Na,P(203)
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Figure 7.12. STEM characterization of the CoP electrodes charged or discharged to different
states. (a), (b), and (e) are the image, corresponding SAED pattern, and EDS mapping of the
electrode discharged to 0 V, respectively; (c), (d), and (f) are the image, corresponding SAED
pattern, and EDS mapping of the electrode charged to 1.5 V, respectively.

Figure 8.2(c) shows the cycling performance of CoP electrodes in sodium ion batteries. In the
second cycle, the CoP electrode delivered 470 mA h g™ charge capacity, with 65.5% capacity
retention. The low capacity retention is possibly due to irreversible electrolyte decomposition
to form the SEI film during the first discharging process. Afterwards, the capacity of CoP
electrode decayed dramatically in the following cycles. After 25 cycles, only 58 mA h g™
charge capacity remained. There are two possible reasons for the dramatic capacity
degradation of CoP electrode. One reason is that a stable SEI film is not easy to form for
sodium anode because organic electrolytes tend to continuously erode the SEI layers.** The
other reason is that the huge volume expansion when sodium ions are alloyed with P to form
NasP (490% volume change) induces strong stresses on the particles and results in
pulverization. To improve the cycling performance of CoP, 5 wt% of the film-forming
additive fluoroethylene carbonate (FEC) was added into the electrolyte, which can help a
compact and stable SEI film to form on the surface of the electrode.®*? Significantly, the

cycling performance of CoP was improved with 5% FEC addition due to the stable SEI
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formation, even though powder pulverization is not supressed (Figure 8.2(c)). After 25 cycles,
the retained capacity was 315 mAh g, which was 70% of the capacity in the second cycle.
The rate capability of CoP was tested at various current densities, as shown in Figure 8.2(d).
When the current density increased from 100 mA g™ to 500 mA g™, the discharge capacity
decreased from 570 to 310 mAh g™*. The CoP electrode can deliver the discharge capacity of
200 and 80 mAh g, even at as high a current density as 1 A g and 2 A g, respectively.

In order to explore the sodium storage mechanism of CoP, scanning transmission electron
microscopy (STEM) was carried out to investigate the structural and phase changes of the
CoP electrodes during the discharge-charge process. The electrodes that were examined were
obtained by disassembling the cells in an Ar-filled glove box and washing them with DEC
several times before testing. Figure 8.3(a) and (b) shows the morphology and SAED pattern
of the CoP discharged to 0 V, respectively. When the CoP was fully discharged at 0 V, two
phases appeared in the SAED pattern, assigned to NazP and Co metal (Figure 8.3(b)). Figure
8.3(e) shows the EDS element mapping of the CoP electrode discharged to 0 V. It is clear
that the distribution of Co did not completely overlap that of P, suggesting the decomposition
of CoP. Additionally, Na, C, and O were also observed from the EDS mapping. Since the
electrode was washed several times before testing, the Na was not from the residual NaClO,.
On combining this evidence with the SAED pattern, it becomes clear that the Na is mainly
from the NasP. In addition, the C, O, and a part of the Na come from the SEI film formation
on the surface of the electrode during the first discharge process. At the end of charge, from
the SAED pattern (Figure 8.3(d)), some diffraction rings from Co phase appeared,
corresponding to the (200) and (220) crystal planes. Moreover, the morphology of the CoP
electrode charged to 1.5 V shows some small particles embedded in the amorphous matrix, as
shown in Figure 8.3(c). From the EDS mapping, the small particles are the Co dispersed in
the amorphous P matrix (Figure 8.3(f)), demonstrating that the phases that exist after
charging are Co and P.

In order to further demonstrate the sodium storage mechanism of CoP, XPS was conducted to
detect the valence changes of CoP during the charge-discharge process. Figure 4 shows the
XPS spectra of the CoP electrodes charged or discharged to different states. At the end of
discharge, as shown in Figure 8.4(a), it is clearly seen that the peak of Co 2ps, has shifted
from 780.1 eV to the lower binding energy of 778.6 eV, which is assigned to Co metal '
while the peak of P remains at the original position of 129.3 eV, suggesting that the element

P keeps its reduced valence (Figure 8.4(b)). Therefore, it can be concluded that NazP and Co
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are the constituents of the CoP electrode discharged to 0 V. When the electrode was charged
to 1.5 V, the peak position of Co did not undergo any changes, while the peak of P shifted to
the higher binding energy of 130.5 eV, which corresponds to elemental P. Thus, the
constituents of the electrode charged to 1.5 V are Co and P, which is consistent with the
STEM results. Additionally, a state change of the carbon on the electrode surface was also
observed via the high-resolution spectra of C 1s, as shown in Figure 8.4(c). The C 1s peak of
the pristine CoP electrode is fitted by two peaks at 284.6 eV and 285.6 eV, corresponding to
the C-C and C-O-C bonds, respectively. The C-C band is associated with both the CMC
binder and the carbon black in the electrode, while the C-O-C band is associated with the
CMC binder. After discharging and charging, apart from the peak of the C-C band, the O-
C=0 peak at 288.4 eV was also observed. This bond is ascribed to the solid electrolyte
interphase (SEI) layer on the surface of the CoP electrode. Thus, based on the XPS and
STEM results, it is concluded that the sodium storage mechanism of CoP is based on the
reaction between P and Na. The equation after the initial discharge is summarized as follows:

NasP + Co <> Co + P + 3Na' + 3¢’ (7.4)
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Figure 7.13. XPS spectra of the pristine CoP electrode, and the one discharged to 0 V and
charged to 1.5V: (a) Co 2psp,; (b) P 2p; (c) C 1s.
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7.4 Conclusion

In summary, we prepared FeP and CoP in large quantities by direct low-speed ball milling of
the P and Fe (Co) powders and studied its electrochemical performance as anode material for
sodium ion batteries. The FeP and CoP electrode delivered a high capacity of 764.7 and 770
mAh g™ in sodium ion batteries, respectively. In addition, improvement of its cycling
stability was also achieved by selecting appropriate binders and an appropriate additive to the
electrolyte. Moreover, a variety of techniques, including ex-situ XRD, XPS and transmission
electron microscopy (TEM), was used to reveal that the sodium storage mechanism of FeP
and CoP. It is concluded that the sodium storage mechanism of FeP and CoP involves the
reaction of P with Na. All the results indicate that FeP and CoP would be a promising anode

material candidate for sodium ion batteries with low cost and long cycling stability.
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Chapter 8. Multifunctional conducing polymer coated Naj.xMnFe(CN)¢ cathode for
sodium-ion batteries with superior performance via a facile and one-step chemistry

approach

As for the investigation on cathode for sodium storage, we choose the Prussian Blue
analogues as the studied object. Rhombohedral Naj;7,MnFe(CN)s (denoted as NMHFC)
prepared by Goodenough’s group, delivered especially high performance compared to other
analogues, including a reversible capacity as high as 134 mAh g™, with a higher average
potential plateau of 3.55 V, contributing to high energy storage and making this compound a
promising cathode material for rechargeable SIBs. Its short cycle life (just 30 cycles shown),
however, and high potential polarization at high rates, due to the intrinsic poor electronic
conductivity of NMHFC, need to be substantially improved for this material to be used
commercially. Here, we utilize the intrinsic oxidation power of the NMHFC, without an
external chemical oxidant, to form conducting polymers on the surfaces of NMHFC particles,

resulting in improved electronic conductivity, which leads to increased rate capability.

8.1 Introduction

How to optimize the utilization of renewable energy sources (e.g. wind, solar) for a
sustainable human future has become a global focus of attention. One of the most effective
solutions is to use cost-effective and environmentally friendly rechargeable batteries to store
renewable energy.”**'For these applications, lithium ion batteries (LIBs) are not the ideal
options because lithium resources in the Earth’s crust suffer from low abundance combined
with rising prices. By comparison, sodium is abundant and low-cost, and it also has similar
physical and chemical properties to Li. Therefore, sodium ion batteries (SIBs), as the most
attractive choice, have been given more attention in recent years. 247258289

Cathode materials play a decisive role in the final electrochemical performance of a full cell.

