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Chapter 1

General introduction

1.1Electrochemical energy storage

Stable supply of energy is currently a vital glolsaue given the continuous increase in
the demand for fossil fuels and the finiteness wfhsnon-renewable resources [1-3]. The
present energy economy based on fossil fuel ngt faickes the future exhaustion but also the
greenhouse gas problems leading global warmingsands of serious climate changes. The
environmental concerns over the use of fossil faeld their finite resources have spurred
society to reconsider the generation and use afredesnergy in a more sustainable manner
[1]. As a result, the deployment of renewable epeegources such as sun and wind as well
as the development of electrified transportatiothwiow CQG, emissions are receiving
ever-growing interest [4—7].

To compensate the intermittent nature of solaraimdi power, energy storage systems
are believed to play an essential part [1, 2]. Bynettorage is a key enabler for the smooth
integration of these renewable energy sources timosmart grid, providing electricity to
electric vehicles, and improving grid reliabilityéh utilization (see Fig. 1-1) [8, 9]. Several
types of energy storage are proposed for largeessthtionary applications, namely
mechanical, electrical, chemical and electrochemsgtarages [10, 11]. Among them,
electrochemical methods based on batteries a@ctte solutions due to their pollution-free
operation, high round-trip efficiency, high enempnsity, simple maintenance and scalability
[2, 10, 11].

Batteries are well-developed technologies and arthea forefront of electrochemical

energy storage systems. Fig. 1-2, Table 1-1 andeTab2 show the technology
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characteristics for batteries being considered god storage applications [1, 2]. Li-ion
batteries (LIBs) significantly outperform other cpeting technologies in terms of
gravimetric energy and power densities and cydtgbjll1-15]. Consequently, LIBs have
dominated the market of portable electronic powaurce and the publication of battery
research for the past two decades. LIB technolegyiw regarded as the battery of choice for
transportation and stationary storage applicatidiswever, Li resources are unevenly
distributed and concentrated in South America,ltiesuin the risk of dependence on a single
geographic area [16-18]. The anticipated astronodeimand for grid-scale applications
worldwide will pose a certain challenge on it, nagsconcern for a possible shortage of Li
resources and thus a staggering price increaseaguthat faced today with fossil fuels. To
loosen the dependence on LIB, there are increastagests in developing alternative battery

technologies, namely, post Li-ion batteries.

1.2 Sodium secondary batteries

Since Na positions just below Li in Group 1 of theriodic table, they share similar
chemical properties. The even distribution and haglandance of Na resources across the
world and consequent low cost compared to Li receminNa secondary batteries as
reasonable alternatives to LIBs. The comparisasetdcted properties for Na and Li is shown

in Table 1-3.

1.2.1 High temperature sodium secondary batteries

Early research on Na-based batteries focused dmtéigperature Na/S (NAS) and
Na/NiCl, (ZEBRA) systems that utilize the beta-alumina ¢dlectrolyte (BASE) [19-23].
Although Na/S and Na/NiGlbatteries have been commercialized, strict themeiagement

is indispensable for delivering satisfactory periance [24]. The sophisticated engineering
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such as thermal sealing issues and the materiatssary for ensuring durability and safety
during elevated-temperature operations (573-623nHate the cost and decrease the total
energy density of these batteries [25]. Nowadattseroelectrolytes such as NASICON-type
(Na-superionic conductors), ceramic and glass-cieraglectrolytes are also being

investigated [23]. The recent trend of Na/S haslseempted to shift towards intermediate
temperatures operationcg; 373-443 K), though they are still in the earlyags of

development [23, 26].

1.2.2 Room temperature sodium secondary batteries

By applying a similar “rocking-chair” working prifde, Na and Li secondary batteries
employing non-aqueous electrolytes and intercalatitoemistry have been initially explored
in late 1970s and 1980s in parallel [27—30]. Howgethee commercial success of Li batteries
spawned tremendous interest and shifted the foéutheo battery community from Na.
Research interest in room temperature Na secorigdtgries recently has been resurrected,
driven by the excellent potential for the developmef affordable storage technologies,
offering the prospect of lessening the dependendd®s [31-36]. In addition, since Na does
not alloy with Al, lower cost Al current collectotsan be used instead of Cu [32]. As a less
expensive option, the development of Na-based regtshould accelerate the adoption of
rechargeable batteries in large-scale applicatiblzseover, the chemical similarity between
Na and Li should facilitate cross-application oé thuge body of knowledge regarding LIB
technology. Most importantly, Na secondary battede not simply mirror the Li counterpart,
but presents significant unexplored opportunity passibility [31].

The principal concept of room temperature Na seapn@atteries is illustrated in Fig.
1-3 [33]. A combination of a negative Na intercaatcompound (negative electrode) with

another Na intercalation compound (positive ele)ohaving a more positive redox



potential gives a Na ion transfer cell. The eldgtmis a pure ionic conductor that physically
separates negative and positive electrodes. Dutiagging, Na ions are extracted from the
positive electrode while concurrent Na insertiogws at the negative electrode. During the
subsequent charge—discharge process the activeoma are then shuttled between two
electrodes. In sections 1.3-1.5, a brief reviewestnt development in positive and negative

electrode materials as well as electrolytes isrgive

1.3 Positive electrode materials

Na prefers 6-coordination, either in an octahedraprismatic arrangement. There are
the two major classes of positive electrode mdterayered oxides that have 2-D galleries to
hold Na ions and polyanionic compounds that havwahsdral interstitial sites available for

Na accommodation [32].

1.3.1 Layered oxides

Layered oxides NMO, (M = transition metal) have been most extensiwelestigated
as positive electrode materials for Na secondatteti@s because of the high capacity and
simple synthesis [37-42]. The layered structurebudlt by sheet of edge-shared MO
octahedra, wherein Na ions are located betweee ste=ets. The layer hosts are characterized
by weak interlayer interactions, so that they psssstructural flexibility to adapt the
geometry of the intercalated guest species by &eégistment of interlayer separation.
NaMO, can be categorized into two main groups usingnittation designated by Delmas
[43], the O3 and P2 phases. As shown in Fig. kel tiffer in the stacking of the oxygen
layers (ABCABC for O3, and ABBA for P2) and hende tintercalation sites for Na ions
(octahedral for O3 and prismatic for P2). The nun®hm O3 or 2 in P2 describes the number

of transition metal (M) layers along the stackingection in the unit cell. Through utilizing
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the 3d transition metals as redox couples, NaMi3d@], NaCrQ [39, 44, 45], NaFe®[46],
NaCoG; [38], and NaNiQ [47] have been explored so far.

In order to improve the electrochemical performanaed structural stability,
solid-solutions of NaMO, have been proposed [40-42, 48-51]. P2sMgey sMng sJO, and
P2—Na s4Fen.3Mnp g O2 provide the most promising electrochemical prapsrin terms of
reversible capacityce. 190 mAh @) and energy densitycd 520 Wh kg for the cell
operating at ambient temperatures [41, 50, 51]. él@n less than 80% of initial capacity was
retained after 30—40 cycles. Lately, Na-rich lageoxide prepared via delithiated Li-rich
layered oxide (0.5LMnOs-0.5LiMny 4Nip 40 1602) has been reported and claimed a high
capacity of 234 mAh g and high energy densitgq 644 Wh kg?), though its cyclability is
still insufficient [52]. On the other hand, O3-tylasgered oxides deliver moderate capacities
of ca 120 mAh @' but generally with better cyclability. The eleathemical properties of
layered oxide positive electrodes described abovsammarized in Table 1-4. Among them,
03-NaCrQ has been proved to possess good thermal stadiéy at charged state [44]. In
light of these results, the author has focusedhenetectrochemical properties and structural
variation of NaCrQ at elevated temperature (363 K), as only room tgatpre data is
available in the literature. The results are presgbim Chapter 3.

Layered oxides are widely regarded as the mosisjiiee positive electrode candidate
for Na secondary batteries. A recent computatizm@ak showed that the barriers for Na
migration can potentially be lower than that foridm migration in the layered structures,
revealing the enticing promise for such materialbe developed with improved kinetics [53].
However, many of those materials present complicatharge—discharge profiles
accompanied with several phase transitions [3744050], which are caused by Na-vacancy
ordering and/or layer sliding [38]. Due to the catition between P and O type arrangements,

the sodiation/desodiation behavior of the layerestemals is not fully topotactic in many



cases [31]. Some of them have been shown to undergoeversible structural transition
during electrochemical extraction of Na [40, 46 8d]. It is not clear yet to what extent these

phase transitions may affect practical capacity@mthability [54].

1.3.2 Phosphate-based polyanionic compounds

As documented in the literature, extensive reseaaffbrts have been devoted to
polyanionic compounds for positive electrode matsrifor LIBs [14, 55-57]. Polyanionic
compounds are a class of materials in which tethathgolyanion structure units (4~ (X
=P, S, Si, As, Mo, or W) are combined with MM = transition metal) polyhedra. Since the
oxygen atoms have strong covalent bond to X in fXQsuch materials generally possess
higher thermal stability compared to layered oxidBse considerable advantages in safety
make them particularly suitable for large-scale liappons [57, 58]. For Na secondary
batteries, phosphates form a major class of pobyatype electrode materials and most of
them are capable of offering robust and open fraonkeviavoring facile Na ion transport
[33-36].

Olivine LiFePQ is the most common polyanion-type electrode maltefior LIBS
[55-57]. However, the thermodynamically stable Mdaiealent, NaFeP§) crystallizes in the
maricite structure in which the sites for Nend Fé&" are just the opposite of those in olivine
LiFePQ, Maricite NaFeP®is known to be electrochemically inactive due he tack of
transport channel for Na ions [59, 60]. Meta-stallieine NaFeP@ phase has been prepared
through electrochemical or chemical delithiationLdfePQ, and subsequent insertions of Na
ions into FeP®[60-63]. Although olivine NaFeP(has the highest theoretical capacity (154
mAh g %) among phosphate-based electrode materials, theafiacity has not been realized.
A practical capacity value of 125 mAh'@nd an increase in polarization with cycling were

reported [63]. It was suggested that olivine NaFgR@dergoes different reaction paths



during charging and discharging to accommodatel lsitains caused by the large mismatch
between the end members (17.58% in volume) [61-83th a large volume variation (more
than twice that of LiFeP£(6.8%)) can result in inferior rate capability angclability.
Amorphous FeP©Qcan be directly synthesized as opposed to oliNaBePQ, delivering a
capacity ofca. 120 mAh g* with a better cyclability [64, 65].

Pyrophosphates (MelP,O;, M = transition metal) [66—75] have recently been
recognized as promising active materials. The rsthuctural configuration for these
compounds leads to several possible scaffolds ioN intercalation/deintercalation [33, 35].
For instance, pyrophosphate can be of layeregGbRO;) or three-dimensional structure
(NaxMnP,O;) depending on the transition metal [68, 69]. Du¢he low cost of components,
NaFeRO; and its derivative Nake;+-P.07 (0 <x < 0.44) were first studied [66, 67, 70—72].
Unlike most of the other polyanion-type positiveatode materials, nanosizing and carbon
coating are not necessarily required for MNeO; [66]. Uncoated and micron-sized
Na,FeRO; shows a capacity of approximately 90 mAHand good rate capability, which
enables lowering the electrode processing cost 8g, Moreover, NgFeRO; undergoes a
topotactic Na intercalation/deintercalation reactwith a very small volume change (2.6%),
which could provide a good stability during electtemical cycling [67]. Furthermore, it was
reported that N&rePO; possesses good thermal stability up to 823 K eterharged state
[67, 70]. Despite these impressive advantages ppyrsphates have not yet been significantly
explored as positive electrode materials for Naosdary batteries. There is still room for
improvement because its theoretical capacity hdasbaen fully realized and the practical
cyclability remains unknown. Thus, the author heal@ated the charge—discharge behavior
of NaoxFer+2P207 (x = 0 and 0.44) over a wide temperature range (263&3forx = 0 and
298-363 K forx = 0.44) and their long-term cyclability. The reésudre presented in Chapters

4. 5 and 6.



It has been demonstrated that NASICON-type skN&POy)s) compounds, originally
proposed as solid electrolyte aiming at competinth Weta-alumina [79], can be used as
positive electrodes [76—78]. B\&(PQOy).F3, one variant of NASICON compounds, recently
has also been reported to be capable of delivermgcity ofca 110 mAh g* along with
good capacity retention [80-83]. However, such tedetiemical properties can be achieved
only for the vanadium-based NASICON. JRa(PQy)2F3 shows an unsatisfactory capacity of
24 mAh g* [80]. Utilizing a multi-electron redox reaction duthe high potential (3.8 V) of
the tailored vanadium redox couple®®7Vv°>"), Na sVPO,gFo7 was reported to possess the
high energy density of approximately 600 Whk§84]. Nevertheless, since vanadium is
considered as toxic element, these high-voltagetrelde materials might be constrained for
their practical applications [32]. Phosphate fldes (NaMPO4F) have recently emerged as a
new choice of positive electrode materials for Nattdries [85—-88]. Carbon coated
NaFePQF and NaMnPOyF are able to exchange one electron and deliveaotizgs of 110
and 120 mAh d, respectively. However, the capacity of,NePQF decays drastically with
an increase in the current density [85].

Table 1-5 summarizes the electrochemical propemiegphosphate-based positive
electrode materials described. A large group ofsids polyanion-type positive electrode

materials for Na (Li) batteries has been systerayigathered in a recent publication [89].