Recently, a number of transition metal oxides,!62> 319-322

205,311,323

phosphates, and organic
compounds

particular, Prussian blue (PB) and its analogues (KMFe(CN)g or NayMFe(CN)g, 0 <x <2, M

were reported as cathode host materials for sodium-ion storage. In

= Fe, Mn, Ni, Zn, Cu, etc.) have attracted more attention due to their environmentally
friendly  nature, inexpensive  constituents  and superior  electrochemical
performance.16%171:173.174181324 - phombohedral Nay7sMnFe(CN)s (denoted as NMHFC)

prepared by Goodenough’s group,'”*delivered especially high performance compared to other
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analogues, including a reversible capacity as high as 134 mAh g™, with a higher average
potential plateau of 3.55 V, contributing to high energy storage and making this compound a
promising cathode material for rechargeable SIBs. Its short cycle life (just 30 cycles shown),
however, and high potential polarization at high rates, due to the intrinsic poor electronic
conductivity of NMHFC, need to be substantially improved for this material to be used
commercially. Here, we utilize the intrinsic oxidation power of the NMHFC, without an
external chemical oxidant, to form conducting polymers on the surfaces of NMHFC particles,
resulting in improved electronic conductivity, which leads to increased rate capability.
Simultaneously, perchlorate ions (ClO4) and sodium ions (Na*) are doped into the polymer
chains and NMHFC crystals, respectively, during the polymerization. Perchlorate ions can act
as a dopant to enhance the electronic conductivity of the polymer and function as redox-
active sites to increase the capacity of the doped polymer. Additional sodium ion doping can
improve the specific capacity by removing zeolitic water from crystal structure. In this way,
the total capacity decrease resulting from the introduction of the conducting coating which
has lower specific capacity than that of NMHFC crystals can be minimized. Compared with
other coating methods, this method is facile, one-step, and energy-effective, especially
because it does not need external oxidation as the driving force of the polymerization,

eliminating the risks of residual oxidant or oxidant by-products.
8.2 Experimental Section

All the chemicals were purchased from Sigma Aldrich and used without further purification.
8.2.1 Synthesis of NMHFC

3 m mol manganese acetate was dissolved into 100 m L deionized water, denoted solution A.
1.5 m mol NasFe(CN)g - 10H,0 and 4 m mol sodium citrate were dissolved into 100 m L
deionized water, denoted solution B. Then, solution A was added dropwise into the solution
B under magnetic stirring. The suspension was aged for several hours before centrifuging.
The white precipitate was washed with deionized water for several times and then dried at
120 <C for 10 h.

8.2.2 Synthesis of NMHFC @ PPy

In a typical process, the above prepared NMHFC powder (100 mg) was dispersed in 40 m L
of DMC solution (Dimethyl carbonate), irradiated by ultrasound for 1h. 24 mg NaClO4 was
added as dopant into NMHFC suspension. 45 p L pyrrole which dissolved into 20 m L DMC
solution, was slowly added to the previous DMC solution under magnetic stirring. The
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polymerization was carried out in ice bath (at 0 - 5 <C) for 6 h, and the nitrogen gas was
blowed into the solution during the whole process. Then, NMHFC @ PPy powder was
collected by centrifugation and washed with ethanol for several times. Finally, the NMHFC
@ PPy powder was dried at 50 <C for 4 h under vacuum. For comparison, the pure PPy was
synthesized in the similar method and the FeCl; was used as the oxidant instead of NMHFC.
8.2.3 Structural characterization
The microstructure of the NMHFC @ PPy powders was characterized by Powder X-Ray
diffraction (XRD; GBC MMA diffractometer) with Cu K, radiation at a scan rate of 2°min™.
The morphology of the samples was investigated by field emission scanning electron
microscopy (FESEM; JEOL JSM-7500FA) equiped with energy-dispersive X-ray
spectroscopy (EDS). Raman spectra were collected using a JOBIN Yvon Horiba Raman
spectrometer model HR800, with a 10 mW helium/neon laser at 632.8 nm excitation in the
range of 150 to 2000 cm™. X-ray photoelectron spectroscopy (XPS) was conducted using a
SPECS PHOIBOS 100 Analyser installed in a high-vacuum chamber with the base pressure
below 10" mbar, X-ray excitation was provided by Al Ka radiation with photon energy h, =
1486.6 eV at the high voltage of 12 kV and power of 120 W. The XPS binding energy spectra
were recorded at the pass energy of 20 eV in the fixed analyser transmission mode. Analysis
of the XPS data was carried out using the commercial CasaXPS 2.3.15 software package. All
the spectrum were calibrated by C1s=284.6ev. FTIR spectra were performed by a FTIR
Prestige-21 (Shimadzu). The amount of PPy in the composites was determined using a
Mettler - Toledo thermogravimetric analysis / differential scanning calorimetry (TGA / DSC)
Stare System from 50-600 < at 10 <C min™ in Ar. The magnetic measurements were carried
out using a 14 T physical properties measurement system (PPMS), equipped with a vibrating
sample magnetometer (VSM), over a wide temperature range from 5 K to 300 K in a 1000 Oe
magnetic field. In situ synchrotron XRD data were collected on the powder diffraction
beamline at the Australian Synchrotron with a wavelength (1) of 0.6888 A, determined using
the NIST LaBg 660b standard reference material. Data were collected continuously in 30s
acquisitions. The cell used for the data collection was charged at a current density of 50 mA
g™ between 2 VV and 4.2 V.
8.2.4 Electrochemical characterization
NMHFC @ PPy electrodes were prepared by mixing 70% active materials, 20% carbon black
and 10% carboxymethyl cellulose (CMC) used as binder by weight to form an electrode
slurry, and then was coated on Aluminum foil, followed by being dried in a vacuum oven
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overnight at 80 <C, and then pressed with the pressure of 30 MPa. The active materials
loading rate was ~7 mg cm™.The sodium foil was cut by the doctor blade technique from the
sodium bulk stored in the mineral oil, and then was employed as both reference and counter
electrode. A porous polypropylene film was used as the separator. The home-made
electrolyte was 1.0 mol/L Sodium perchlorate (NaClO, ACS reagent 98.0%, Sigma-Aldrich)
inal:1(v/v) mixture of ethylene carbonate (EC, anhydrous 99%, Sigma-Aldrich) and
diethyl carbonate (DEC, anhydrous 99+%, Sigma-Aldrich). The chemicals were used without
further drying. The cells were assembled in an argon-filled glove box. The electrochemical
performance were tested by a Land Test System in a voltage range of 2 ~ 4.2 V (vs. Na'/Na).
All of the capacities and energy density are calculated based on the mass of active materials
including PPy and NMHFC.

8.3 Results and discussion

Before coating with conducting polymer, NMHFC was synthesized at room temperature.
Briefly, 100 mL manganese acetate solution was added dropwise into 100 mL of NasFe(CN)g
and sodium citrate solution under vigorous magnetic stirring. Then, the white suspension was
aged for 10 hours before centrifuging. The process of coating the conducting polymer on the
surfaces of NMHFC particles is illustrated in Figure 8.1. The X-ray diffraction (XRD) pattern
of the as-prepared NMHFC shows that it has a rhombohedral (space group R-3m) structure,

which is the same as for the NMHFC previously reported,'”* as shown in Figure 9.2(a).
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Figure 8.1. Schematic illustration of synthesis and sodium storage mechanism in
NMHFC@PPy. (a) the polymerization reation between NMHFC particle and pyrrole; (b) the
mechanism of electrochemical process. The high valence state of transition metal in the
NMHFC leads to the oxidation of pyrrole, simultaneously, ClO,4 as the dopant embedded into
the chain, which is deposited on the solid surface as the conducting polymer CIO, - doped
PPy.

In this paper, pyrrole was chosen as the monomer of the conducting polymer, and NaClO,
was chosen as the source of CIO, dopant. The reason why we chose NaClO, is because
NaClQO, is the electrolyte salt in the sodium ion battery used here. Therefore, it will not
introduce any impurities into the sodium ion battery system. In the meantime, the Na* can
also insert itself into NMHFC to compensate for the charge imbalance that results from the
reduction of Mn™. The additional Na" is also good for improving the reversible capacity, as
reported previously.'* The obtained NMHFC particles coated with CIO, doped conducting
polypyrrole (PPy) are denoted as NMHFC@PPy. After coating, the XRD pattern of the
NMHFC@PPy shows almost no change (Figure 8.2(a)), suggesting that the polymerization

of pyrrole utilizing the intrinsic oxidation of NMHFC does not destroy its structure. This
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could be related to the surface structure changes, which cannot be detected by XRD. Raman
spectroscopy was carried out to determine the details of the formation of PPy on the surface
of the NMHFC particles, as presented in Figure 8.2(b). It is obvious that after coating, four
characteristic peaks of PPy appeared at 923, 1049.4, 1327.4, and 1614 cm™, demonstrating
that the polymerization of pyrrole has occurred. For comparison, pure PPy was synthesized
by a similar method, in which FeCl; is used as the oxidant, and the Raman spectrum of the
pure PPy is shown in Figure 8.2(b). FTIR spectra of the NMHFC@PPy compared with the
as-prepared NMHFC are shown in Figure 8.3. The difference in the IR spectra is the
appearance of bands at 624.9 and 1238.3 cm™ in the NMHFC@PPy sample, which are
characteristic bands of PPy. Except for these IR features, all the other IR modes in the
NMHFC@PPy sample are similar to those observed in the as-prepared NMHFC, suggesting
that the PPy coating did not change the chemical structure of NMHFC. The energy-dispersive
X-ray spectroscopy (EDS) results demonstrate that the elements Cl and O are present in the
pure PPy, suggesting that CIO4 has been doped into the polymer chain (Figure 8.4(a)). Also,
there are characteristic peaks of Cl and O that appear in the XPS spectra of pure PPy (Figure
8.5(a)), which is consistent with the EDS results. There is no peak for the elements Cl and O
in the EDS spectra of NMHFC@PPy, probably due to lower content of PPy, which is
difficult to detect (Figure 8.4(b)).
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Figure 8.2. (a) XRD patterns and (b) Raman spectra of NMHFC particles before and after

PPy coating.
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Figure 8.3. FT-IR spectra of PPy, NMHFC and NMHFC@Ppy
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Figure 8.5. XPS analysis of (a) pure PPy, (b) Mn 2p3/2 of NMHFC@PPy compared with
that of NMHFC, (c) ClI 2P of NMHFC@PPy.