1.3.3 Orthosilicate-based polyanionic compounds

The quest for new positive electrode materials vt cost and high capacity has
promoted significant research efforts on orthosiks (AMSIiO4; A = Li and Na) [89-93].
For LIBs, LLbFeSiQ, andLi,MnSiO, offer the exciting possibility of realizing twoegtron
exchange per formula leading to a high theoretieplacity ofca. 330 mAh g [92, 93]. To

the author’'s knowledge, however, orthosilicatesehagt been explored for Na host matrix.



One of the peculiarities of these materials isgher intrinsic conductivity. To facilitate ion
and electron transports, some of the electrochéndesa reported were recorded at
intermediate temperatures (318—-333 K) [91-93]. RiéqgeNaMnSiO, has been prepared and
used as the starting material to obtain a metasadlymorph of LiMnSiO, via ion exchange,
though no electrochemical data on Na cell werentedd94]. Inspired by such findings, the
author has investigated the feasibility of orthioaties as Na storage material at 298—-363 K.

The results are presented in Chapter 7.

1.4 Negative electrode materials

Since the present thesis does not focus on negalidetrodes, only two major kinds of
materials, carbon and alloy materials, are desdribere. In the field of LIBs, carbon
materials are considered to be a mature, well-whoed technology [95]. Unlike for LIBs,
however, graphitic carbons are not applicable farddcondary batteries since Na atoms are
not intercalated between the graphite layers to a@pyreciable extent (~Nag [95-98].
Lately, many other non-graphitic carbonaceous rasehave been shown to insert Na, such
as petroleum cokes [99], carbon black [100], sa@itbons (small crystalline domains of
ordered graphene) [95] and hard carbons (disordern#id nanoscale porosity) [95, 96,
101-103]. Hard carbons are the most studied oneasmdegarded as the first-generation
negative electrodes of choice, having capaciti€206-300 mAh .

During the initial Na intercalation process, paftNa reacts with the components of
electrolyte to form an electronically insulatingt honically conductive layer at the surface of
carbon electrodes, which is known as the solidtelbde interface (SEI) [95]. This SEI
formation is one of the primary contributors toeirersible capacity for carbon electrodes.
Irreversible capacity should be as small as posdigicause this charge loss needs to be

compensated by additional positive electrode nwteriin a practical cell [104].
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Nanostructured carbon materials have been intratldioe Na storage and the improved
capacities and kinetics have been reported [106]. lowever, problems of irreversible
capacity and unsatisfactory coulombic efficiency kenathem difficult for practical
applications. The large surface area of nanostredtmaterials is considered to be the main
reason for the severe side reactions [33].

Storing Na through an alloy reaction has been megdecause of the high theoretical
capacity compared to that based on intercalatianti@. A number of materials such as Sn
[107], Sn/Cu [108], Sn/C [109], Sn@raphene [110], Sb/C [111], and SnSh/C [112] have
attracted interest. Among them, nanocompositesn@./graphene and Sb/C and can deliver
large reversible capacities of 600—700 mAh \gith good cyclability over 100 cycles [110,
111]. Recently, amorphous red phosphorous/carboposite has been demonstrated to show
a reversible capacity of 1890 mAR'¢~Na 18P), which is the highest value among negative
electrodes for Na batteries reported to date [1E8}. these composites, carbon matrix is
considered to be indispensable because it prowadesnductive and buffering matrix for
effective release of mechanical stress caused bydéamtion/extraction [111]. In spite of the
high capacity of alloy compounds, their practicpplécations are still challenging, because
the significant volume change upon alloying-deafigy leads to the instability of the

electrode, which is a common issue in LIBs [31, 98]

1.5Electrolytes

Electrolytes play a fundamental role in terms ad glectrochemical properties and the
safety of batteries [115-117]. However, since Nasdary battery is an emerging technology,
kinds of electrolytes which enable Na electrochémyiand investigation on this field are
relatively limited [118-120]. In order to delivend expected performance, the following

requirements should be met [23, 115-117]; (i) highic conductivity 6 > 1 mS cm’) to
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reduce the resistance polarization effect in aebgt(ii) high thermal stability for operation in
a wide temperature range; (iii) physical and chameompatibility with the electrodes; (iv)
low toxicity and high safety. Three types of elebttes for Na secondary batteries are

described in this section.

1.5.1 Organic electrolytes

Conventional electrolytes consist of either Nagl@r NaPk as salts and
carbonate-based solvents such as ethylene carb{@de propylene carbonate (PC) and
dimethyl carbonate (DMC). The most common formolatis 1 mol dm® NaCIQ, in PC,
because PC possesses a wider liquid range compatedEC and other linear alkyl
carbonates [102, 116]. These solutions offer haghici conductivities and low viscosities and
are compatible with the operation voltage of Neoséary batteries. For negative electrodes,
the use of SEI forming additive like fluoroethylenarbonate (FEC) [121] is important in
order to control the surface reaction between tlectde and the electrolyte, as
demonstrated in recent advances [107, 111, 113].

Although comprehensive characterization and tedtange proven that hard carbon is the
primary candidate for negative electrodes, itstedebemical performance shows a strong
dependence on the electrolytes [102, 118, 119].eb\a@r, the Na intercalated hard carbon
(NaCs) exhibits higher reactivity toward organic eletytes compared with ks, which
raises imperative concerns about the stabilityhef @arganic electrolyte [122]. Formation of
Na metallic dendrites on the negative electrodenducharge also leads to a serious issue,
because the high reactivity of Na metal with orgaglectrolytes and its low melting point

(371 K) further put the safety into question [38].9
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1.5.2 Aqueous electrolytes

Aside from the organic electrolytes, developmenagfieous Na secondary batteries is
another perspective in specific applications wherebst is the main concern [33]. For
instance, inexpensive inorganic Na salt such a&®8aand NaNQ@ can be used [123-125].
Moreover, aqueous electrolytes have much highec imobility than organic solvents. These
systems provide high power, high efficiency, angdesior cycle life. Nevertheless, the lower
potential range of water constraints the possilei wltage and thus the energy density

(30—45 Wh kg') [33, 35].

1.5.3 lonic liquid electrolytes

lonic liquids (ILs), entirely composed of ions, leaattracted great interest because of
their advantages against organic solvents suchoafiammability, non-detectable vapor
pressure, good chemical, electrochemical and tHerstabilities [126-128]. ILs are
characterized as task-specific reaction media aodige several attractive properties when
exploited as electrolytes for secondary batterid®ir merits include (i) an inherent good
thermal stability and wide liquid range that enalthee device to operate in extreme
temperature conditions; (ii) nonflammability thabpides high safety; and (iii) nonvolatility
that prevents the electrolyte from drying or getiegapressure at elevated temperatures.
Since most research efforts from the scientific samity have targeted electrode materials,
the adoption of ionic liquid electrolytes for Naceadary batteries received less attention
[129-131].

Hagiwaraet al. have investigated a series of ILs based on bm{@ksulfonyl)amide
(FSA) anions and bis(trifluoromethylsulfonyl)ami(lé=SA) anions for battery applications at
340-440 K [132-135]. For instance, the Na[FSA]-KAFSystem is suitable for Na battery

operating around 363 K [136-138], while the Na[TFS2s[TFSA] system can be employed

12



at 423 K [139]. In contrast to conventional ILstthhgually contain expensive organic cations,
Na[FSA] and K[FSA] are simple inorganic compouniishould be noted that, unlike TFSA
salts, FSA salts can be synthesized without théycetectrochemical fluorination process.
Thus, FSA salts are well expected to be producedraasonably low price in the near future.
Recently, the Na[FSA]-[§C.pyrr][FSA] (CsCipyrr = N-methylN-propylpyrrolidinium) IL
has been proposed because of the low melting 2é# K), high conductivity, and good
thermal stability of [GCypyrr][FSA] [140]. The structures of FSA anion ang0gpyrr cation
are shown in Fig. 1-5. It has been demonstratedthieaNa[FSA]-[GC.pyrr][FSA] (20:80
molar ratio) exhibit an electrochemical window o2 % and an ionic conductivity of 15.6 mS
cm* at 353 K [141]. By utilizing this IL as an eledlyte, good electrochemical properties
have been obtained for NaGr@ositive electrode over 298-353 K [141] and haadbon

negative electrodes at 363 K [142].

1.6 Aims of this study

As concluded by a recent review, the greatest ieahnbottlenecks for Na
electrochemical systems to overcome are the lackhigh-performance electrode and
electrolyte materials that are easy to synthesiais, long-lasting, and are of reasonable cost
[32]. Therefore, the present study is aiming atellgping economic positive electrode
materials, and investigating their electrochemmalperties in intrinsically safe ionic liquid
electrolytes.

In Chapter 3, electrochemical properties and srattvariation of a layered oxide
NaCrQ are investigated in the Na[FSA]-K[FSA] IL at 363, Kvith the objective of
understanding the sodiation/desodiation mechani$ma.obtained results are compared with
previous reports in which conventional organic wldgtes were employed at room
temperature.

13



In Chapter 4, the charge—discharge behavior andg Iderm cyclability of
phosphate-based polyanionic compoundR¢&0; are evaluated in the Na[FSA]-K[FSA] IL
at 363 K. The mechanism of Na extraction frompPéd3O; is also studied by ex-situ X-ray
absorption spectroscopy (XAS).

In Chapters 5, the charge—discharge behavior ofF&RO; is investigated in the
Na[FSA]-[GCipyrr][FSA] IL at 253-363 K. The purpose of this pher is to evaluate the
viability of the IL electrolyte for wide-temperagiiNa secondary battery applications. The
temperature dependence of the rate capability goldhulity is also examined.

In Chapter 6, electrochemical properties of,Nae ,P.0; are investigated using
Na[FSA]-[GCipyrr][FSA] IL at 298—-363 K. The obtained resulte @ompared with that of
NaoFeRO; to understand the effect of tailoring the Na/Feicktiometric ratio of a
polyanion-type positive electrode.

In Chapter 7, the feasibility of orthosilicate-bdgmlyanionic compound NBINSIO, as
Na storage material is assessed using the Na[FS&Jdpyrr][FSA] IL electrolyte. The

structural variation and thermal stability of thisterial are also evaluated.
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Table 1-1 The comparison of energy and power characterigticpotential batteries for
grid-scale energy storage applications [1, 2].

Battery type \oltage | Operating| Energy Specific Specific Cyclability
Range | Temp. Density Energy Power
(V) (K) (Wh/L) (Wh/kg) (W/kg)
Lithium ion 25-42 | 248-313 | 200-250 | 120-160 | 200-300 | 300-1000
LiCoO,-C
'dg‘;,”&?g 25-35| 248-313 | 120-150 | 80-90 200-300 | 1500-2000
Lithium metal-polymer 2.4-40 - 100-110 100-110 130-170 600
Sodium—sulfur 1.8-2.1) 573-623 70-150 60-120 15-70 4000
Sodium—metal chloride 2.6 573-62B8 20-14( 50-100 180- 3000
Lead acid 1.8-2.1] 233-333 60-75 30-40 60-110 100-500
Nickel-cadmium 0.8-1.3 263-318 130-150 40-60 40-100 2000
Nickel-metal hydride 0.9-1.3 - 250-300 70-100 70-200 1000
Vanadium redox flow 1.1-1. 283-313 10-20 10-20 1-4 5000

Table 1-2Main applications, advantages and limitations dfiedent battery technologies [3,
23].

Battery type Main application Advantages Limitations
. . n High cost (~$700 kWH)
Transportation and High efficiency -
T ) ) _ Safety/reliability problems
Lithium ion portable electronics, High energy density

Small temperature range of

targets grid-scale storag{ High power )
geis g g Hanp operation

Operating at 573-623 K

High production cost
Sodium-sulfur ) High efficiency Weight and size specification
Sodium-metal chioride| Targets grid-scale storag High energy density | Safety and durability concerns
due to fracture of beta-alumina
and molten sodium electrode

Current automobile and Short cycle life
Lead acid industrial application, Least expensive High maintenance
backup power Low energy density

MW storage system | High cost
Redox flow Targets grid-scale storagePotential long cycle life Unknown long term durability
Capacity loss issues
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Table 1-3The comparison between Na and Li [31-33].

Na Li
E? (vs. SHE) —2.71V -3.04V
Atomic weight 23 g mof 6.9 g mot*
lonic radius 1.02 A 0.76 A
A-O coordination Octahedral, prismatic Octahedsdtahedral
Melting point of metal 371 K 454 K
Price of carbonates 150 USD'T 5000 USD T
Crustal abundance 23000 mgkg 20 mg kg*

Distribution

Evenly worldwide

70% in South America
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Table 1-4 Selected layered oxides that have been investigadgaositive electrode for Na
secondary batteries [ 39, 40, 41, 44, 45, 47-51].

Voltage Reversible | Current
Active material range capacity1 rate . Cyclability
V) (mAhg™) | (MAg)
03-NaCrQ ¥ 4449l 2.0-3.6 120 25 Moderate
03-NaNigQ*”! 1.25-3.75 120 235 Good
03-Na[Nj sMng g0, ! 2.2-3.8 125 4.8 Moderate
03-Na[Np 3Mng 38C0p 30, 1*® 2.0-3.75 120 24 Good
03-Na[FgsCa0, ! 2.5-4.0 160 12 Good
P2—Na c{Fep sMng 5O, 4157 1.5-4.3 190 12 Poor
P2—Na c{Fep 3Mno 6d O, 05! 1.5-4.3 191 12 Poor

Table 1-5 Selected phosphates that have been investigatqubsisve electrode for Na
secondary batteries [62, 63, 67, 71, 74, 76, 7758284, 85].

Average | Reversible| Current | Volume Carbon
Active material potential capacityl rate ) change coating Cyclability
) (MAhg™) | (MAgT) | (%)
Olivine NaFePQ[6? 2.7 125 7.5 17.6 Need Moderate
[67] No
NaFeRO;, 2.9 90 9.7 2.6 need Good
Nay 5761 22507 ™ 3.0 85 48 19 | NO | Good
NasFey(PQy),P,0, ' 3.2 110 3.2 4.0 Need Good
NagV o(PQy); 76 77 3.4 116 11.7 8.3 Need Good
NagV o(POy),F5 2 3.95 110 12.8 1.8 | Need Good
Na,FePQF [ 3.0 110 6.2 3.7 Need Moderate
Nay VPO, ¢Fo 7 4 3.8 134 13 2.9 Need Good
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[i Charged batteries can store energy from the grid when not in use,
and spares can be kept at stations to replace those that run out.

Processors control when energy enters the grid and when it leaves,
helping to even out fluctuations in renewable sources.

ﬂ Power input to grid from renewable sources or from batteries

Fig. 1-1 An illustration for the smart grid concept [8, 9].
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Fig. 1-2Gravimetric energy and power densities for pregemthilable batteries being considered for |
scale energy storage applications.
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Discharge

Al Positive electrode Negative electrode

Fig. 1-3 A schematic illustration depicting ttworking principle of rockingzhair type Na seconda
batteries [33, 102].

MO, layer

Fig. 1-4The crystalline structure (O3-type (left) and P2ype (right) layered oxide Nal,. Symbols A,
B and C in the schematiospreser the three different oxygen layers [41].
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Fig. 1-5The structures of FSA anions (left) angDgbyrr cations (right).

26



Chapter 2

Experimental

2.1 Apparatus

Air- and moisture-sensitive materials were handired glove box (Miwa Manufacturing
Co., Ltd. DBO-2LKH-HNBR) with a gas-refining insment filled with dried and
deoxygenated argon gas (99.995%). The dew poatl63 K) and concentration of oxygen
(ca 1 ppm) were always monitored during the experim@xygen Analyzer DF-150E,
General Electric Company). Electric balances (CPAR2Sartorius; WMC25-SH, Mettler
Toledo) were equipped in the glove box to weiglyessis and samples.

For the purposes of drying the materials and impaégn of ionic liquids into a separator
and electrodes, a vacuum line and vessels were Tikett schematic illustrations are shown
in Figs. 2-1 and 2-2. The main line was made ofostn-resistant stainless steel pipes
(SUS316, 1/2 inch o0.d.) connected by the stainlesmns and valves with a Kel-F
(polychlorotrifluoroethylene) tip (Swagelok Co.). elal and PFA
(tetrafluoroethylene-perfluoroalkylvinylether cogoiler) tube (1/4 inch o.d.) were used as the
connecting parts to a vacuum vessel. The line vaamexted to a rotary vacuum pump
through a Pyrex glass cold trap. The typical degfesacuum in this system was below 2 Pa.

The pressure was monitored by Bourdon and Piramgem

2.2 Synthesis of active materials

All chemicals used in this study were of analytigedde. For solid-state method,
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specific precursors were thoroughly mixed with anet via a high-energy planetary
ball-milling (Pulverisette 7 Premium Line, FritschJhe grinding chamber and balls
(diameter of 3 mm) were made of zirconia. The bajpbowder weight ratio was fixed at 20.
The ball-milling was carried out at a speed of 80M. The milling time lasted for 24 h
with 15 min of grinding and 15 min of rest. Thergling was alternately clockwise and
anti-clockwise for the production of homogeneousiixed precursors. After evaporating
the acetone, the mixture was ground in an agatéamand placed inside a tube furnace
(KTFO45N1, Koyo). Before sintering, the furnace wasuum pumped for 30 min and
underwent steady Ar flow for 30 min. The heating @ooling rates were 5 and 2 K min
respectively. The schematic illustration of the @ulornace is shown in Fig. 2-3. The

detailed procedures are described in each chapter.

2.3 Materials characterization

2.3.1 X-ray diffraction analysis

The structure of as-synthesized NagrNa_Fe«wP.0;, and NaMnSiO, was
characterized by powder X-ray diffraction (XRD) ngi Rigaku Ultima IV or Rigaku
SmartLab instruments equipped with Cua-Kadiation and a one-dimensional high speed
detector (D/teX Ultra) in the Bragg-Brentano geanefhe measurements were performed at
40 kV—-40 mA for Rigaku Ultima IV and 40 kvV-30 mArf&igaku SmartLab, respectively.
The structure refinement was carried out by theveld method in an iterative procedure
using the RIETAN-FP software package [1]. The alystructures were visualized using the
VESTA software [2].

The structural variation during charge-discharget twas studied by ex-situ X-ray

diffraction analysis. The samples were preparedhi half cells by applying a constant
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current for a given duration to fix the amount gfracted (or inserted) sodium. Subsequently,
the electrodes removed from the cells were rinsét dehydrated tetrahydrofuran (THF;

Wako, water content < 10 ppm, oxygen content <rh)po remove the electrolyte and placed
in an air-tight cell with Be windows to avoid expos to the air. XRD patterns were recorded

in Ar or He atmosphere at room temperature.

2.3.2 Electron microscopy observation

The morphology of the as-synthesized Na£ @& Fe2P.0;, and NaMnSiO, was
observed with a field emission scanning electroorasicope (FE-SEM, Hitachi SU-8020)
operating at 10 kV (or less) to avoid the chargafiggct. For carbon-coated pMnSIO,/C
samples, the morphology was also observed by trigsgm electron microscope (TEM,

Hitachi H-9000UHR).

2.3.3 Thermogravimetric analysis

The thermal stability of as-synthesized,MaSiO, and desodiated NgVInSiO, was
evaluated by thermogravimetric analysis (TGA, Rigakhermo plus EVOII TG8120). The
measurements were conducted from 298 to 773 K uAdd@ow with a heating rate of 5 K
min . Before heating up, the balance purge was perffiore30 min (1 L mift* for inlet gas,
800 mL min® for evacuation side), followed by the sample pui@e30 min (1 L min®* for
inlet gas, 200 mL miff for evacuation side). During the measurements, téheperature
difference between the specimen and reference giiaréntial thermal analysis, DTA) was

also recorded.
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2.3.4 Nitrogen adsorption measurement

The specific surface area of as-synthesizegM¥&iO, and NaMnSiO,/C was deduced
from the results of nitrogen adsorption/desorptioeasurement by a Micromeritics TriStar |l
3020 analyzer at 77 K. The Brunauer Emmett anceiféBET) model was used [3]. Since
BET theory ignores inhomogeneity of the surface lateral adsorbate-adsorbate interactions,
high energy sites at lower relative pressuR¥By < 0.05) may cause the nonlinearity of BET
plots. Relative pressure near completed monolaf@fd <P/P, < 0.30) was used for the

surface area determination.

2.3.5 Inductively coupled plasma atomic emission sptroscopy and atomic absorption

spectroscopy

The compositional analysis of as-synthesized,_JRe.,-P,O; was evaluated by
inductively coupled plasma atomic emission spectpg (ICP-AES, Sll SPS4000). Nitric
acid, perchloric acid, and sulfuric acid were usedensure the complete dissolution of
samples. For the composition study of Na, atomogltion spectrometry (AAS, Hitachi

Z2300) was performed.

2.3.6 X-ray absorption spectroscopy

The variation of electronic structure and localmetric environment of N&eRO; was
characterized by X-ray absorption spectroscopy (XARS experiments were performed at
the beam line BLO1B1 of the synchrotron radiatiaaility in SPring—8 (Hyogo, Japan). The
FeK-edge spectra were measured in a transmission osidg a Si(111) monochromator. An
Fe metal foil was used for the calibration of thes@ption energy scale. The experimental

data of all samples were analyzed with the progRiX—2000 (Rigaku). The backscattering
30



phases and the amplitude were theoretically cakedlay the code FEFF8 [4]

2.4 Electrochemical measurements

2.4.1 lonic liquid electrolytes

The ionic liquid (IL) electrolytes used in this dyuconsist of alkali metal cations or
N-methylN-propylpyrrolidinium (GC,pyrr) cations and bis(fluorosulfonyl)amide (FSA)
anions. Na[FSA] (Mitsubishi Materials Electronic &hicals CO., Ltd., purity >99%) and
K[FSA] (Mitsubishi Materials Electronic Chemical€C Ltd., purity >99%) were purchased
and dried under vacuum at 353 K and 333 K for 4&#8pectively. [@Cipyrr][FSA] (Kanto
Chemical Co., Inc., purity >99.9%) were dried undacuum for 24 h at 333 K prior to use.
The IL mixtures, Na[FSAJ-K[FSA] (56:44 molar ratiapd Na[FSA]-[GC.pyrr]FSA (20:80
molar ratio), were utilized as the electrolyte. &letd characterization of these ILs has been

reported in previous studies [5-8].

2.4.2 Electrodes and cell configurations

The positive electrodes were fabricated by mixing-sgnthesized NaCeD
NapFer P07, or NaMnSiOy/C with acetylene black (AB; Wako, purity >99.99%8 a
conductive additive and polytetrafluoroethylene FET Aldrich) as a binder at a fixed weight
ratio. Metallic sodium discs (Aldrich, purity 998 pressed onto aluminum or nickel current
collectors were used as reference and counteretiest. Borosilicate glass microfiber filters
(Whatman GF/A, thickness of 260m) were used as the separators and soaked with
Na[FSA]-K[FSA] or Na[FSA]-[GCipyrr]FSA under vacuum at 363 K and 333 K,
respectively, for 2 d to achieve full impregnati@ince Na[FSA]-K[FSA] is solid at room

temperature, a customized two-electrode cell (Tdindegpan Co., Ltd.) was used to favor the
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cell assembling. A schematic illustration of theotelectrode cell is shown in Fig. 2—-4. For
the cells utilized Na[FSA]-[¢C1pyrr]FSA electrolyte, conventional CR2032 type coglls

were used. All cells were assembled in the Ardilggove box.

2.4.3 Galvanostatic charge—discharge test

The specific capacity of the as-synthesized NaCN&,_ Fe .+x2P-0O7, and NaMnSiO,/C
was evaluated by galvanostatic charge—discharge casducted by a Bio-Logic VSP
potentiostat/galvanostat or a computer-controllearge—discharge unit (HJ1001SD8, Hokuto
Denko). The cells were aged for 2 h before changehdrge to ensure full absorption of the
electrolyte in the electrode and also to reacheanthl equilibrium. The test was typically
carried out at a rate of 10 mA'gr C/10 (fully charging in 10 h), and the currelnsity
during galvanostatic cycling was maintained cortsfan both charge and discharge. The
operating temperature was controlled by an ESPE23WEnvironmental Test Chamber or a
mantle heater. All of the specific capacities ie thllowing chapters are calculated based on

the mass of active material.

2.4.4 Galvanostatic intermittent titration technique

The electrochemical measurement using Galvanostagecmittent titration technique
(GITT) was conducted by a Bio-Logic VSP potentitg@vanostat to acquire
charge—discharge curves of the;RaR0O; electrode close to the thermodynamic equilibrium
[9]. GITT measurements were consisting of a sesfesmall current pulses (C/20 rate), each
followed by a relaxation period allowing materiarhogenization. The relaxation time lasted

until the voltage shift below 10 mV'h
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2.4.5 Electrochemical impedance spectroscopy

For NaFeRO; and NaMnSiO, electrodes, electrochemical impedance spectroscopy
(EIS) measurements were carried out using a BidedL¥@P potentiostat/galvanostat over a

frequency range from 200 kHz to 5 mHz with an A@ydation voltage of 10 mV.
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Fig. 2—1A schematic illustration of a vacuum line [10].
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Fig. 2—2A schematic illustration of a vessel for vacuumimig [11].
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O-ring (PTFE)

Fig. 2—4 A schematic illustration of the customized two-élede cell (Tomcell Japan Co.,
Ltd.) for charge—discharge tests [11].
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Chapter 3

Layered oxide NaCrO, positive electrode

in Na[FSA]-K[FSA]

3.1 Introduction

The performance and operational safety of a batezydirectly linked to the choice of
electrolyte and finding suitable active materiais lboth positive and negative electrodes are
essential for improving the overall performanceadfattery. Sodium, being larger in size than
lithium and also due to its greater screening &ffeas a strong tendency to favor the
formation of layered compounds [1]. The sodium fageoxide positive electrode materials
(generally formulated as NO,) evaluated thus far can be classified into twomgabups,
l.e., the O3—type and P2-type, in which the sodions are coordinated in octahedral and
prismatic environments, respectively [2, 3]. Thenter in this expression (e.g., 3 in O3)
describes the number of transition metal (M) lay@mg the stacking direction in the unit
cell [3]. During battery operation, the Na ions aewversibly intercalated/deintercalated
into/from these compounds. The cycle property atel capability are thus directly associated
with the Iintercalation mechanisms. More in-depthseegch into and fundamental
understanding of the structural evolution of theecw#bde during the entire Na
intercalation/deintercalation process are needgdist the technology forward.