The spin state is important for NMHFC because the potential for electrochemical reactions to
occur is related to the spin state of the redox couples of Fe''/Fe'" and Mn"'/Mn". In order to
determine whether the spin state of Mn changes after PPy coating, we investigated the
magnetic susceptibility of NMHFC@PPy versus temperature, as shown in Figure 8.6. Both
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NMHFC and NMHFC@PPy show paramagnetic behavior from low temperature up to room
temperature, and there is no phase transition that can be observed in this temperature range.

The calculated effective magnetic moments (uesf) of NMHFC and NMHFC@PPy are 5.3 pg

74suggesting

and 5.5 g, respectively, which is smaller than what has been reported (5.8 pg),
that more Mn™ (S = 2) appears in NMHFC and NMHFC@PPy. Furthermore, the calculated
Lerr Of NMHFC@PPYy is slightly larger than that of NMHFC, demonstrating that a small
amount of Mn™ has been reduced to Mn" (S = 5/2). The change in the calculated effective
magnetic moments is small, however, which indicates that the spin state of Mn only
experienced a slight change after PPy coating because the amount of PPy was small.

Moreover, XPS of Mn 2p3/2 also supports this point (Figure 8.5(b)).

1 0.054 (@
1 e NMHFC
. 0.04 s NMHFC@PPY
' 0031
S5 0.02-
% 0.01
S 000
-0.01 T T T T T T T T T T T 1
0 50 100 150 200 250 300
1 (b) T/ K —»
) 900000 o NMHFC
g 1 o NMHFC@PPY
S 600000 - I!tt!ng
S 1 — fitting
E 300000 -
“.'x 1
0 -
T T T T T

T — 7T T T T T T 1T T T T T T
0 30 60 90 120 150 180 210 240 270 300
T/ K —=

Figure 8.6. (a) The temperature dependence of the molar susceptibility and (b) inverse
susceptibility versus temperature of NMHFC and NMHFC@Ppy ( H=1000 QOe).

The morphology of NMHFC and NMHFC@PPYy particles was detected by scanning electron
microscope (SEM). The as-prepared NMHFC particles are irregular, with particle size of 200
- 500 nm (Figure 8.7(a)). After PPy coating, the morphology shows no significant change, but

the surfaces of the particles become rough (Figure 8.7(b)).
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100 nm

Figure 8.7. SEM image of NMHFC (a) and NMHFC@PPYy particles (b).

The electrochemical results measured in coin cells are shown in Figure 8.8. The
charge/discharge curves of the NMHFC and NMHFC@PPYy electrodes in the first two cycles,
conducted at the rate of 0.1 C (1C = 120 mA g}), are presented in Figure 8.8(a). The as-
prepared NMHFC delivered 136.8 mA h g™ initial capacity with coulombic efficiency of
52.2%. The low efficiency results from the irreversible removal of the water which occupied
the large interstitial spaces in NMHFC structure during the initial charging process, which is
a common problem in the PB analogues.*®®

NMHFC@PPy electrodes is 124 mA h g™ corresponding to an energy density of 428 Wh kg™,

After coating with PPy, the initial capacity of the

which is comparable to one of the most promising low-cost cathode materials for Li-ion
battery, LiMn,O,4, with an energy density of 450 Wh kg™ (Figure 8.9). The coulombic
efficiency is 72%, which is also a big increase compared with the as-prepared NMHFC.
Moreover, the potential polarization of the charge/discharge becomes smaller (All of the
capacities and energy density are calculated based on the mass of active materials including
PPy and NMHFC). We tried to determine the PPy percent in the NMHFC@PPy composite by
thermogravimetric analysis (TGA), but it is difficult to obtain an accurate value because the
temperature of decomposition of PPy is close to that for evaporating the zeolitic water
(Figure 8.10). The content of PPy in the composite is obtained by weighting the weights
difference between NMHFC and NMHFC@PPy, which is about 4.44 wt%. However, the
water content of NMHFC can be obtained from TGA results, which is about 14 wt% and is
higher than that of the NMHFC reported by Wang et al (12 wt%). This is the possible reason
for the lower initial coulombic efficiency than that reported. EDS results show that the molar
Na:Fe:Mn ratio of NMHFC is 1.70:1:1 (Table 8.1). Coupled plasma analysis (ICP) is also

carried out to detect the the molar Na:Fe:Mn ratio. Combined TGA results, EDS and ICP
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results, the molecular formula for NMHFC is Na; 7MnFe(CN)g * 2.38H,0. The dQ/dV curves
of the NMHFC@PPy and NMHFC electrodes are shown in Figure 8.8(b). There were 3
redox peaks in the dQ/dV curves of the NMHFC@PPy and NMHFC electrodes, although
NMHFC just has Fe"'/Fe"" and Mn"'/Mn"" as the two redox active couples. It was reported that

the oxidation/reduction peak is related to the spin state of the transition metal in Prussian blue

analogues.'®
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Figure 8.8. Electrochemical performance of NMHFC and NMHFC@PPy electrodes: (a)
charge/discharge curves in the first 2 cycles at current density of 0.1 C; (b) dQ/dV curves in

the first cycle; (c) cycling performance within a voltage window of 4.2 - 2.0 V at 2 C; (d) rate
capability; and (e) potential polarization AE of the NMHFC and NMHFC@PPy electrodes
compared with the one in reference.’* (Q = capacity, E = Voltage, 1 C = 120 mA g™).
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Table 8.1 The elements distribution of NMHFC from EDS.

Na (at%) Mn (at%) Fe (at%)
Point 1 10.946 6.439 6.398
Point 2 10.233 6.134 6.074
Point 3 9.896 5.723 5.911
Average 10.358 6.099 6.128

Figure 8.8(c) shows the cycling performance of the NMHFC and NMHFC@PPYy electrodes
with a potential range from 2.0 to 4.2 V at the rate of 0.1 C in the first 6 cycles and then when
the rate was increased to 2 C. As shown in Figure 8.8(c), the cycling performance of the as-
prepared NMHFC is not satisfactory, after 100 cycles, as the retained capacity is only 44
mAh g™. In comparison, it is obvious that NMHFC@PPy shows better cycling stability, with
76 mAh g capacity over 200 cycles (67% retention of the capacity in the 6™ cycle). To
explore the reason for the capacity decay of NMHFC, the NMHFC and NMHFC@PPYy cells
were disassembled after 50 cycles. The entire separator in the NMHFC cell clearly became
brown, while there were only some brown spots in the separator of the NMHFC@PPy cell
(Figure 8.11(a-b)). Moreover, the EDS spectrum for the separator of the NMHFC cell shows
the Mn peak, suggesting the dissolution of Mn in the electrolyte. On the contrary, the Mn
peak was not detected in the EDS results for the separator in the NMHFC@PPy cell,
indicating the reduced dissolution of Mn (Figure 8.11 (c-d)).
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@ (b

Figure 8.11. (a,b) photos and (c,d) EDS elemental analysis of the separator in the cells of
(a,c) NMHFC and (b,d) NMHFC@PPYy after cycling for 50 cycles.

In-situ Synchrotron XRD was carried out to explore the structural evolution of the NMHFC
and NMHFC@PPy electrodes in the initial cycle. More detailed stacked plots of the
diffraction patterns focused on the (202), (220), (024) and (404) reflections, presented in
Figure 8.12. For NMHFC electrode, it is clear seen that the intensity of (202) peak decreased
in the charging process and increase to the original state at the end of discharging. Meanwhile,
the (202) peak shifted to the large angle during charging and shifted to the small angle during
discharing, suggesting the space between the lattice place (202) underwent huge change from
compression to expansion (Figure 8.12(a)). Such change can not be detected in Ex-situ XRD
of NMHFC electrodes charged and discharged in different states in the first cycle, shown in
Figure 8.13. The (220) and (024) two split peaks of rhombohedral phase have slowly begun
to mix together during the charge/discharge process. At the end of discharging, there were no
split peaks in the synchrotron XRD pattern (Figure 8.12(a)), indicating that the rhombohedral
structured NMHFC had been transformed to cubic phase, in good agreement with a previous
report.*”*In conclusion, the reason for the capacity drop in the NMHFC electrode is probably
due to the dissolution of Mn in NMHFC and the rhombohedral-cubic phase transition. After
PPy coating, it is significant that there is no big change on the diffraction patterns of (202),
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(220), (024) and (404) reflections peaks during the charge/discharge process, demonstrating
the structure of the NMHFC became stable (Figure 8.12(b)). A PPy coating on the surface of
the NMHFC can retard the Mn dissolution by forming a protective layer and thus improve the
cycling stability.
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Figure 8.12. In situ Synchrotron XRD of (a) NMHFC and (b) NMHFC@PPYy electrodes at

current density of 50 mA g™ in the voltage range of 2 - 4.2V in the first cycle (wavelength ()
is 0.68917 A).
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Figure 8.13. Ex-situ XRD patterns of NMHFC electrodes in different charged and discharged
states in the 1%, 2" and 100" cycles. Solid lines denote the charging states and dashed-dotted

lines denote the discharging states.

The rate capability of NMHFC@PPy is also greatly improved compared with that of
NMHFC. Even at the high rates of 20 C and 40 C, the capacity of 68.8 and 55.6 mA h g™* was
still retained, respectively (Figure 8.8(d)). The superior rate capability of NMHFC@PPy
benefits from the improvement of electronic conductivity after PPy coating. The
electrochemical impedance spectra (EIS) further support this point: the resistance of NMHFC
electrode significantly decreased from 600 to 160 Q after coating with PPy (as shown in
Figure 8.14. The apparent activation energies (E,) for the sodium intercalation into particles
and the diffusion apparent activation energy (E.p) of NMHFC and NMHFC@PPy were
calculated from the EIS spectra using a previously reported method to further investigate the
electrode kinetics shown in Figure 8.16.%3% E, of the NMHFC and NMHFC@PPy was
calculated to be 19.2 and 18.9 kJ mol™, respectively. E.p of the NMHFC and NMHFC@PPy
was calculated to be 23.7 and 9.23 kJ mol™, respectively. It should be noted that the
NMHFC@PPy electrode shows slightly smaller activation energy (E,) and a much lower
diffusion apparent activation energy (Esp) than the NMHFC electrode, which is attributed to
the superior rate capability of NMHFC@PPy compared to NMHFC. Additionally, it is clearly
seen that the potential polarization in the charge/discharge curves is significantly weakened
for the NMHFC@PPy electrode compared with the NMHFC electrode at different current

density (Figure 8.16). For a clear demonstration of the polarization decay, the difference
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between the potentials in the charge and discharge curves (AE) of the NMHFC@PPy
electrode is compared with that for the as-prepared NMHFC in the present work and in a
previous report, as shown in Figure 8.8(e). Obviously, the potential polarization of
NMHFC@PPy was much smaller than that of the as-prepared NMHFC in our work and in
the reported work.)’* Even at a high rate of 40 C, the value of AE was 0.64 V, while the
reported as-prepared NMHFC showed a value as high as 1.3 V for the potential difference.
The decrease in the polarization is attributed to the conductivity improvement of the NMHFC
after PPy coating.
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Figure 8.14. Nyquist plots of NMHFC (a) and NMHFC@PPy (b) electrodes at charged state

of 3.6V at different temperatures.
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Figure 8.16. The charge/discharge curves of (a) NMHFC and (b) NMHFC@PPYy at different

rate.

In order to confirm the function of ClIO4 doping on the PPy, we prepared the NMHFC@PPy

composite without ClO," doping, and the characterization is shown in Figure 8.17. Under the

condition of absence of ClO,4, pyrrole can also polymerize to form PPy on the surface of
NMHFC (Figure 8.17(a)), further demonstrating that Mn'"' in the NMHFC is the driving force
of the polymerization of pyrrole. Moreover, the XPS CI2p spectra of NMHFC@Ppy show

that the binding energy of Cl2p at 209.2 eV is assigned to that of NaClO4, suggesting

NaClO, dese not serve as oxidant in the polymerization of pyrrole (Figure 8.5(c)). The

capacity of this composite in the first and fifth cycles, however, is just 96.1 and 94 mA h g,

respectively, smaller than that of the composite with CIO, doping on the PPy (Figure

8.17(b)). The results further demonstrate that the ClIO,” dopant can act as a source of redox-

active sites to reduce the total capacity loss due to the introduction of the conductive coating.

2100

4.5

(a)

PPy

1800

1500 -

924\

- 1044

1200 -

w

o

o
T

Raman Intensity {a.u.)
o
o
o

L2

o

o
T

1320

A
1616

Fe“-CN-Mn*

\ Fe-CN-Mn™

\s

Voltage / V vs. Na/Na'

3.5

2.0

25+

2.0

4.0 -

(b)

750 1000

1250 1500 1750
Wavenumber (cm’’)

2000

2250

1
20

1
40

60 80 100 120 140 160 180
Capacity I mAh g

Figure 8.17. (a) Raman spectrum and (b) Charge/discharge curves of NMHFC@PPy without

ClO4 doping.
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8.4 Conclusions

In summary, a composite of NMHFC and PPy doped with CIO, was prepared through a
simple, energy-saving, and one-step soft chemistry method which utilizes the intrinsic
oxidation of NMHFC to polymerize the pyrrole in the presence of ClO4. PPy plays four
important roles in the electrochemical performance of the NMHFC@PPy composite: (1) PPy
as conducting polymer increases the electronic conductivity of NMHFC to enhance the rate
capability. (2) PPy doped with ClO4 can offer redox sites to increase the capacity of the
composite. (3) The PPy coating functions as a protective layer to reduce the dissolution of
Mn in the NMHFC, improving the cycling performance. (4) The polymerization of PPy can
lead to additional Nainsertion into NMHFC due to the reduction of Mn™, which is also good
for improving reversible capacity. Therefore, the NMHFC@PPy composite could be the
next-generation low-cost cathode material with excellent rate capability and good cycling

performance, with capacity retention of 67% after 200 cycles.
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Chapter 9. A facile method to synthesize Na-enriched Naj.xFeFe(CN)s frameworks as

cathode with superior electrochemical performance for sodium-ion batteries

To improve the cycling performance of Prussian blue, in Chapter 8, we provide a simple,
energy-saving, and one-step soft chemistry method to prepare Na;+xMnFe(CN)s and
conductive polymer composite. Herein, we reported another stratage to improve the stability
of Prussian blue by optimizing its structure. Na-enriched Naj.xFeFe(CN)g synthesized by a
facile one-step method, utilizing NasFe(CN)g as the precursor in a saturated NaCl solution. In
this method, more sodium ions enter into the framework, which not only can effectively
reduce the amount of vacancies and coordinating water, but also can increase the amount of

sodium ions per formula unit.

9.1 Introduction

Renewable energy sources, such as wind and sun, have attracted ever-growing attention due
to exhaustion of fossil fuels and environmental concerns. Due to the intermittent nature of the
renewable energy the utilization of these energy sources relies on the availability of large-
scale energy storage systems (ESS).?’ In cases, lithium ion batteries (LIBs) are not suitable
candidates because of the low abundance of lithium resources and high cost. In comparison,
sodium is abundant and cheap, and also has similar physical and chemical properties to
Lithium. Thus, more and more investigations on sodium ion batteries (SIBs) have been
emerging in recent years.*#?*®

In a full cell, the cathode material determines the final charge-discharge capacity. Hence, it is
crucial to develop a non-toxic, low-cost, high-capacity, stable cathode material for SIBs to
ensure large-scale and long-term applications. Up to now, transition metal (M) oxides
(NayMO,.,), 8126259321328 phogphates, 9% fluorides,'®® and hexacyanoferrates'®®!71473174
have been reported as cathode materials for SIBs. Few materials, however, can have both
high capacity (> 100 mAh g™) and long cycle life simultaneously. Among these materials,
iron hexacyanoferrate is a promising cathode material due to its low cost and non-toxicity.
Yang’s group reported that FeFe(CN)g had good cycling stability with a slight capacity decay
from the initial 120 to 115 mAh g* after 150 cycles,’® and Goodenough’s group also
suggested that KFeFe(CN)g exhibits excellent capacity retention of more than 99% after 30
cycles.’® A fatal flaw, however, is that FeFe(CN)s and KFeFe(CN)s do not have sodium ions,

which hinders their application in sodium ion batteries. Qian et al. ball milled NasFe(CN)g
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with super P to obtain a NasFe(CN)s/C composite which displayed superior cycling stability,
with a 88% capacity retention over 500 cycles at a current density of 9 mA g™, but its
theoretical discharge capacity was only 87 mAh g™ because it had just one redox site.*” Yu
et al. demonstrated that NaFeFe(CN)s can deliver a capacity as high as 118 mAh g at 5 mA
g™ current density, however, after 20 cycles, the capacity retention was 85% of that in the
2nd cycle.®** If we can prepare a material which combines the high capacity of NaFeFe(CN)g
with the excellent cycling stability of NasFe(CN)g, it will represent a big improvement in the
energy storage field.