Efforts towards this end by Delmasal have demonstrated the occurrence of reversible
phase transitions of various {0, polymorphs occurred reversibly in electrochemical
sodium cells [4, 5]. For example, P2<8a0, exhibited numerous two-phase regions in the

potential curve during electrochemical desodiatibhe formation of N&vacancy ordered
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lamellar structures was confirmed via in-situ X-mjfraction analysis [4] and it was also
shown that the rhombohedral O3—-NaGo€an undergo transformation to a monoclinic
distorted P’3 structure [5]. The phase transiti@ween O3 and P3 is associated with the
gliding of MO, slabs with respect to each other, and it is gdlgesansitive to the sodium
content. Besides, the temperature may also plagiea It is reported that the monoclinic
P’3—NaCo0, spontaneously converted into a rhombohedral strecit temperatures greater
than 350 K [6]. Recently, Komabat al showed that the electrochemically driven Na
intercalation/deintercalation into/from NaGr@as associated with the O3, distorted O’3 and
P’3 phase transitions [7]. Similar interconvertidretween O-type and P—type have also been
observed in solid solutions of MAO, such as Na[NisMng 5O [8], Na[Ni1sMn13C03]O2

[1], Nag/g[NisMnys]O2 [9, 10], Na.sdLio.12Nio 22MNg e O2 [11], although little is understood
about this transformation and its effect on theekiss of sodiation/desodiation.

In previous works, the cell performance of a sodsgoondary battery using the NaGrO
positive electrode in Na[TFSA]-Cs[TFSA] at 423 KR[1and in Na[FSA]-K[FSA] at 353 K
[13] were reported. The present study focuses erd#tailed electrochemical and structural
behavior of NaCr@in Na[FSA]-K[FSA] at 363 K with the objective ohderstanding the
sodiation/desodiation mechanisms. The obtained ctstral characterization and
electrochemical properties are compared with previceports in which a conventional

organic electrolyte was employed at room tempegatur

3.2 Experimental

The NaCrQ powder was synthesized by means of the conventsmtid-state reaction of
stoichiometric NaCOs; (Wako, > 99.9%) and @D; (Wako, > 98%) at 1123 K for 5 h under

Ar flow [13].
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The positive electrode was fabricated by mixing N@Cwith acetylene black (AB) and
polytetrafluoroethylene (PTFE) at a weight ratio8#:10:5. The active material load was
about 2.5 mg cif. A metallic sodium disc (Aldrich, purity 99.95%)eve pressed on nickel
current collector and used as the reference andteowlectrodes. Na[FSA] and K[FSA]
(56:44, molar ratio) was used as the electrolymv@hostatic charge—discharge cycles were
performed with a half-cell in the voltage rangewssn 2.5 and 3.5 V. Cyclic voltammetry
(CV) experiments were also carried out at varioifferént scan rates (0.1, 0.2, and 0.5 mV
s).

For the ex-situ XRD study, the M&xO, samples were prepared in the sodium cells by
applying a constant oxidation current (10 mA)do NaCrQ for a given duration to fix the
amount of extracted sodium. Subsequently, therelées removed from the cells were rinsed

with anhydrous tetrahydrofuran (THF) to remove e¢lextrolyte and placed in an air-tight cell

inside a glove box.

3.3 Results and discussion

NaCrQ was obtained as fine-grain powder with a gray-4greaor. All the peaks in the
XRD pattern shown in Figure 3—1 can be indexechtombohedral O3—-type NaCs@QR-3m
space group, JCPDS card No. 25-0819). A typicairsog electron microscope (SEM) image
of the NaCrQ@ powder is shown in Fig. 3—2. The individual pdesc consist of primary
particles of NaCr@with diameters of about Lm.

The cyclic voltammetry (CV) curves for the NaGrélectrode recorded at scan rates of
0.1, 0.2, and 0.5 mV5 are shown in Fig. 3-3. The NaGr@lectrode underwent Na
intercalation/deintercalation with several revedisiphase transitions evidenced as pairs of
redox peaks that are clearly observed in each ©¥lgrThe clear peak separation in each of

the CV profiles indicates that the Na intercalatil@mntercalation processes into/from NagrO
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are associated with the formation of distinct peage!l, 15]. The shapes and areas of the
redox waves remain largely unchanged during theessive scans at the various rates,
indicating that reversible redox reactions occuiini this potential range. It should be noted
that the signal-to-noise ratio of CV in the presentk is better than previous results obtained
at room temperature [16], reflecting the fastercietele kinetics at the intermediate

temperature of 363 K. The potential differenddE{) between the anodic peak and the
corresponding cathodic peak gradually increaseb witreasing scan rate, comparable to
previous reports for lamellar NAO, materials [14].

The discharge capacity and the rate capabilithefNaCrQ electrode were examined as
shown in Fig. 3—4. A large specific capacity of 1@8h g was observed at a current density
of 125 mA g*. Even at the very high current density of 2000 ghA a reversible capacity of
63 mAh g was retained. This rate capability is comparabléhe layered positive electrode
for lithium ion batteries [17], which is attributéd faster kinetics at the elevated temperature
(363 K). The result confirms that a moderately ated operating temperature effectively
enhances the kinetics of the Na intercalation/@ecaiation processes.

The NaCrQ electrode also exhibits stable cycling properigshown in Fig. 3-5a and b.
Approximately 98% of the initial capacity is maimed at the 100th cycle with a Coulombic
efficiency of 99.6% at a cycling current of 125 rgA. The average capacity fading is less
than 0.02% per cycle. A discharge capacity of 1¥%hrg ™" is maintained at the 100th cycle,
which is higher than that of the NaGrf@ported previously [16, 18].

It was recently reported that the cyclability ofsfitve electrodes in sodium secondary
batteries depends strongly on the solvents usddfd® example, reduction products, such as
sodium propyl carbonate, are reportedly generatethe sodium negative electrode surface
by the reaction with PC that is the most commortilyzed solvent in sodium batteries. This

species dissolves (although very slightly) into #lectrolyte and can be oxidized on the
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positive electrode at top-of-charge, thereby lingticapacity utilization and causing low
coulombic efficiency. Even when carbon materialsendilized as a negative electrode in lieu
of sodium metal, N&£O; and sodium alkyl carbonates were still found oe &bectrode
surface as a major part of the SEI film [20, 21].orBbver, destructive oxidative
decomposition of the electrolyte solution (Na@WXC) and co-intercalation of solvent
molecules are speculated to play a role in capdeiting [18]. Consequently, practical
application requires either positive electrode ateftreatments [16] or the use of electrolyte
additives such as fluoroethylene carbonate (FEQ). [lh contrast to the carbonate-based
electrolytes, the Na[FSA]-K[FSA] ionic liquid posses good chemical and thermal stability,
and it can be applied without the use of an adelitiv

The Na-driven structural transformation and thenges in the sodium composition at an
intermediate temperature were evaluated using tex>$RD. Fig. 3-6 shows the XRD
patterns of NaCrO, prepared at different states of charge. The @O3nNd (104)ex
diffraction peaks (these peaks are indexed in th@ponal setting), which belong only to the
rhombohedral phase, are absent wikern 0.2. New diffraction peaks such as (001) for a
monoclinic cell appear during further desodiati@verall, the characteristic diffraction lines
of the layered structure are observed at all coitipns, indicating that the phase transitions
occur as a consequence of slippage of the, Gk&bs without breaking of the Cr—O bonding.
The composition-driven structural change is inftillowing sequence: rhombohedral G3
monoclinic O’'3— monoclinic P’3. Schematic illustrations of the;N&rO, crystal structures
are shown in Fig. 3—7. The lattice is made up abslof edge-sharing Cgbctahedra,
between which Naions are inserted in an octahedral (O3) or trigamasmatic (P3)
environment. For each composition, the cationidritistion would thus result from the
energy minimization between (1) the electrostagjauision that tends to separate thé Ndas

in the ab plane, (2) the electron—electron interaction i@ @r layer, and (3) the RaCr***
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repulsion through the common face between the Na@ CrQ polyhedra [4]. In order to
facilitate comparison of the cell parameters, alinples were indexed in the monoclinic
system. The hexagonal lattice parameters for tlembohedral cell are related to the

monoclinic cell parameters by the following relasd22]:

Apex. = amon./\/g

Bhex. = Bimon.

Chex. = 3Cmon, SiN 8

The calculated Cr—Cr (in-plane distances, corredimgnto theamon lattice parameter)
and interslab distances (correspondingtg) as a function ok in Na_CrO, are plotted in
Fig. 3-8. Notably, the interslatl-spacing increases significantly when the Na iores a
removed, as a result of the interruption of thewbeé of attractive forces between the Na ions
and oxide anions and the repulsive forces betweeroxide ions in the neighboring layers.
The Cr—Cr intrasheet distance concomitantly deslaeexpected due to the oxidation of Cr
to the slightly smaller Cf ions. These changes are in good agreement witte thioserved for
most NaMO., layered oxides, implying that the sodium contenpasitively correlated to the
structural cohesion [1, 7, 8, 22].

There is a subtle difference between the sodiuntecbmt which phase transition begins
in the present study compared to previous repdntsam temperature evaluations. The onset
of the phase transition seems to be more favott®é3 K. In particular, the monoclinic P’3
structure of NaxCrO,is detected at = 0.3 in this study, whereas it is observed at0.4 and
0.5 at room temperature [7]. It is not surprisingttthe desodiation kinetics is enhanced at the
higher operating temperature used herein, andttigaphase transitions are also facilitated.
Given that Na ions in a prismatic coordination eowment often exhibit higher ionic
mobility than octahedrally coordinated congeners 28], a synergistic effect is clearly
demonstrated by the enhanced rate capability acidduerein.
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3.4 Conclusions

In summary, the charge—discharge behavior and pghasstions of the NaCrpositive
electrode were investigated in an intermediate tatpre ionic liquid Na[FSA]-K[FSA] at
363 K. Electrochemical characterization revealedat tithe kinetics of the Na
intercalation/deintercalation processes was enlthaoel good cyclability over 100 cycles
was achieved versus when the same materials dtiliza conventional organic electrolyte at
room temperature. The desodiation of Nagr€sulted in the phase transition following the
same sequence as in the case of room temperatangirgn rhombohedral O3> monoclinic
0’3 — monoclinic P’3. The phase transitions were faaiiéitl at high temperature relative to
room temperature. The enhanced rate capabilityattebuted primarily to the facilitated Na

intercalation/deintercalation kinetics.
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Chapter 4

Pyrophosphate NaFeP,O positive electrode

in Na[FSA]-K[FSA]

4.1 Introduction

To realize forthcoming large-scale applicationsested for Na secondary batteries, the
search for suitable electrode and electrolyte naseis still challenging [1-3]. In particular, a
battery of long cycle life, low-cost, and high-dgfeneeds to be developed [3]. In Li-ion
batteries, polyanionic compounds are receiving grgwattention because of the inherent
stability of the polyanion group, thus providingsafety asset [4]. Moreover, polyanionic
compounds which exchange multiple electrons pasttian metal are particularly interesting
due to the expectation for realizing a high speatinergy [5]. From the viewpoints of cost
and mass production, the search for polyanionicpmamds containing naturally abundant Fe
as a redox center is of timely significance [6].isThas led to intensive studies of olivine
LiFePQ, [7], the leading contender as the positive el@grdor Li-ion batteries. New
compounds such as silicate ££SiQ) [8-10], fluorinated phosphate ¢EePQF) [11], and
pyrophosphate kFeRO; [12-14], have recently been identified to exhilgbod
electrochemical properties at favorable redox peakn Compared to well-established
materials for Li-ion technology, however, few irbased polyanionic compounds have been
characterized and tested for Na secondary batié;jd$—17]. For example, three Na ions can
be extracted from the mixed-polyanion compoundRegPO,).(P.O-), resulting in a capacity
of 110 mAh g* with an average voltage of 3.2 V [6]. Very recgnNaFeRO; was shown to

have a reversible capacity of 82 mAH in NaClQ, dissolved in propylene carbonate (PC) at
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room temperature [17].

Concerning Na secondary batteries, however, mastareh efforts from the scientific
community have been focused on electrode matemdisyeas the adoption of ionic liquid
electrolytes for Na secondary batteries receivag Etention [18—20]. In this context, the
combination of low-cost N&eRO; electrode materials built from abundant elements w
affordable Na[FSA]-K[FSA] ionic liquids is extrenyelinteresting to study. Herein, the
electrochemical performance of a JNaRO; positive electrode was evaluated by a
galvanostatic charge—discharge test in the Na[FEE{SA] ionic liquid at 363 K. The
mechanisms of Na extraction from JR@P0O; was also studied by ex-situ X-ray absorption

spectroscopy (XAS).

4.2 Experimental

Sodium iron pyrophosphate preR0O; was synthesized by a two-step solid-state method.
The starting materials, NaO; (Wako, 99.8%), FefD,- 2H,0 (Wako, 99%) and (Np,HPO,
(Wako, >99%), were thoroughly mixed by wet plangthall-milling in acetone for 12 h.
After evaporating the acetone, the mixture was iggdoand was initially heated at 573 K for 6
h using the tube furnace shown in Chapter 2. Thaneal sample was reground and heated
again at 873 K for 12 h. Ar flow was used to supprthe oxidation of & during the heat
treatments.