Prussian blue (PB) has the perovskite-type structure, A;M" [T" (CN)g] (A: alkali metal; M
and T: transition metal), in which there are two redox reaction metals. Thus, the ideal
electrochemical reaction is A;M" [T" (CN)g] <> 2A" + 2e~ + M™[T™ (CN)e], which can
achieve maximum ion storage (2A"). The synthetic procedure for PB is in aqueous solution,
however, so the general formula of PB as it is prepared is AYM[T(CN)g]1-yoy NnH20 (0 <x <2,
y < 1), where o denotes a [T(CN)g] vacancy occupied by coordinating water.**The presence
of vacancies and coordinating water will break down the bridging of the M-CN-T framework,
resulting in a distorted lattice, which gives rise to lower efficiency and structural instability of
the PB compound during the charge-discharge process.’®' Therefore, it is important to
fabricate a PB framework with few vacancies. Recently, Guo’s group reported that
Nags1Fe[Fe(CN)s]o.oa 0006 With few vacancies had been prepared by a facile method and
could be stably cycled over 150 cycles without apparent capacity loss.'”® There is a serious
problem for this reported material, however, that the content of Na-ions per molecular
formula unit is very low, and as a result, it must be initially discharged, which is not
applicable for the sodium-ion full cell.

Here, we report Na-enriched Naj.xFeFe(CN)s synthesized by a facile one-step method,
utilizing NasFe(CN)g as the precursor in a saturated NaCl solution. In this method, more
sodium ions enter into the framework, which not only can effectively reduce the amount of
vacancies and coordinating water, but also can increase the amount of sodium ions per
formula unit. As a result, this not only can enhance the cycling stability and the efficiency
due to the reduction in the amount of vacancies and crystal water, but also can improve the

specific capacity, due to the benefit from more sodium ions entering into the framework.
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9. 2 Experimental section

9.2.1. Synthesis of Naj.«Fe[Fe(CN)s] cubes

All the chemicals were purchased from Sigma-Aldrich. In a typical procedure, different
amounts of NaCl (0, 2, 7, and 21 g, and saturated) were dissolved into 100 mL HCI solutions
(0, 0.34, 1.2, 3.6 and 6.16 M, respectively). Then, 581 mg NasFe(CN)s - 10H,0 and 1 g
poly(vinylpyrrolidone) (PVP, average molar weight of 40,000) were added into the NaCl
solutions under magnetic stirring. After vigorous stirring for 1 h, a clear solution was
obtained. Vials sealed with caps were placed in an electric oven and heated at 80 "C for 10 h.
The products were collected by centrifugation at 7800 rpm speed for 5 min and washed in
distilled water and ethanol several times. After drying, Nai.xFe[Fe(CN)s] cubes were
obtained. The samples prepared in 0 M, 0.34 M, 1.2 M, 3.6 M and 6.16 M NaCl solutions, are
denoted as PB-1, PB-2, PB-3, PB-4, and PB-5, respectively.

9.2.2.Characterization

The crystalline structure of the active powder and electrodes was characterized by powder X-
ray diffraction (XRD) on a GBC MMA diffractometer with a Cu K, source. The morphology
of the sample was investigated by field emission scanning electron microscopy (FESEM;
JEOL JSM-7500FA) and transmission electron microscopy (TEM). X-ray photoelectron
spectroscopy (XPS) was conducted using a SPECS PHOIBOS 100 Analyser installed in a
high-vacuum chamber with the base pressure below 10 mbar, and X-ray excitation was
provided by Al Ka radiation with photon energy hv = 1486.6 eV at the high voltage of 12 kV
and power of 120 W. Raman spectra were collected using a JOBIN Yvon Horiba Raman
spectrometer model HR800, with a 10 mW helium/neon laser at 632.8 nm excitation in the
range of 150 to 2000 cm™. The molar ratios of Na and Fe were measured by inductively
coupled plasma (ICP) analysis (Elementar Vario EL CUBE). The amount of water in the
samples was determined using a Mettler—Toledo thermogravimetric analysis / differential
scanning calorimetry (TGA/DSC) STARe System from 50-600 <C ramped at 10 T min™ in
Ar. °"Fe Mésshauer spectra of the samples were detected at 300 K by using a standard
constant-acceleration spectrometer and a °>’CoRh source, and the spectrometer was calibrated
at room temperature with an o—ion foil. The magnetic measurements were carried out using a
14 T physical properties measurement system (PPMS), equipped with a vibrating sample
magnetometer (VSM), over a wide temperature range from 5 K to 300 K in a 100 Oe
magnetic field. The phases of PB-1, PB-3 and PB-5 were identified by synchrotron powder

X-ray diffraction from the powder diffraction beamline at the Australian Synchrotron, with
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wavelength of 0.7747A. In situ synchrotron powder XRD data were collected on the powder
diffraction beamline at the Australian Synchrotron with a wavelength (1) of 0.6888A,
determined using the NIST LaBg 660b standard reference material. Data were collected
continuously in 30 s acquisitions. The cell used for the data collection was charged at a
current density of 50 mA g™, and the cut-off was 2 - 4 V.

9.2.3.Electrochemical test

Nai.xFe[Fe(CN)e] electrodes were prepared by mixing 70% active materials, 20% carbon
black, and 10% carboxymethyl cellulose (CMC) used as binder by weight to form an
electrode slurry, which then was coated on aluminium foil, followed by drying in a vacuum
oven overnight at 80 <C, and then pressing with a pressure of 30 MPa. Sodium foil was cut
by the doctor blade technique from sodium bulk stored in mineral oil, and it then was
employed as both reference and counter electrode. The electrolyte was 1.0 mol/L NaClOg4in
an ethylene carbonate (EC) - diethyl carbonate (DEC) solution (1:1 v/v). The cells were
assembled in an argon-filled glove box. The electrochemical performance were tested by a

Land Test System in the voltage range of 2 - 4V (vs. Na'/Na).
9.3 Results and discussion

To introduce more Na® into the framework, a series of Naj.xFe[Fe(CN)s] samples were
prepared in different concentrations of NaCl solutions. The samples prepared in 0 M, 0.34 M,
1.2 M, 3.6 M, and 6.16 M NacCl solutions, are denoted as PB-1, PB-2, PB-3, PB-4, and PB-5,
respectively. The lab X-ray powder diffraction (XRD) patterns of all samples show
distinguish peaks, indicating that all synthesized samples are well crystallized phase (Figure
9.1). All main peaks can be indexed to a cubic (space group Fm-3m) unit cell, which is close
to reported pristine Naj.xFe[Fe(CN)g] structure in ICDD PDF-4 database (2014). With higher
concentrations of NaCl solutions added in, the XRD patterns show a trend of peaks shift to
smaller 2 theta angles. For example, the pristine Naj.xFe[Fe(CN)¢] prepared without the
addition of NaCl showed a (200) peak at 20 about 17.46". When 2 g NaCl was added into the
solution (0.34 M), the (200) peak shifted to smaller angle, about 17.28’. Further increasing the
amount of NaCl, the XRD peaks gradually shifted to even smaller diffraction angles, down to
about 17.14" for PB-5 prepared in saturated NaCl solution, indicating that the spaces of the
lattice planes had increased. Also, the energy dispersive spectroscopy (EDS) results show that
the sodium content increased from 3.172 at% for PB-1 to 6.683 at% for PB-5 (Table 9.1). It

is suggested that the increased concentration of sodium ions in the precursor solution resulted
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for more Na* ions entry into the unit cell enlarged the interplanar distance, and increased

lattice parameters of the PB phases. Scanning electron microscope (SEM) images show that
Na+xFe[Fe(CN)s] compound has a cubic morphology, and its particle size is about 0.5-3 um,
which is favourable for the improvement of tap density (Figure 9.2). It should be noted that
the average particle size of Naj.xFe[Fe(CN)g] decreased with higher concentrations of sodium
ions in the precursor solution (Figure 9.2). This result is also consistent with refined S-XRD
data of crystalline size of 3696nm, 1097nm, 832nm for PB-1, PB-3, and PB-5, respectively.
PB-1, PB-3, and PB-5 were selected as the main samples to investigate the structural

evolution of the PB framework after more sodium was introduced into the framework.
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Figure 9.1. XRD patterns of the Naj.xFe[Fe(CN)g] powder samples.
Table 9.1 Sodium content in the Naj.xFe[Fe(CN)g] powders from the EDS results.
Point 1 Point 2 Point 3 Point 4 Na (at%)
(error) (error) (error) (error)
PB-1 3.0336 2.1551 3.4535 4.0464 3.1721
(0.0377) (0.0157) (0.0164) (0.0138)
PB-2 4.4501 4.7203 4.5501 4.4000 4.5627
(0.0435) (0.0398) (0.0403) (0.0399)
PB-3 5.6613 4.6583 5.2144 5.5821 5.2790
(0.0513) (0.0371) (0.0486) (0.0466)
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PB-4 5.9461 5.7521 5.6306 5.8553 5.7960
(0.0580) (0.0580) (0.0572) (0.0582)
PB-5 6.5760 6.6608 6.6941 6.7997 6.6827

(0.0463) (0.0430) (0.0408) (0.0424)

In order to further explore the structural evolution of the different Naj.xFe[Fe(CN)g] samples,
synchrotron X-ray powder diffraction (S-XRD) experiment was conducted at room
temperature on the Powder Diffraction Beamline at the Australian Synchrotron. The S-XRD
data for PB-1, PB-3, and PB-5 were refined with GSASII software,**’and the Rietveld
refinement results are plotted in Figure 9.3(a). The changes in the crystal lattice caused by the
introduction of more sodium ions into the PB framework can be clearly seen that the lattice
parameter a increased from 10.3028 A for PB-1, 10.3122(1) A for PB-3 to 10.3304(1) A for
PB-5 sample, with 0.268% increased (Figure 9.3(b)). This demonstrates that more sodium
ions could enter into the framework in PB-5, resulting in the expansion of crystal lattice of
the Nay.xFe[Fe(CN)g] framework. The crystal structure of the Naj.xFe[Fe(CN)g] is shown in
inset of Figure 9.3(b). Na atoms locate at 8c position in the structure. Each Na atom is in the
middle of void, which surrounded by eight Fe atoms forming a cubic lattice. The Na-Fe
distance increased from 4.461 A to 4.473 A, in PB-1 to PB-5 phases. The occupation of the
atoms in the Naj.xFe[Fe(CN)g] framework based on the refinement is listed in Table 9.2.
Significantly, there were more sodium ions in the PB-5 framework by comparison with PB-1
and PB-3. Meanwhile, the amount of C=N groups in the PB-5 framework increased,
suggesting that the amount of vacancies decreased from PB-1 to PB-5. Moreover, the amount
of O atoms, which come from the crystalline water, decreased gradually from the PB-1 to the
PB-5 sample, demonstrating that the coordinating water in the crystal decreased with more
sodium-ion occupation in the PB framework. Consequently, the structure of PB-5 sample
forms one framework that is Na-enriched and has few vacancies, and it was synthesized by a
facile one-step method, just utilizing NasFe(CN)s as the precursor in a saturated NaCl
solution. This method not only can effectively reduce the amount of vacancies and

coordinating water, but also can increase the amount of sodium ions per formula unit.
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Figure 9.2. SEM images of Naj.xFe[Fe(CN)g] powders: (a) PB-1, (b) PB-2, (c) PB-3, (d) PB-
4, (e) PB-5.
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Figure 9.3. (a) Synchrotron XRD patterns of PB-1, PB-3, and PB-5, and their Rietveld
refinements. (b) Lattice parameters changes of the Naj.xFe[Fe(CN)g] powders and the crystal
structure of the Naj.xFe[Fe(CN)s] framework based on the S-XRD refinement inset. (The
synchrotron X-ray powder diffraction was obtained from the Powder Diffraction Beamline at

the Australian Synchrotron, with wavelength of 0.7747 A))
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Table 9.2 The occupation of the atoms in the Naj.xFe[Fe(CN)eg] framework.

PB-1 PB-3 PB-5
Na 0.563 0.659 0.747
C 0.724 0.734 0.743
N 0.724 0.734 0.743
@) 0.276 0.266 0.257

Figure 9.4(a) shows the Raman spectra of the Naj.xFe[Fe(CN)s] powders between 2000 and
2300 cm™. Three peaks at 2083.8, 2122.0 and 2139.4 cm™ were observed from PB-1, PB-3
and PB-5. All these peaks can be assigned to the (C=N) group, reflecting the bonding of the
(C=N) ion to the Fe ions in different valence states. The higher is the iron oxidation state, the
more effective is the iron cation to (C=N) bonding.*****! Thus, the peak at 2139.4 cm™ is
assigned to the bonding of the (C=N) to Fe** ion. Clearly, with more sodium ion entry into
the framework, the intensity of the peak at 2139.4 cm™ decreased gradually, suggesting the
amount of Fe** in the Naj.xFe[Fe(CN)¢] decreased. Thermogravimetric analysis (TGA) was
carried out in argon from 50 to 600 ‘C at a heating rate of 10 ‘C/min, to determine the water
content in the Naj.xFe[Fe(CN)s] powders, as shown in Figure 9.4(b). It is clear that there is a
considerable amount of water in the prepared compounds. A trace amount of water (lost at ~
100 'C) was adsorbed on the particle surfaces, while much water was adsorbed in the
vacancies (evaporating in the range of 200 - 350 'C). The water content of PB-1, PB-3, and
PB-5 was 18.7, 17.2, and 15.5 wt %, respectively. The TGA results confirm that the
introduction of more Na* into the Nay.,Fe[Fe(CN)g] framework reduces the amount of crystal
water in the unit cell. The molar Na : Fe ratios of the PB samples were detected by
inductively coupled plasma (ICP). The molar ratios were calculated to be 0.633, 0.663, and
0.778 for PB-1, PB-3, and PB-5, respectively. Combined with the TGA results, the formulas
for PB-1, PB-3, and PB-5 are NajsFe[Fe(CN)g]-3.8H,O, Naj ssFe[Fe(CN)g]-3.5H,O and
Nay ssFe[Fe(CN)s]-3.1H,0, respectively.
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Figure 9.4. (a) Raman spectra and (b) TGA analysis of Naj.xFe[Fe(CN)s] powder samples.

In order to further determine the spin state of Fe in the as-prepared samples, M&sbauer
spectroscopy was performed, and the results are shown in Figure 9.5. From the M&sbauer
spectroscopy results, it is clearly seen that the Nay.,Fe[Fe(CN)g] powder contains Fe?* and
Fe** ions. (The occupancy of Fe** and Fe* are listed in Table 9.3.) In the PB-1 sample, 82.7 %
of the Fe was in the Fe®" state. With increased sodium content in the Nay.Fe[Fe(CN)g], the
amount of Fe** decreased, down to 62.1 % for PB-5, while the percentage of Fe?* changed in
the opposite way, increasing from 17.3 % for PB-1 to 37.9 % for PB-5. This trend is
consistent with the Raman Spectra (Figure 9.4) and the X-ray photoelectron spectroscopy
(XPS) results (Figure 9.6). Moreover, the decrease in Fe**, accompanied by the increase in
Fe?*, suggested that [Fe(CN)s] vacancy exists in the unit cell, and the formula of the as-
prepared PB is Naj.xFe"[Fe" (CN)g]iyay -nH20 (0 < x < 1, y < 1). Otherwise, the ratio of
Fe?* to Fe** should remain 1:1. In other words, with more sodium ion entering into the crystal
structure, the ratio of Fe** to Fe** becomes closer to 1 (41.8 % : 58.2 % = 0.718), suggesting
that amount of [Fe(CN)¢] vacancy becomes less at the same time, while the amount of

coordinating water occupying the vacancy becomes less (as seen from the TGA results in
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Figure 9.4(b)), which indicates the better ordering in the lattice. Thus, it is concluded that PB
prepared in saturated NaCl solution have an increased content of sodium and reduced
amounts of vacancy and coordinating water in the formula for Prussian blue. This is
beneficial for the improvement of both the capacity and the structural stability of the PB

compound during charge-discharge processes.

o Experimental Fe® Fe* Fe’ total theoretical

Normalized Transmission

Velocity (mm/s)

Figure 9.5. M&Gsbauer spectra of (a) PB-1, (b) PB-3, and (c) PB-5 samples.

Table 9.3 Valence state distribution of Fe in the Naj.«xFe[Fe(CN)s] powders based on

analysis of the M&sbauer spectra.

sample Fe®* Fe**

PB-1 0.173 0.827
PB-3 0.193 0.807
PB-5 0.379 0.621
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Figure 9.6. XPS results of the Naj.xFe[Fe(CN)s] powders.

To promote electron beam penetration into the particles, the micro sized Naj.xFe[Fe(CN)g]
samples (~2 um) were crushed into small pieces in a mortar before working on transmission
electron microscopy (TEM). The selected area electron diffraction (SAED) patterns show that
the Naj.xFe[Fe(CN)g] particles were single crystalline with face-centred-cubic structure
(insets of Figure 9.7). It is difficult, however, to observe the lattice fringes in high resolution
TEM (HRTEM) of Naj.xFe[Fe(CN)s] particles because the unstable structure will be changed
under higher voltage (Figure 9.7).
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® .
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Figure 9.7. TEM images and SAED patterns (insets) of (a) PB-1, (b) PB-3, and (c) PB-5.