The working electrode was prepared by mixing astmgized NgFeRO;, acetylene
black (AB) conductive additive and polytetrafluottmdene (PTFE) as binder in a weight
ratio of 75:20:5. A metallic sodium disc (AldricB9.95%) were pressed onto nickel current
collector and used as the reference and countetralies. Na[FSA] and K[FSA] (56:44,
molar ratio) was used as the electrolyte. For thlgagostatic intermittent titration technique

(GITT) experiments, the cells were charged—disatrat a current density of 4.85 mA'g
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(C/20 rate) for 1 h, and then the circuit was oplenetil the voltage shift below 10 mV'h
The theoretical capacity of BEeRO; is defined as 97 mAh 4 corresponding to
one-electron transfer. The variation of electratracture and local geometric environment of
selected materials was characterized by X-ray akisorspectroscopy (XAS), as described in

Chapter 2.

4.3 Results and discussion

The XRD pattern and Rietveld refinement resultthef NaFeRO; sample are shown in
Fig. 4-1. This NgFeRO; sample exhibits an XRD pattern consistent with tbported in the
literature [21] and crystallizes in the space grBub, witha = 6.4299(4) Ap = 9.4145(8) A,

c = 11.0110(9) Ag = 64.403(5)° = 85.465(3)°y = 72.818(3)°V = 573.39(8) A, andzZ = 4.
No obvious diffraction peaks from impurities weretetted. Unit cell parameters are
presented in Table 4-1. The crystal structure stésf the corner-sharing FgOctahedra
and bridging pyrophosphate groups, thereby credange tunnel structures along specific
directions for facile Na ion migration (Fig. 4-2).

The morphology of the sample was observed by FE-SEM shown in Fig. 4-3,
as-synthesized NBePRO; particles revealed irregular morphology with diaeneranging
from 0.1 to 1um and partial aggregation. Tailoring the particlerphology in solid-state
synthesis is challenging because experiments coediat high temperature inevitably lead to
particle growth and coarsening. Unlike most of dtkeer polyanion-type positive electrode
materials, it was reported that nanosizing is reessarily required for NeePRO; because it
has a high ionic conductivity due to spacious ditn pathways [16, 17].

Like many pyrophosphate compounds with high thémstebility, NaFeRO; showed
negligible weight loss and no indication of phasensformation up to 823 K [16]. Thus,

NaFeROy; is considered to be stable at the present measutai@mperature (363 K). The
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initial three cycling profiles of N&eRO; (at a current density of 10 mA%yare displayed in
Fig. 4—4. A shift of the plateau potential was aled from the first to the subsequent
charging processes. The subsequent charge—disghrafijes coincided, indicating no major
structural change after the first charging. Thetetehemical activity centered around 3.0 V
is consistent with the reported value, indicating teasibility of the Na[FSA]-K[FSA] ionic
liquid as electrolyte [16, 17]. A reversible capmciof 91 mAh g* was observed,
corresponding to approximately 94% of the theoabtimpacity (97 mAh d). The observed
irreversible potential profile for the first chardpas also been reported forE&€RO; and
Li,FeSiQ [8-10, 12]. For LiFeSiQ, the observed decrease in the plateau potential by
0.2-0.7 V during the first oxidation was explaifgdstructural ordering processes including
the transition from a short-range ordered solidisoh to a more stable phase [8-10]. A
similar structural rearrangement is thought to oéeuhe present study. The working voltage
of NaFeROy is similar to that of the B§Fe** couple in NaFePQF (3.0 V) [15] and higher
than that of olivine NaFeP{2.7 V) [22].

Charge—discharge curves close to the thermodynamudibrium were obtained from
the galvanostatic intermittent titration techniqugGITT) in  which each
intercalation/deintercalation process is followeg @ relaxation period allowing material
homogenization. The GITT profiles measured at 4856g™ (C/20 rate) during the first two
cycles are presented in Fig. 4-5. The shape ofuhees is very similar to the one obtained
under continuous charge—discharge conditions, stipgefacile electrode kinetics with a
small overpotential, especially for the Na inteati@n process. After the structural
rearrangement upon the first charging describedglovo distinct regions were observed in
the charging profile: a low-voltage region (2.5-%)land a high-voltage region (>3.1 V). The
former region shows a sloping voltage profile wamall overpotential; whereas the latter

region exhibits a flat voltage plateau with largeipotential. Results of cyclic voltammetry
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(CV) consistently exhibit current peaks at the vate locations (Fig. 4-6). Na ions occupy
several crystallographically different sites withiNaFeRO; [17, 21], and the large
overpotential observed in the high-voltage regiayie ascribed to the extraction of Na ions
located in small channels. These Na ions seem toaley re-intercalated because the
reversible amount of Na is below one mole per fdantihe comparison of the XRD patterns
of pristine, fully desodiated, and fully sodiated,NeRO7 (Fig. 4—7) indicates that the overall
framework of NaFeROy is preserved upon electrochemical cycling.

The rate capability of the NaePRO; electrode is shown in Fig. 4-8. The cell was
charged to 4.5 V at a constant current of 5 mAand then discharged to 2.5 V at various
current densities. Approximately 66% and 52% of mh&ximum capacity at 5 mA (90
mAh g*) were observed at 2000 and 3000 mA espectively. The discharge capacity is still
clearly discernible up to at current density of @00A g™. The rate capability of NBeRO;
cycled in the Na[FSA]-K[FSA] electrolyte at 363 &significantly better than those obtained
in organic electrolytes at room temperature [16, Moreover, this high rate capability is
comparable to that of state-of-the-art electrodeensds for Li-ion batteries. For example,
LiFePQ,, a common Li-ion positive electrode, exhibited @b®80% of its theoretical capacity
at a 20 C rate [23, 24]. The prominent rate capghbilbtained here can be attributed to
improved kinetics at the elevated temperature éedldrge-tunnel structure of preRO;.
The cycling performance of MeeRO; at 100 mA g (ca. 1 C) is shown in Fig. 4-9. It
retains 75% of the initial capacity after 3000 eglThe average coulombic efficiency over
the whole experiment was as high as 99.9%. Theabijity of NaaFeRO; electrodes have
also been tested in organic electrolytes, but ésalts of only limited cycles (< 100 cycles)
are reported [16, 17]. It should be noted that #&xsellent cycle performance was achieved
using the NgFeRO; electrodes without optimization such as carbontisga The present

result demonstrates that the robust framework anactaral integrity of pyrophosphate
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allows intercalation/deintercalation of Na ions. fdaver, the high stability of NEeRO; can
be fully utilized in conjunction with a chemicallgtable electrolyte such as the
Na[FSA]-K[FSA] ionic liquid.

Although the inductive effect generated by the polgnic groups leads to a higher
operating voltage compared to simple oxides [7§ polyanionic groups simultaneously
isolating the valence electrons of transition neet#ten lead to the observed low electronic
conductivities [25]. Consequently, specific matetr@atments such as carbon-coating [26]
and/or resorting to nanoparticles are usually resrgsto achieve a high electrochemical
performance [4]. However, many manufacturing cimaes still prevent achieving
high-quality products with high consistency [27lirthermore, the volumetric energy density
(Wh/L) suffers greatly from the size minimizatios most of the nano-sized materials do not
have the practical packing scheme yet [28]. In taldito the ease and scalability of the
present solid-state synthesis, the prepared samppgsess relatively large particle size, which
improves the material packing density. The modéragevated operating temperature and
high stability of the Na[FSAJ-K[FSA] ionic liquidlso suppress the need for electrode
optimization.

XAS provided a deep insight into the change ofteteic and local structural properties
of NaFeRO; electrodes upon sodium intercalation/deintercatatiThe normalized Fe
K-edge X-ray absorption near-edge structure (XANE&ctra of the pristine, charged, and
discharged N#&eRO; are displayed in Fig. 4-10. The XANES spectra loé tfour
investigated samples differ both in the overallpgghand the energy position of the main peak.
Specifically, the main edge shows a strong sluft 4.0 eV) toward higher energy as the
charging voltage increases, and vice versa (fondgative shift). This shift of the main edge
is explained by screening effects of theelectrons leading to a stronger bond in th&" Fe

state than that in the Festate, suggesting that the reversiblé’ffe®* redox activity is
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involved in the electrochemical desodiation/sodmtreaction of N#&eRO; [29, 30]. The
pre-edge region of the XAS spectra is shown inrket of Fig. 4-10. The different shapes of
the pre-edge resonance for the pristine and chafigedarged N@&eRO; samples indicate
the irreversible changes in the local environméniE® in NaFeRO; upon electrochemical
cycling. The higher pre-edge intensity of the dasged states (sample (d)) compared to that
of the charged states (samples (b) and (c)) imphas the coordination around Fe cations
deviate from the normal octahedral coordination enegverely in the sodiated state than in
the desodiated state. Although the electrode wasgeld up to 4.8 V to explore the possibility
of extracting the second Na in ¥&R0O;, no Fe oxidation above +3 was detected (Fig. 4-11)
At this point, we can state if this limitation iz to the kinetics or thermodynamics of
NaFeRO;. A more detailed investigation is currently undayw

Fig. 4-12 shows the radial structure functionstfa pristine and charged/discharged
NaFeRO; samples, which have been obtained from Fourieistcam (FT) of the extended
X-ray absorption fine structure (EXAFS) oscillatioriThe simulation of th&-weighted Fe
K-edge EXAFS spectra (Fig. 4-13) for the presentpéasnwas performed using a limit&d
range (2.2-10.7 A&) to minimize noise. The radial structure functi@veals the scattering
contribution of the different atomic shells aroutite Fe atoms. The first strong peak
represents the octahedrally coordinated Fe—O skalbwed by several weaker peaks
corresponding to Fe—P and Fe—Fe (not clear in stases) correlations, respectively. The
interatomic distances and corresponding Debye-Wédletors of the samples are shown in
the Table 4-2. A decrease of the average Fe—O foomd2.106 A (pristine) to 1.979 A (4.0 V)
upon Na extraction is observed, which can be aitith to the oxidation of Eéto smaller
Fe’* ions as a result of charge compensation. Althahghvalence state of Fe at the end of
discharge (2.7 V) is close to that in the prissaenple, the Fe—O bond length differs by 0.092

A. Therefore, the EXAFS results verify the struatrearrangement of MeeRO- during the
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initial desodiation, which is consistent with thariation of the charge-discharge curves (Fig.

4-4).

4.4 Conclusions

NaFeRO; was synthesized via a simple solid-state reacflte NaFeRO; positive
electrode showed competent electrochemical pragsemi the Na[FSA]-K[FSA] ionic liquid
at 363 K; a reversible capacity of 91 mAft gt 10 mA g, an good rate capability of 59 mAh
g at 2000 mA @', and a high capacity retention of 75% after 3096las. XAS studies
confirm the reversible change in the Fe oxidatitatesaccompanying a variation of Fe—O
bond length upon electrochemical cycling. The ewiljeimproved kinetics of the positive
electrode at elevated temperature obviates the foeethrbon-coating or nanosizing, which
enables lowering the electrode processing cost. ddrabination of economic positive
electrode materials built from abundant elementh saas Fe, P, and Na with the safe, purely
inorganic ionic liquid electrolytes will pave theaw for the large-scale Na secondary

batteries.
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Table 4-1Atomic coordinates, site occupancies and isotrafpmic displacement parameters
of NapFeRO; obtained by Rietveld refinement.

Atom  Multiplicity X y z Occupancy U (A?
Fe(1) 2 0.72829(73)  0.39876(50)  0.21699(40) 1 (OQE20)
Fe(2) 2 0.64839(63)  —-0.00503(50)  0.26342(38) 1 FX0QL20)
P(1) 2 0.57697(117)  0.20236(77)  0.45568(73) 1 DAQB34)
P©2) 2 0.12641(107)  0.05139(89)  0.30566(69) 1 DAQB34)
P@3) 2 0.07023(132)  0.32819(95)  0.78692(66) 1 DAQB34)
P(4) 2 0.29169(111)  0.68887(82)  0.03422(69) 1 DAQB34)
Na(1) 2 0.03263(142)  0.32298(112)  0.47336(106) 1 0.03088Y
Na(2) 2 0.39601(157)  0.65625(117)  0.32377(88) 1 0.03088)1
Na(3) 2 0.21555(148)  0.33944(105)  0.09275(94) 1 0.03088)1
Na(4) 1 05 0 03333  0.03071(188)
Na(5) 2 0.17622(267)  —0.01947(210)  0.07510(192) 05 T0RES)
Na(6) 2 0.49403(866)  0.02108(576)  —0.03325(339)  0.3333 03Q¥1(188)
o(1) 2 0.01361(201)  0.22603(171)  0.29844(127) 1 0486(144)
0(2) 2 0.64689(217)  0.36706(182)  0.43310(133) 1 0486(144)
0(3) 2 0.32299(208)  0.00949(176)  0.21485(135) 1 0486(144)
0(4) 2 0.13136(199)  0.42888(145)  0.84782(128) 1 0486(144)
0(5) 2 0.77094(205)  0.04114(165)  0.53597(124) 1 0486(144)
0(6) 2 0.28485(231)  0.18505(163)  0.78971(124) 1 0486(144)
o(7) 2 0.02661(198)  0.06342(159)  0.68378(125) 1 0486(144)
0(8) 2 0.77426(207)  0.39195(158)  0.04026(136) 1 0486(144)
0(9) 2 0.43983(206)  0.56698(185)  0.15781(129) 1 0486(144)
0(10) 2 0.63251(232)  0.18082(155)  0.04420(126) 1 0.00488(
o(11) 2 0.38305(218)  0.18513(152)  0.53103(117) 1 0.00488(
0(12) 2 0.55379(236)  0.19433(168)  0.31735(120) 1 0.00488(
0(13) 2 0.06915(216)  0.76591(169)  0.10297(134) 1 0.00488(
0(14) 2 0.05739(232)  0.58456(157)  0.35364(135) 1 0.00488(
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Table 4-2 Structural parameters for the JR@RO; electrode determined by Fe K-edge
EXAFS: coordination number CN, interatomic distaftgFe—0O), Debye-Waller factar’,
and residues.