Figure 9.8(a) shows the charge-discharge curves of Naj.xFe[Fe(CN)s] powders between 2.0 -
4.0 V at the current density of 20 mA g™*. The PB-1 sample can deliver 86.5 mAh g™
discharge capacity, but by comparison, the PB-3 and PB-5 samples can deliver larger

capacity, 90.8 and 103.6 mAh g™, respectively. Moreover, the potential hysteresis (AE)
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between the charge and discharge curves is reduced for the PB-3 and PB-5 samples. There
were two redox couples in the dQ/dV curve of PB-1 (Figure 9.8(b)), with the strong one
located at 2.98/2.92 V and a small one at 3.74/3.42 V, which is similar to the cyclic
voltammetry (CV) curves of FeFe(CN)e.'®! It is likely that the different coordination sites of
Fe ions in the Naj.xFe[Fe(CN)s] give rise to these two pairs of peaks in the dQ/dV curve.
Thus, the peaks at 2.98/2.92 V are attributed to the high-spin Fe"/Fe™ couple coordinated
with (C=N) by N atoms, and the ones at 3.74/3.42 V are assigned to the low-spin Fe"/Fe™
couple bonding to the C atoms of the (C=N).** In the subsequent cycles, the shapes and
areas of the dQ/dV curve in the 50th cycle overlapped well with the second cycle one,
demonstrating the reversible and stable Na insertion/deinsertion reactions of the
NaixFe[Fe(CN)g]. Interestingly, for the PB-3 and PB-5 samples, an extra two pairs of peaks
appeared in the dQ/dV curves at 3.06/3.04 V and 3.34/3.3 V, respectively (Figure 9.8(c, d)).
This is the reason for the extra capacity of the PB-3 and PB-5 samples compared with the PB-

1 sample, which is related to the spin states of Fe" and Fe™.
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Figure 9.8. (a) Charge - discharge curves of Naj.«Fe[Fe(CN)s] powders at current density of
20 mA g% (b), (c), and (d) are dQ/dV curves of PB-1, PB-3, and PB-5, respectively.

To identify the spin states of Fe" and Fe™ in the Naj.xFe[Fe(CN)g], the dependence of the
magnetic susceptibility () of the Naj.xFe[Fe(CN)g] powders on temperature was obtained, as
shown in Figure 9.9. All the Naj.Fe[Fe(CN)g] powders show paramagnetic behavior from
low temperature, and there is no phase transition observed in this temperature range (Figure
9.9(a)). The calculated effective magnetic moments (uesr) Of PB-1, PB-3, and PB-5 are 4.45
us, 4.2 ug, and 4.0 ug per formula unit, respectively. Moreover, the effective magnetic
moments for the low-spin (S = 1/2) and high-spin (S = 5/2) states of Fe"™ are 1.73 and 5.9 pg,
respectively, while those for the low-spin (S = 0) and high-spin (S = 2) states of Fe" are 0 and
4.89 ug, respectively. In our present state of knowledge, it is just concluded from combining
the calculated effective magnetic moments (perr) With the dQ/dV curves that the Fe" and Fe™
in the PB-3 and PB-5 have four different spin states. It is difficult to determine, however,

what the two extra redox couples that appear in PB-3 and PB-5 samples should be assigned to.
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Figure 9.9. (a)Temperature dependence of the magnetic susceptibility of the
Naj+xFe[Fe(CN)s] powders and (b) inverse susceptibilities corrected for the temperature-

independent contribution and their fit to the Curie-Weiss law.

To investigate the structural evolution during Na-ion insertion/extraction processes, in-situ
synchrotron pXRD was carried out on the Powder Diffraction Beam line at the Australian
Synchrotron with a wavelength (X) of 0.6888 A. Figure 9.10 shows the in-situ pXRD patterns
of the PB-5 cathode material during the first cycle within the voltage range of 2.0 - 4.0 V.
From the image plots of the diffraction patterns for (200), (220), and (400), it is clear that the
intensities of the (200) and (400) plane Bragg reflections decreased during charging, and the
process was observed to be reversible during discharging (Figure 9.10(a)). The
decrease/increase of the intensities during the charging/discharging suggests that the sodium
ions were extracted from and inserted into the structure of PB-5 reversibly. Additionally, the
positions of the (200), (220), and (400) peaks shifted towards larger 20 values during the
charge process and could not be restored during the discharging process, indicating the
contraction of the unit cell during sodium-ion insertion/extraction into the PB-5 framework.
This decrease in the unit cell volume can explain why the discharge capacity of PB-5 is
smaller than the capacity during the charge process. Moreover, some appreciable positive
intensities within the 7.55 to 7.7 and 15.2" to 15.43" 20 ranges indicate the existence of a
phase with lattice parameters that deviate from those of PB-5 (NajssFe[Fe(CN)s]-3.1H,0).
This phenomenon can be clearly observed in the close individual diffraction patterns of the
(200) and (400) reflections stacked against the voltage profile (Figure 9.10(b)). At the onset
of the charge, the peaks of the (200) and (400) reflections show symmetrical profiles, and
then the reflections start to broaden asymmetrically toward higher angles. Finally, the peaks
of the (200) and (400) reflections split into two peaks at the end of the charging process. The
changes of lattice parameter a during the first cycle is plotted in Figure 9.11. This is due to
the phase transition that takes place from sodium-rich Na; sgFe[Fe(CN)g]-3.1H20 (Najy s6) to
sodium-poor NasFe[Fe(CN)s]'nH,O (Nas) during the charging process, which is also
observed in LiFePO,.>**During the discharge process, with the sodium insertion into the
framework, the peaks of the (200) and (400) reflections begin to narrow into symmetrical
peaks and shift to smaller angle. Since the sodium composition cannot be restored to the
original NajseFe[Fe(CN)s]-3.1H,O at the end of the discharging process (Najse-
«Fe[Fe(CN)g]-3.1-yH,0 (Nays6x)), the (200) and (400) peaks didn’t shift back to their pristine

positions. The valence state change of Fe in the PB-5 electrode during cycling was tested by
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the M&sbauer spectra, shown in Figure 9.12, which also support this point. When the PB-5
electrode was fully charged at 4.0 V, the percentage of Fe?* decreased from 37.9% to 28.7%.
While the percentage of Fe®* cannot restore to the original state, just 30.5% at the end of
discharging process (Table 9.4). This also confirms that the sodium content of the PB-5
electrode at the end of the discharging process is lower than that of the original
Nay ssFe[Fe(CN)e]-3.1H0, in good agreement with the in-situ S-XRD observation. This
irreversible structure change could also attribute to the removal of coordinating water in the

Na-enriched phase.
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Figure 9.10. In-situ synchrotron pXRD patterns of PB-5 during the first charge and discharge
at current density of 50 mA g™; (a) Image plots of diffraction patterns for the (200), (220),
and (400) reflections during the first cycle. (b) Individual diffraction patterns of the (200),
(220), and (400) reflections stacked against the voltage profile. (wavelength () of 0.6888 A,
determined using the NIST LaBg 660b standard reference material.)
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Table 9.4 Valence state distribution of Fe in the PB-5 electrode charged at different states

based on analysis of the M&ssbauer spectra.

sample Fe®* Fe®*
PB-5 charged at 4.0V 0.287 0.713
PB-5 discharged at 2.0V 0.305 0.695
120
~ 100 [
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Figure 9.13. Cycling performance of Naj.xFe[Fe(CN)g] electrodes.

Figure 9.13 shows the cycling performance of the Naj.xFe[Fe(CN)e] cathodes between 4.0 -
2.0 V at the current density of 20 mA g™. It is clear that the cycling stability of the
Naj+xFe[Fe(CN)s] is excellent; after 400 cycles, there was a slight capacity decay. The PB-5
sample, which had the most sodium ion content and the least vacancy in its framework,
delivered a larger capacity of 103 mAh g™, compared with the PB-1 sample with capacity of
89.5 mAh g*. After 400 cycles, the capacity of PB-5 was still 97% of the initial capacity,
while the capacity retention of PB-1 was 91%, which was also higher compared with other
cathode materials for sodium-ion batteries.%126.168.169.171,173.174,259.319-322, 327,328 g
demonstrates that the reduction of the vacancies and coordinating water in the
Naj.+xFe[Fe(CN)g] framework results in structural stability of the PB compound, which gives
rise to a higher capacity and greater cycling stability during the charge-discharge processes.

The discharge-charge curves with cycles of the Naj.xFe[Fe(CN)g] cathode are plotted in
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Figure 9.14. To clearly explore the reason for the greater cycling stability of Na;.xFe[Fe(CN)g]
cathode, the impedance spectra of Naj.xFe[Fe(CN)g] cathode before and after cycles were
tested and shown in Figure 9.15. The impedance curves of Naj.xFe[Fe(CN)g] electrodes show
two semicircles in the medium frequency and the low frequency regions, which could be
assigned to the sodium ion diffusion through the solid electrolyte interphase (SEI) film (Ry)
and the charge transfer resistance (Rc), respectively. The R is calculated using the
equivalent circuit shown in Figure 9.15(a). The R values of the PB-1, PB-3 and PB-5 after 5
cycles are 680 Q, 468 Q and 411 Q, respectively. Clearly, after 30 cycles, the resistance of

Nai.xFe[Fe(CN)¢] electrodes changed a little, suggesting the Naj.xFe[Fe(CN)s] framework
could maintain a stable structure.
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Figure 9.14. The discharge-charge curves with cycles of Naj.xFe[Fe(CN)s] cathode: (a) PB-1;
(b) PB-3 and (c) PB-5.
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Figure 9.15. The impendence of spectra of Naj.xFe[Fe(CN)s] after cycles: (a) the equivalent
circuit; (b) PB-1; (c) PB-3 and (d) PB-5.

The rate capability of the Naj.xFe[Fe(CN)s] cathode was also tested at various current
densities from 5 mA g™ (0.05 C) to 100 mA g* (1 C), as shown in Figure 9.16. At the
current densities of 5, 10, 25, and 100 mA g, the PB-5 sample delivered higher capacity than

the PB-1 and PB-3 samples. In further work, a composite of the PB-5 sample with carbon can
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be prepared to improve the rate capability, yielding a cathode which possesses high capacity,

stable cycling performance, and high rate capability for sodium ion storage.
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Figure 9.16. Rate capability of Naj.xFe[Fe(CN)g] powder electrodes.
10.4 Conclusion

In summary, Na-enriched Naj.xFe[Fe(CN)g] was prepared through a facile and one-step
method using NasFe(CN)g as the precursor in highly concentrated NaCl solutions. With
increasing sodium ions entering into the framework, the amount of vacancies and
coordinating water in the Naj.xFe[Fe(CN)s] decreased, resulting in enhanced structural
stability. Thus, the Na-enriched Naj.xFe[Fe(CN)s] showed a superior cycling performance
with excellent capacity retention of 97% over 400 cycles. The simple synthesis method,
superior cycling stability with a high capacity of more than 100 mAh g™, and cost-
effectiveness make the Na-enriched Naj.xFe[Fe(CN)s] a promising cathode for sodium-ion

batteries.
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Chapter 10 General conclusions and outlook
10.1 General conclusions

This doctoral work investigates some promising electrode materials for SIBs -phosphorus-
based anode and Prussian blue analogue cathode material, aiming for high specific capacity
and long cycling life. Through the simple and potentially large-scale ball milling method, the
phosphorus and carbon composites and various phosphide compounds were synthesized as
anode materials for SIBs. Through the facile chemical method, multifunctional PPy-coated
Na;.72MnFe(CN)s nanocomposite and Na-rich Naj.xFeFe(CN)g with optimized structure were
prepared as cathode materials for SIBs. Both the anode and the cathode composites combined
with conductive carbon showed good cycling performance and excellent rate capability, due
to highly enhanced electron or sodium ion transport within the electrode and buffering of the
volume expansion by the carbon coating layer to extend the cycling life. The structurally
optimized Prussian blue cathode showed improved electrochemical performance owing to its
stable framework with a decreased amount of vacancies and coordinating water, and an
increase in the amount of sodium ions per formula unit.

10.1.1 P-based anode materials

P/CNT composite was prepared by simply hand grinding commercial red P with carbon
nanotubes. The P/CNT composite can be cycled reversibly, with an initial discharge capacity
of 2210 mAh g}, and 76.6 % of the initial reversible capacity is still delivered after 10 cycles.
CNTs play a crucial role in the reversibility of the commercial P/CNT composite. The
network structure of the CNTs serves to effectively buffer the enormous stresses from the
volume expansion of the P particles and reduces the rate of pulverization of particles. On the
other hand, the CNT network provides pathways for electron transport, which is helpful for
maintaining the connections not only between the red phosphorus particles, but also between
the red phosphorus and the current collector. Our results suggest that the simply mixed
commercial red phosphorus and CNTs would be a promising candidate for the next-
generation anode material for sodium ion batteries with high capacity and low cost.

Red phosphorus and graphite composite was prepared by a facile and scalable ball-milling
method. The SEM and TEM images show that the graphite was exfoliated into nanoplatelets
through the shear forces during the milling process, and the small phosphorus particles were
embedded in the graphite nanoplatelets. Moreover, the XPS results demonstrate the existence
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of P-C bonds formed between the red phosphorus particles and the graphite nanoplates in the
P/GnPs - 500 composite. This unique morphology and strong chemical bonding are
responsible for the stable structure of the P/graphite composite. During the sodiation of P, the
P-C bond plays a role in restraining the expansion of P particles. Moreover, even if the P
particles are pulverized during the cycling, the red P particles can remain in contact with the
graphite nanoplates, so that good electrical conductivity is retained. Therefore, the P/GnPs -
500 composite has excellent cycling stability (864 mAh g™ over 100 cycles) and superior
high rate capability, compared to that of the P/GnPs - 300 composite which does not have P-
C bonds.

SnyxP3@(Sn+P) composite was synthesized in large quantities by direct low-speed ball
milling of the P and Sn powders, and its electrochemical performance was studied as anode
material for sodium ion batteries. The results demonstrated that the Sns.P;@(Sn+P)
electrode using CMC binder delivered an initial discharge capacity of 1030 mAh g™ and a
reversible charge capacity of 892 mAh g™, at the current density of 100 mA g™*. The addition
of 5% FEC to the electrolyte can improve the cycling stability of the Sng.xPs;@(Sn+P)
electrode, delivering a stable capacity of 465 mAh g™, with capacity retention of 92.6%, at
the current density of 100 mA g™ over 100 cycles. Moreover, the Sns.,Ps electrode exhibited
superior high rate capability, with a stable capacity of 165 mAh g™ at the 10 C-rate (5000 mA
g™l). All the results indicate that Sns.,P3@(Sn+P) would be a promising anode material
candidate for sodium ion batteries with low cost, long cycling stability, and relatively good
rate capability.

FeP and CoP were prepared in large quantities by direct low-speed ball milling of the P and
Fe (Co) powders, and their electrochemical performances as anode materials for sodium ion
batteries were studied. The FeP electrode delivered a high capacity of 764.7 mAh g™ in
sodium ion batteries. In addition, improvement of its cycling stability was also achieved by
selecting appropriate binders and an appropriate additive to the electrolyte. CoP can deliver a
large initial capacity of 770 mAh g, and it shows lower voltage polarization. Moreover, a
variety of techniques, including ex-situ XRD, ex-situ XPS, and TEM, were used to reveal the
sodium storage mechanism of FeP and CoP. All the results indicate that FeP and CoP would
be promising anode material candidates for sodium ion batteries with low cost and long

cycling stability.
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10.1.2 Prussian Blue cathode materials

A composite of NMHFC and PPy doped with ClIO,” was prepared through a simple, energy-
saving, and one-step soft chemistry method, which utilizes the intrinsic oxidation of NMHFC
to polymerize the pyrrole in the presence of CIO,". PPy plays four important roles in the
electrochemical performance of the NMHFC@PPy composite: (1) PPy as conducting
polymer increases the electronic conductivity of NMHFC to enhance the rate capability. (2)
PPy doped with CIO4" can offer redox sites to increase the capacity of the composite. (3) The
PPy coating functions as a protective layer to reduce the dissolution of Mn in the NMHFC,
improving the cycling performance. (4) The polymerization of PPy can lead to additional Na
insertion into NMHFC due to the reduction of Mn™, which is also good for improving
reversible capacity. Therefore, the NMHFC@PPy composite could be a next-generation low-
cost cathode material with excellent rate capability and good cycling performance, with
capacity retention of 67% after 200 cycles.

Na-enriched Naj.xFe[Fe(CN)g] was prepared through a facile and one-step method using
NayFe(CN)g as the precursor in highly concentrated NaCl solutions. With increasing sodium
ions entering into the framework, the amount of vacancies and coordinating water in the
Naj.+xFe[Fe(CN)s] decreased, resulting in enhanced structural stability. Thus, the Na-enriched
Naj.+xFe[Fe(CN)s] showed superior cycling performance with excellent capacity retention of
97% over 400 cycles. The simple synthesis method, superior cycling stability with a high
capacity of more than 100 mAh g, and cost-effectiveness make the Na-enriched

Naj+xFe[Fe(CN)s] a promising cathode for sodium-ion batteries.

10.2 Outlook

This doctoral work mainly focused on facile synthesis approaches to P-based anode materials
and Prussian blue cathode materials, and on characterising their electrochemical performance
in SIBs. The studied anode and cathode materials all possess outstanding advantages of non-
toxicity, high specific capacity, and low-cost, making them promising electrode candidates
for SIBs. The synthesis methods utilized in this doctoral work are just simple ball milling and
co-precipitation. The morphologies of the materials prepared by these methods are not good.
Furthermore, special morphologies (1D, 3D) of these electrode materials can be attained
through using other approaches, such as the hydrothermal method, electrospinning, spray
drying, etc.

To improve the cycling performance of electrode materials in SIBs, the main strategies used

in this doctoral work was to form alloy compounds or composites with carbon. The
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shortcoming of this strategy is that inactive carbon and metal materials are introduced,
reducing the total specific capacity of the electrodes. Therefore, in future work, we should
focus on optimizing the structure of Prussian blue cathode materials through doping with
other transition metal elements.

In addition, researchers have been focusing most of their attention on the electrochemical
performance of the electrode materials and trying their best to improve the electrochemical
performance through various methods. Little attention, however, has been given to the safety
properties of the electrode materials. It is worth noting that safety is a key parameter for
commercial energy storage batteries. It is usual to evaluate the thermal stability of the
materials to determine the safety of cells. Therefore, further research will give more attention
to the safety issues related to the P-based and Prussian blue electrode materials through
conducting accelerating-rate calorimeter (ARC) tests.
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