CN R/A Error 6"/ A° Error Residue (%)

Pristine 6 2.106 0.011 0.152 0.006 11.544
3.5V 6 1.974 0.012 0.145 0.006 7.192
40V 6 1.979 0.010 0.131 0.006 2.129
2.7V 6 2.198 0.012 0.157 0.007 2.698
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Intensity / a.u.

10 20 30 40 50 60 70 80
2theta / degree
Fig. 4-1X-ray diffraction with Rietveld refinement of MeeRO; (Ry, = 0.93%,R, = 0.73%,

R = 1.67%), with the experimental data (red dotg)cwated pattern (black line), Bragg
positions (green bars), and difference curve (bhe).

Fig. 4-2 A representative illustration of the crystal stwret of NaFeRO;. The FeQ@
octahedra (blue) and R@trahedra (grey) together with Na ions (greea)siown.
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Fig. 4-3SEM image of the as-prepared-NaRO;.
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Fig. 4-4 Galvanostatic charge—discharge curves of the alnithree cycles for the
Na/Na[FSA]-K[FSA]/NaFeRO; cell at a current density of 10 mA'gn the voltage range
of 2.5-4.5V at 363 K.
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Fig. 4-5GITT curves for the Na/Na[FSA]-K[FSA]/NBeRO; cell measured at 4.85 mA'y
(C/20 rate) at 363 K.
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Fig. 4—6 Cyclic voltammogram of the NBeRO; electrode in the Na[FSA]-K[FSA] ionic
liquid acquired between 2.5 and 4.0 V at 363 K.rSeae: 0.05 mV'&.
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2theta / degree

Fig. 4-7 X-ray diffraction patterns of the as-synthesized,A¢R0O;, (a) fully charged
NaFeRO; and (b) fully discharged NBeRO;. Peaks marked by an asterisk are assigned to
the aluminum current collector.
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Fig. 4-8 Discharge curves of the BleRO; electrode at various current densities at 363 K.
The charging up to 4.5 V was always conductedraisg ™.
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Fig. 4-9 Cycling performance and coulombic efficiency oé tNaFeRO; electrode at 100
mA g and 363 K. Cut-off voltage: 2.5-4.0 V.
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Fig. 4-10FeK-edge XANES spectra of (a) the pristine;NaR?0O; and NaFeRO; electrodes

(b) charged to 3.5V, (c) charged to 4.0 V, anddidharged to 2.7 V. Pre-edge region of the
XAS spectra (inset).
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Fig. 4—-11FeK-edge XANES spectra of the pristine JNaRO; and NaFeRO; electrodes at
different stages of charging.
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Fig. 4-12 Fourier transformation of F&-edge EXAFS of the pristine MNeeRO; and
NaFeROy; electrodes at different stages of charging/disgihgr
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Fig. 4-13Experimental (solid line) and calculated (dask)iRourier filtered-weighted Fe
K-edge extended X-ray absorption fine structure tspefor pristine NgFeRO; and
NaFeROy; electrodes at different stages of charging.
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Chapter 5

Pyrophosphate NaFeP,O- positive electrode

in Na[FSA]-[C3Cpyrr][FSA]

5.1 Introduction

In Chapter 4, the electrochemical properties ofFd&0; in the Na[FSA]-K[FSA] IL
electrolyte has been investigated at 363 K. Thisitpe electrode shows a good rate
capability together with an impressive cycle lifeceeding 3000 cycles. However, the high
melting point (330 K) of the Na[FSA]-K[FSA] IL linté the operation temperature range of
its batteries. In an attempt to fulfill the needr fooom-temperature operation, the
Na[FSA]-[GCipyrr][FSA] (CsCipyrr = N-methyl-N-propylpyrrolidinium) IL was proposed
because of the low melting point (264 K), high coctivity, and good thermal stability of
[C3Capyrr][FSA] [1, 2]. It has been demonstrated that tNa[FSA]-[GC.pyrr][FSA] IL
(20:80 molar ratio) exhibit an electrochemical womdof 5.2 V and an ionic conductivity of
15.6 mS cmt at 353 K [3]. By utilizing this IL as the electyoé, good electrochemical
properties have been obtained for Nagmdsitive electrodes over 298-353 K and hard
carbon negative electrodes at 363 K [3, 4].

In this chapter, the electrochemical properties oNaFeRO; in
Na[FSA]-[GCipyrr][FSA] IL over a wide temperature range of 2883 K is investigated.
The temperature dependence of the rate capabildycgclability from room temperature to
363 K is also examined. The interfacial resistaace¢he electrode surface is evaluated by

electrochemical impedance spectroscopy (EIS).
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5.2 Experimental

Sodium iron pyrophosphate prePR0O; was synthesized by a two-step solid-state method
as described in Chapter 4. The working electrode pr@pared by mixing as-synthesized
NaFeRO;, acetylene black (AB) conductive additive and petiafluoroethylene (PTFE)
binder in a weight ratio of 75:20:5. A metallic 8ot disc (Aldrich, 99.95%) were pressed
onto aluminum current collector and used as thesreete and counter electrodes.
Na[FSA]-[GCipyrr][FSA] (20:80 molar ratio) IL was used as theatrolyte.

Charge—discharge properties were evaluated usiBg 8@e coin cells with a Bio-Logic
VSP potentiostat in the temperature range 253 ® KB6as described in Chapter 2. In a
typical set of experiments, measurements were fiesformed on the cells at 363 K at a
current density of 20 mA g for 5 cycles, after which the temperature was tegeAt each
temperature step, charge—discharge tests wererpedoafter equilibration for 2 h. Since a
battery may heat up due to delays in cooling, &selting capacity measurement may depend
on the cooling conditions. In this work, the teshamber was equipped with a
temperature-controlled active flow of air to avdids problem. Electrochemical impedance
spectroscopy (EIS) measurements were performedeasrided in Chapter 2. The EIS
measurements were taken after several charge—djgchacycles for the
Na/Na[FSA]-[GCipyrr][FSA]/NaFeRO; cell and several deposition—dissolution cycles for

the Na/Na[FSA]-[GCipyrrFSA]/Na cell.

5.3 Results and discussion

The initial two cycling profiles of the NReRO; electrode at a current density of 10 mA
g ' at 298 and 363 K are shown in Fig. 5-1. A shifthef plateau potential from the first to

the subsequent charging processes is observed d&bn kemperatures. Thereafter,
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well-overlapped charge—discharge profiles are ofeskrreflecting the good reversibility of
the NaFeRO; electrode. Reversible capacities are 90 and 94 giAfat 298 and 363 K,
respectively. Compared to the study using the NAJFE[FSA] electrolyte (Chapter 4), the
electrochemical performance of the ;NeRO; electrode shows no apparent difference in
these two ionic liquids at 363 K. The differencasthe electrochemical features observed
between the first cycle and those in subsequeniesywere also reported for the same
material tested in organic electrolytes at 298 Kjolw were ascribed to the presence of Na
defects in the initial structure [5].

It is understood that batteries for automotive msest function over a broad temperature
range. A reasonable, practical requirement for idybtectric vehicles (HEVs) and plug-in
hybrid electric vehicles (PHEVS) ranges from 243348 K [6]. As shown in Fig. 5-2, the
NaoFeRO; electrode in the Na[FSA]-HC.pyrr][FSA] electrolyte functions well over a
temperature range that spans from 363 K to as $082b&8 K. At temperatures greater than 298
K, no appreciable change in the charge—dischargdilgm is observed. The reversible
capacities are over 90 mAh*cat a rate of 20 mAg (ca. C/5) within 298—-363 K, which is
close to the theoretical capacity. Although langetential polarization is observed at 253-273
K, 43% of the theoretical capacity can still beidkried at 253 K. Furthermore, its capacity is
fully recovered upon returning to 363 K, indicatitigat cell components remain intact upon
cycling in this temperature range. To the best gfkmowledge, no other studies have been
dedicated to Na battery performance at such extreangeratures. In this context, the
Na[FSA]-[GC.pyrr][FSA] IL represents a promising electrolyter fwide-temperature Na
battery applications. Importantly, the upper terapge measureable in this study is limited
by the Na metal electrode (m.p.: 371 K). An evaghbr operating temperature might thereby
be expected by utilizing an alternative negativeetbde material such as hard carbon [4].

The rate capability of the MaeRO; electrode was evaluated over 298—-363 K. The cells
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were charged to 4.0 V at a constant current of 20g and then discharged to 2.0 V at
various current densities. The results are showfign5-3. The capacities at 20 mA gre
90, 94, 94, and 94 mAh fat 298, 323, 348, and 363 K, respectively. Defjrinese values
as the reference capaciti€®) for each temperature, the ratios between thetipghcapacity
(C) and the reference value are plotted as a fundiisate, as shown in Fig. 5—4. No capacity
decline is observed when the rate increases frotn 200 mA §* for the cell tested at 363 K,
and the value of/C, remains at 87% at 1000 mA'gca 10 C). Even at a very high current
rate of 4000 mA ¢ (ca 41 C), 53% is still retained. For the cells tdst¢ 348 and 323 K,
similarly, almost no capacity decline is observe@G0 mA g*. At a rate of 1000 mAT, the
CI/Cp values remain at 82% and 68% at 348 and 323 lgentiwely. For the cell measured at
298 K, full capacity is retained at 100 mA dut rapidly drops when the current increases to
200 mA g For reference, the charge—discharge curves aedcyile dependence of
discharge capacity at high rates of 200, 500 ar@) 10A g* at 363 K are shown Fig. 5-5.
The greatly enhanced rate performance at tempegshigher than 323 K is realized by the
use of thermal stable Na[FSAJ{Cpyrr][FSA] IL, enabling the full utilization of thenal
benefits. Although the ionic conductivities of cemtional electrolytes also increase as
temperatures rise, the evaporation and degradptairiems of organic solvents can offset the
thermal effects, or even result in deterioratedtedehemical performance [6].

It should be noted that the temperature performahae battery system is complicated
and may not depend on the behavior of a single ocoent. For example, the kinetic
limitation at low temperatures may result from sioln conductivity, interfacial impedance, or
activation-controlled solid-state diffusion [7]. Btarify the rate-limiting factor in the present
case, electrochemical impedance measurements wei@mped on the Na/NBeRO; half
cell and the Na/Na symmetric cell using the sanextslyte over 298-363 K. Typical

Nyquist plots of the former cell are given in Fig-6a. Each plot consists of a semicircle and
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an inclined line on a complex plane. The high fiestry limits refer to the bulk electrolyte
resistance K,). The semicircle at the middle frequency region derived from the
charge-transfer procesB.{) at the electrode/electrolyte interface. The gtraline in the low
frequency region is attributed to Warburg diffusimssociated with finite sodium motion [8].
As shown in Fig. 5-6a, the charge-transfer restgtagxhibits a significant sensitivity to
temperature. As might have been expected, Bytrand R;; drastically decrease as the
temperature is raised, confirming that the transfeons in the electrolyte and electrons at the
electrode surface is facilitated at elevated tewmipees. These findings are consistent with
previous studies on Li-ion cells [9, 10]. Nyquisbts of the Na/Na symmetric cell are shown
in Fig. 5-6b. The most significant difference frane Na/NaFeRO; half cell occurs in the
mid-frequency range, namely, the interfacial resise. A significantly larger interfacial
impedance is acquired at 298 and 323 K. Thus, ébigcluded that the major component of
the R observed for the Na/NBeRO; cell originates from the Na counter electrode,
especially at lower temperatures. For Li-ion baterthe formation of an SEI on the lithium
metal surface is well accepted in organic electesiyas well as ionic liquids [11]. It is unclear
whether the highly resistive component observetiénpresent case is associated with the SEI
or not.

After the initial electrochemical characterizatiptise long-term cycling performance of
the NaFeRO; electrode was examined at 100 mA (ca. 1 C) at 298, 323, and 363 K. As
shown in Fig. 5-7, a remarkably stable charge—digghbehavior extending 300 cycles with
negligible capacity decay is observed for all terapges. The average coulombic efficiencies
over the whole test are 99.3, 99.9, and 99.6% 8t 393, and 363 K, respectively. These
values further approach 100% at the end of the itedicating no undesirable side reactions
occur, even at elevated temperatures. In a reepart; pristine N#&eRO; and its charged

states (NaFel®;) were characterized by in situ thermal XRD andrtiegravimetric (TG)
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analyses [5, 12]. Both studies showed no indicatibdecomposition, phase transformation,
or oxygen evolution up to about 833 K. The excelermal stability far exceeds those of
layered oxides, which can be attributed to the sblpyrophosphate §2,)*" building blocks.
Furthermore, the full extraction of Na from &R0, is accompanied by 2.6% volume
shrinkage [12]. This volume change is smaller ttheat of several positive electrodes such as
LiFePQ, (6.8%) [13], NaFePQF (4%) [14], and Ni#Fes(POy)o(P:07) (4%) [15]; thus, an
intercalation/deintercalation process with loweaist is expected. These appealing properties
can be fully utilized in conjunction with a chemllgastable IL electrolyte. The good thermal
stability and low melting point of Na[FSAJ-ECipyrr[FSA] ionic liquid enable the cell to
operate at extreme temperatures. The satisfactectrechemical properties over a wide
temperature range demonstrated here are thus atedirfrom both the excellent electrode
active material of N&ePO; and the compatible electrolyte of Na[FSA]sEpyrr]FSA. To

my knowledge, the N&eRO; electrode tested in the Na[FSA]=[Gpyrr][FSA] (and
Na[FSA]-K[FSA]) IL electrolyte shows the best cydi performance in terms of capacity
retention among the reported phosphate-based ymsitectrode materials for Na secondary

batteries, as shown in Chapter 4 and this chapter.

5.4 Conclusions

To enhance safety and extend their operating teatyrerrange, Na batteries utilizing the
NaFeRO; positive electrode and the Na[FSA]=s{Gpyrr][FSA] ionic liquid electrolyte were
proposed. Fairly stable capacity was observed 2¥8+363 K: a nearly one-electron capacity
was delivered for temperatures greater than 298nK,43% of their capacity was retained at
253 K. Furthermore, such a cell exhibited satisfgctcyclability and flexibility when

operating conditions were switched from low to higkes at 298—-363 K. The results obtained
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in this work demonstrate that combining the ecomaitty viable positive electrode
NaoFeRO; with the nonflammable Na[FSA]-RCipyrr][FSA] electrolyte could be a
promising platform for the broad spectrum of apgiicns expected for Na secondary

batteries.

79



References

[1] Q. Zhou, W.A. Henderson, G.B. Appetecchi, M. Moman S. Passerini, J. Phys. Chem.
B 112 (2008) 13577-13580.

[2] M. Kunze, S. Jeong, G.B. Appetecchi, M. Schonhdff, Winter, S. Passerini,
Electrochim. Acta 82 (2012) 69-74.

[3] C.S. Ding, T. Nohira, K. Kuroda, R. Hagiwara, A.kidnaga, S. Sakai, K. Nitta, S.
Inazawa, J. Power Sources 238 (2013) 296-300.

[4] A. Fukunaga, T. Nohira, R. Hagiwara, K. Numatalténi, S. Sakai, K. Nitta, S. Inazawa,
J. Power Sources 246 (2014) 387-391.

[5] H. Kim, R.A. Shakoor, C. Park, S.Y. Lim, J.S. KiW, Cho, K. Miyasaka, R. Kahraman,
Y. Jung, J. W. Choi, Adv. Funct. Mater. 23 (2013%7-1155.

[6] L.S. Plashnitsa, E. Kobayashi, Y. Noguchi, S. Okadarvamaki, J. Electrochem. Soc.
157 (2010) A536—A543.

[7] D. Yaakov, Y. Gofer, D. Aurbach, I.C. Halalay, Jle&rochem. Soc. 157 (2010)
A1383-A1391.

[8] A.K. Hjelm, G. Lindbergh, Electrochim. Acta 47 (Z0QL747-1759.

[9] M.C. Smart, B.V. Ratnakumar, K.B. Chin, L.D. Whiteek, J. Electrochem. Soc. 157
(2010) A1361-A1374.

[10] F. Castiglione, E. Ragg, A. Mele, G.B. Appetecdhi,Montanino, S. Passerini, J. Phys.
Chem. Lett. 2 (2011) 153-157.

[11] N. Byrne, P.C. Howlett, D.R. MacFarlane, M. ForsytAdv. Mater. 17 (2005)
2497-2501.

[12] P. Barpanda, G. Liu, C.D. Ling, M. Tamaru, M. Avde&.C. Chung, Y. Yamada, A.
Yamada, Chem. Mater. 25 (2013) 3480-3487.

[13] Z.L. Gong, Y. Yang, Energy Environ. Sci. 4 (2012P3-3242.

[14] B.L. Ellis, W.R.M. Makahnouk, W.N. Rowan-WeetalukfuD.H. Ryan, L.F. Nazar,
Chem. Mater. 22 (2010) 1059-1070.

[15] H. Kim, I. Park, D.H. Seo, S. Lee, S.W. Kim, W.Jvéh, Y.U. Park, C.S. Kim, S. Jeon,
K. Kang, J. Am. Chem. Soc. 134 (2012) 10369-10372.

80



Cell voltage / V

2.0 --- lstcycle

- —— 2nd cycle

1'5 ] ] ] ] ] ] ] ]
0 20 40 60 80 100

Capacity / mAh g?

Cell voltage / V

2.0

--- lstcycle
- —— 2nd cycle

1.5 ] ] ] ] ] ] ] ] ] ]
0 20 40 60 80 100

Capacity / mAh g*

Fig. 5-1 Galvanostatic charge—discharge curves of the alnitwo cycles for the
Na/Na[FSA]-[GC.pyrt][FSA]/NaFeRO; cell at a current density of 10 mA’gin the
voltage range of 2.0-4.0 V at (a) 298 K and (b) B63
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Fig. 5-2 (a) Galvanostatic charge—discharge curves
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Na/Na[FSA]-[GC.pyrr][FSA]/NaFeRO; cell at 20 mA §* over 253-363 K. (b) Discharge

capacities of the N&eRO; positive electrode as a function of operating terapure and

cycle number. Cut-off voltage: 2.0-4.0 V.
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Fig. 5-3 Discharge curves for the Na/Na[FSA]s{Gpyrr][FSA]/NaFeRO; cell at various
current densities at (a) 298, (b) 323, (c) 348, @®63 K. The charging was conducted at 10
mA g *. Cut-off voltage: 2.0-4.0 V.
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Chapter 6

Pyrophosphate Na_,Fe;.,»,P,O- positive electrode

in Na[FSA]-[C3Cpyrr][FSA]

6.1 Introduction

As mentioned in Chapter 1, layered oxidesNNa, (M = transition metal) are generally
recognized as one of the most plausible positiextelde candidates for Na secondary
batteries [1-6]. However, most of these materialdengo complicated phase transitions and
have been shown to possess irreversible struatamsition upon cycling [2, 4]. Besides, their
long term cyclability and rate capability are irfszient to meet necessary requirements for
practical applications [3-5].

In order to overcome such limitations in electropgerformance, phosphate-based
framework materials have been proposed as posieetrode materials for Na secondary
batteries [7-12]. As demonstrated in Chapters 4 &ndthe author has focused on
pyrophosphate N&ePRO; and studied its electrochemical properties in IS&K[FSA]
and Na[FSA]-[GC.pyrr][FSA] ionic liquids at 363 K and 253-363 K,spectively. The
robust framework undergoes a topotactic Na insafiiraction reaction with small volume
change upon electrochemical cycling, in which #rgé tunnel provides facile pathways for
Na. However, they are less appealing in terms ebrftical capacity (97 mAh™ as
compared to layered oxides (110-120 mAf) gwing to the presence of the@ units that
induces a weight penalty [13]. Recently, ,NB&e;+x2P.0; compounds (0 « < 0.44) were
synthesized and evaluated as a positive electraterials for Na secondary batteries using

organic electrolytes at room temperature [14, T%Je substitution of Na with Fe would
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directly influence the active Na sites and the dowtion environment of the redox center,
resulting in distinct electrochemical charactecsti The electrochemical reaction of
Nao_Few2P.0y is expressed as following [14]:

Nap_Ferw2(I1)P207; — Nag_agFerw(ll)P20; + (1 +x/2)(Na' + €)
Notably, the theoretical capacity for the extrertmchiometric composition, Nad~e; 2P0y
(x = 0.44), is estimated to be increased to the sighalue of 118 mAh g, assuming that
1.22 Na is reversibly intercalated/deintercalaté the redox reaction of 1.22 £4¢€**. A
comparison between end members op Na .-P.O; (i.e.,x = 0 and 0.44) is therefore of
importance, as it would provide an avenue for thhecteochemical properties of the
pyrophosphates to be maximized through compostdesign. However, the full theoretical
capacity of Nasd~e .07 has not realized so far. The reversible capaatyes typically
reported in the literature aa 85 mAh g* and generally include only reports of limited
cycles [14, 15].

In this Chapter, the electrochemical properties Wi sde .07 in the
Na[FSA]-[GCipyrr][FSA] IL at 298-363 K are investigated and qmared to those of
NaFeRO; under the same experimental conditions, in ordeurnderstand the effect of
altering the stoichiometric ratio of Na to Fe, inpalyanion-type positive electrode. The
dependence of the rate capability and the cyctgli these electrodes on temperature are

also examined.

6.2 Experimental

Sodium iron pyrophosphates Ngre +2P,O7 (x = 0 and 0.44) were synthesized through
a two-step solid-state method as described in @hagt but with different Na/Fe

stoichiometric ratios. The working electrode waspgared by mixing as-synthesized

89



Nay sd-e 2P>07, acetylene black (AB) conductive additive and pethafluoroethylene
(PTFE) as binder in a weight ratio of 75:20:5. Ataflec sodium disc (Aldrich, 99.95%) were
pressed onto aluminum current collector and usetheageference and counter electrodes.
Na[FSA]-[GCipyrr][FSA] (20:80 molar ratio) IL was used as theecatrolyte.
Charge—discharge properties were evaluated usiBg B@e coin cells with a Bio-Logic VSP

potentiostat, as described in Chapter 2.

6.3 Results and discussion

Although Na sd~e ,,0; was first synthesized and characterized usinglesingystal
X-ray diffraction by Angenaulet al in 1995 [16], no electrochemical data was repbite
that work. The XRD pattern and Rietveld refinemerdgsults of as-synthesized
Nay sd-€e1 2,07 are shown in Fig. 6-1. The NaFe ,P.0; sample crystallizes in the space
group P-1, with a = 6.4215(3) Ab = 9.390(4) A,c = 10.978(4) Aa = 64.546(10)°p =
86.091(12)°y = 73.013(13)°V = 569.8(4) &, andZ = 4. Unit cell parameters are presented
in Table 6—1. The lattice parameters of, Nge .0, are in good agreement with previously
reported microcrystalline and single crystal ddts, [16]. No obvious diffraction peaks from
impurities are detected.

A compositional analysis of the as-synthesized_Ra..P,O; (x = 0 and 0.44) were
conducted using ICP-AES and AAS. The results aeegnted in Table 6—2. The atomic ratios
are Na:Fe:P = 1.97:0.998:2 for M@&RO; (x = 0) and Na:Fe:P = 1.47:1.22:2 for
Nag sd-e1 2,07 (x = 0.44). The consistency between analytical reandl the expected
compound verifies the feasibility of the solid-stahethod adopted. The morphology of
Nay sd-€e1 2,07 was observed by FE-SEM. As shown in Fig. 6—2, 9 »,07 possesses
broad size distribution ranging from hundreds ohoraeters to a few micrometers. No

distinct difference in the morphology is found whampared to that of NBeRO;.
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A comparative study of the crystal structures of dae, »,0; and NaFeRO; reveals
the similarities and the differences between théucording to the structural models
proposed for Ngsd~e; 2,07 and NaFeR0O;[10, 16], both the compounds possess a similar
framework in which the FeQoctahedra interconnect with the@® units resulting in
three-dimensional and large interstitial spacesutin which Na ions can diffuse (Fig. 6-3).
On the other hand, compared to,NeRO;, the occupancy of Na6 sites is reduced to 0 and
the occupancy of Na4 sites is increased from 0t833.882 in the case of NefFe 2P.0-.

The Nab5 sites are partially occupied by Fe wittbeacupancy of 0.118 in addition to one Na
site in the large tunnel along theaxis (Nal) being partly replaced by Fe in B&e »,07,
whereas no site mixing is found in &PR0O;. The presence of co-occupied sites results in a
much larger mean value for the cation—oxygen bendth compared to that of the other EeO
units (na = 1.02 A >re* = 0.78 A) [16]. Therefore, polyhedral units aresidered to be
more distorted in Niasé~e1.2.07 than in NaFeRO.

The initial two cycling profiles of the Nad~e .0, electrode at a current density of 10
mA g ! at 298, 323, 348, and 363 K are shown in Fig. 6k& shift of the plateau potential
from the first charging curve to the subsequentgihg curves becomes small as temperature
rises. The absence of the plateau at 2.5 V focétligested at 298 K may be due to the slow
kinetics of desodiation at lower temperature. Besidwell-overlapped charge—discharge
profiles are observed for all temperatures inveséid, reflecting the good reversibility of the
Nay sd=e, -0 electrode. Reversible capacities are 90, 99, 404,108 mAh ¢ at 298, 323,
348, and 363 K, respectively. The capacity (90 ngAh is slightly higher than that tested in
organic electrolytes (85 mAh Y under the same 298 K, which could be explainedhiey
successful synthesis as well as the use of chdgisgdble IL electrolyte [14]. More
importantly, the highest capacity of 108 mAH bas been obtained for the first time by the

elevation of temperature to 363 K. This result aomé that a moderately elevated operating
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temperature can effectively enhance the utilizatiatio of active materials, resulting in a
higher capacity.

In comparison with Nd&eRO;, Na sde 28,07 clearly shows better electrochemical
characteristics (Fig. 6-5). At 298 K, the N&e ,P,0O; electrode exhibits a smooth
charge—discharge profile, a smaller voltage shiftirdy the first charging cycle, and a
reversible capacity of 90 mAh™g At 363 K, the voltage shift for the Nafe »20;
electrode becomes almost negligible and the rdMersiapacity is evidently improved by
15% (108 mAh @), which corresponds to approximately 92% of theottical capacity
based on the one-electron reaction. The well-oppdd feature of the first and the second
charging curves implies that NaFe, »>,0O; may be more resistant to atmospheric poisoning,
resulting in better preservation of the initial istbometry. Notably, the voltage profiles of
Nag sde1 2,07 and NaFeRO; also exhibit a pronounced difference. While two
distinguishable voltage plateaus are observedsa? 2nd 3.0 V in the case of preRO;, for
Nay sd-e1 2,07 the plateau at 2.5 V becomes narrower while a pleteau appears at 3.8 V
(Fig. 3b). The distinct voltage profiles imply thidle active Na intercalation/deintercalation
sites of the two compounds are altered as the ddtida to Fe is varied. The results also
indicate that the operating voltage is influencegdtlie local environment of the polyanions
[17]. An upward shift in the discharge curves is@ived for Nasd~e; »P,07, leading to a
higher average operating voltage.

The mechanisms by which Na is extracted from J§ée; >0, were studied by ex-situ
XRD. Fig. 6-6 indicates that the XRD patterns atthsamples (a) as-synthesized, (b) fully
charged, and (c) fully discharged Ng-e .07 show no significant differences, confirming
that the overall framework of Nade .07 is preserved during electrochemical cycling.
There are no apparent evidences for the formatiarew phase in the fully charged state,

indicating that the Nade .07 electrode undergoes reactions in a single-phabes T

92



finding is in agreement with previous report in ahia series form of Nas e ,F.0; was
prepared via chemical sodiation and desodiatioh [15

The rate capability of the Nade; »P,07 electrode was evaluated over 298-363 K. The
cells were charged up to 4.0 V at a constant ctidensity of C/10 (11.8 mA§ and then
discharged down to 2.0 V at various rates. Theiobthdischarge curves are shown in Fig.
6—7. The discharge capacities are plotted as atifummf discharge rate at various
temperatures in Fig. 6—8. The capacities decredbeinecreasing current densities for all the
cells because the reactions are kinetically comsdaat high rates. Nevertheless, the capacity
remains its 77%, 89% and 90% when the rate incdefisen C/5 to 10 C for the cells tested
at 323, 348 and 363 K. The reversible capaciti&6atK are 106, 97, 88, 78, and 64 mAh g
at current rates of 2 C, 10 C, 20 C, 30 C and 40@e€pectively. By contrast, the capacity
rapidly dropped when the current density increagetb 2 C for the one measured at 298 K.
In previous chapters, it has been demonstratedfibaransfers of ions in the electrolyte and
electrons at the electrode surface are facilitatiedlevated temperatures. Moreover, it has
been indicated that the rate-limiting factor foe thalf cell at intermediate temperature (298
and 323 K) originates from the Na counter electrodther than the positive electrode side.

The long term cycling performance of the,Ngre; »,0; electrode at 1 C (118 mAYy
at 298, 323, and 363 K is shown in Fig. 6-9. A ad&rsbly stable cycle behavior with
negligible capacity decay (< 1.5%) over 300 cydesbserved. The average coulombic
efficiencies over the whole test are 99.9, 99.8, 2&.7% at 298, 323, and 363 K, respectively,
indicating no undesirable side reaction occurs.ddwer, at a rate as high as 20 C (2360 mA
g ) at 363 K, 71% of the initial capacity is retaingtier 3000 cycles, as shown in Fig 6-10.
The average coulombic efficiency is as high as ®%.9It was reported that the volume
change between the fully desodiated and sodiateddNa -0, was 1.9% [15], which is

extremely small compared with other phosphate-basa@rials including NaFeR{17.6%)
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[18], NaVo(POQ)s (8.3%) [19], NaFes(PQy),P-0; (4%) [20], and NgFeRO; (2.6%) [10].
The outstanding cyclability is likely attributed tioe negligible volume variation of the rigid
pyrophosphate framework that is less sensitive & imsertion/extraction. Furthermore, a
chemically stable IL electrolyte Na[FSA]-4Cipyrr][FSA] would also contribute to the long
cycle life. This result is reminiscent of the wkllown zero-strain LiTisO;2 electrode for Li
secondary batteries, confirming the importancehefdmall volume change in achieving high
cycle stability [21]. Although the theoretical cafigt of Na sd~e1 , 07 is less than recently
reported layered oxides positive electrodes [3tHg,rate capability and cyclability achieved

here obviously surpasses them.

6.4 Conclusions

By altering the Na/Fe stoichiometric ratio, N&e;+»P,0O7 (x = 0 and 0.44) have been
successfully synthesized and their electrochenpecaperties have been investigated in the
Na[FSA]-[GCipyrr][FSA] IL at 298-363 K. Nasd-e 2.P-0; exhibits a reversible capacity of
108 mAh g at 363 K, which is 15% improved compared with tbiNa,FeRO; under the
same condition. Moreover, good rate capability eyalability over 3000 cycles are achieved
for Nay sd~e1 2P>,07. The high performance positive electrode materalssisting of earth
abundant Fe, P, and Na is promising for the fututespread use of Na secondary batteries.
It is also expected that more superior polyaniccoecnpounds will be developed through

composition design.
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Table 6—-1Atomic coordinates, site occupancies and isotrafpmic displacement parameters

of Na, sd~e1 2P-0O7 obtained by Rietveld refinement.

Atom  Multiplicity X y z Occupancy U (A?
Na(1) 2 0.2048(18) ~0.1326(14)  0.5980(12) 1 0.042(2)
Na(2) 2 0.4125(19) 0.1560(12) ~0.1656(10) 1 0.042(2)
Na(3) 1 05 05 05 0.882 0.042(2)
Na(4) 2 ~0.0297(11)  0.1744(8) 0.0215(7) 0.677 0.013(2)
Fe(1) 2 0.3477(8) 0.5104(7) 0.2324(6) 1 0.0192(15)
Fe(2) 2 0.2739(8) 0.0995(5) 0.2803(5) 1 0.0192(15)
Fe(3) 2 0.856(6) 0.400(5) 0.403(3) 0.118 0.0192(15)
Fe(4) 2 ~0.0297(11)  0.1744(8) 0.0215(7) 0.323 Q@13
P(1) 2 ~0.0777(14)  0.1619(12) 0.7304(8) 1 0.0288(1
P©2) 2 0.2863(13) 0.1942(10) 0.5381(9) 1 0.0258(18)
P@3) 2 0.5814(14) 0.7048(10) ~0.0363(8) 1 0.0258(18
P(4) 2 0.8532(15) 0.4594(12) 0.2028(10) 1 0.0258(18
o(1) 2 0.081(2) 0.2722(17) 0.6149(14) 1 0.0046(2)
0(2) 2 0.748(3) 0.529(2) 0.0517(165) 1 0.0046(2)
0(3) 2 ~0.077(3) 0.0365(18) 0.6659(13) 1 0.0046(2)
0(4) 2 -0.291(3) 0.324(2) 0.6862(13) 1 0.0046(2)
0(5) 2 0.069(2) 0.1067(17) 0.8617(16) 1 0.0046(2)
0(6) 2 0.422(3) 0.0949(17) 0.6383(16) 1 0.0046(2)
o(7) 2 0.173(3) 0.1087(18) 0.4653(16) 1 0.0046(2)
0(8) 2 0.346(3) 0.3291(18) 0.4341(16) 1 0.0046(2)
0(9) 2 0.669(2) 0.8783(18) ~0.0571(13) 1 0.0046(2)
0(10) 2 0.563(2) 0.7234(19) —0.2159(14) 1 0.0046(2)
o(11) 2 0.362(2) 0.6897(16) 0.0289(12) 1 0.0046(2)
0(12) 2 1.048(3) 0.5315(18) 0.1843(16) 1 0.0046(2)
0(13) 2 0.983(3) 0.3546(19) 0.1532(16) 1 0.0046(2)
0(14) 2 0.699(3) 0.4399(19) 0.2929(14) 1 0.0046(2)
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Table 6-2ICP-AES compositional analysis for the as-synttessiNa e +2P.O; (x = 0 and
0.44).

Weight (%) Atomic rati®
Na Fe P Na Fe P
x=0 15.5 19.1 21.2 1.97 0.998 2
x=0.44 11.7 23.7 21.4 1.47 1.22 2

& Calculated as P was normalized to 2.
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Fig. 61 X-ray diffraction with Rietveld refinement of Nade; ,0P.0; (Ryp = 0.88%,R, =
0.60%) with the experimental data (red dots), dated pattern (black line), Bragg positions
(green bars) and the difference curve (blue line).

Fig. 6—2SEM image of the as-preparedNge, ,.0;.
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_.-Nal/Fe

Na2

Fig. 6-3 Crystal structures of (a) NéeRO; and (b) Nasde .P,0;, with FeQ and PQ
polyhedra shown in blue and gray, respectively. N&, P and O are green, blue, grey and
orange, with the shading indicating occupancy.
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Fig. 6-4 Galvanostatic charge—discharge curves of the alnitwo cycles for the
Na/Na[FSA]-[GCipyrr][FSA]/Nay sde1 »4P,07 cell at a current density of 10 mA’gn the
voltage range 2.0-4.0 V at (a) 298 K, (b) 323 K,348 K and (d) 363 K.
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Fig. 6-5 Galvanostatic charge—discharge curves

for

the

Na/Na[FSA]-[GCipyrr][FSA])/Nap_Fer P07 (x = 0 and 0.44) cell at a current density of

10 mA g* in the voltage range 2.0-4.0 V at (a) 298 K anjd3@8 K. Na sd~e »07: Red

line. NaFeRO;: black line.
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As-synthesized Na.Fe, ,P,0,

Intensity / a.u.

10 15 20 25 30 35 40 45
2theta / degree

Fig. 66 X-ray diffraction patterns of the as-synthesizea M-e ,.P.O;, (a) fully charged

NafFeRO; and (b) fully discharged Nade .>.0;. Peaks marked by an asterisk are
assigned to the aluminum current collector.
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Fig. 6—7 Discharge curves for the Na/Na[FSA]={Gpyrr][FSA]/Naysde P07 cell at
various current densities at (a) 298, (b) 3233483, and (d) 363 K. The cell was charged at
C/10 (11.8 mA g"). Cut-off voltage: 2.0-4.0 V.
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Fig. 6-8 The rate capability of the MaFe +-P,O; (x = 0 and 0.44) positive electrode at
298-363 K. The cell was charged at C/10 (11.8 mA. gCut-off voltage: 2.0-4.0 V.
Nay sd-€e1 2P>07: solid line and solid mark. NBeRO7: dotted line and open mark. The lines
connecting the capacity data are only guides t@yee
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Chapter 7

Orthosilicate Na,MnSiO, positive electrode

in Na[FSA]-[C3Cpyrr][FSA]

7.1 Introduction

While interest in Na secondary batteries has granamy advances need to be done in
terms of energy and power density if Na batteries t# be present in future versatile
applications [1-3]. Especially, the reversible aajes of positive electrode materials are
extremely important in the capacities of full cg#$.

The chemical similarities between Na and Li imphatt the heavily studied electrode
materials for Li batteries provide the superiordity for research on Na batteries [5, 6]. This
concept has been explored both experimentally lagaketically [5—12]. As the ionic radius of
Na ion (1.02 A) is 34% larger than that of Li idh {6 A), electrode materials suitable for Li
batteries are not always feasible for Na batterizse to the open structure and large
interstitial space, layered oxides (AMQA = Li, Na; M = transition metal) [7, 8], NASCION
(Na-superionic conductors,s®M2(PQy)3) [9, 10] compounds, pyrophosphatesN#,0;) [11,

12], and phosphate fluorides MAPO4F) [13, 14] are generally able to accommodate both
alkali ions. However, most of these require an wnpd reversible capacity and/or rate
capability. Recently, orthosilicates f;MSiO4) have been proposed as promising Li storage
materials due to the low-cost, environmental betygand excellent safety characteristics
[15-19]. Most importantly, they offer the possityiliof realizing two-electron exchange per
formula leading to a high theoretical capacity af 830 mAh @ To my knowledge, however,

orthosilicates remains as unexplored Na host matrix
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For Li-ion batteries, orthosilicates of satisfagt@tectrochemical performance generally
necessitate nanosizing and carbon coating to ingptbeir ionic and electronic transport
properties [17, 18]. Intermediate-temperature dpmralca. 333 K) is also being pursed to
enhance the electrode kinetics [15, 17]. Howe\adetyg issues and poor cyclability, owing to
volatility and flammability of electrolytes, havedn inevitable obstacles [20]. lonic liquids
(ILs) are characterized as task-specific media gwantheir nonflammability, good thermal
and electrochemical stability [21]. Recent advankase suggested that ILs represents a
viable solution to disappointing compromises betweaergy density and safety features in
Li batteries [22]. The unique features make ILsdwal electrolyte to investigate the electrode
performance at moderate and elevated temperatbdogsNa battery applications, we have
developed a series of ILs based on bis(fluorosyljamide (FSA) anion [23-25]. Among
these, the Na[FSA]-[{Cpyrr][FSA] IL (20:80 molar ratio; ECipyrr =
N-methylN-propylpyrrolidinium) possesses an electrochemigatiow of 5.2 V and an ionic
conductivity of 15.6 mS cm at 353 K [25]. Moreover, this IL has been sucagssfipplied
to Na batteries in a wide temperature range of 263K [26, 27].

In this chapter, orthosilicate BnSiO; (theoretical capacity of 278 mAh'ghased on a
two-electron reaction) was evaluated for itsas@ Na storage material for the first time. The
Na[FSA]-[GCipyrr][FSA] IL electrolyte was utilized to exploits electrochemical behavior
from ambient (298 K) to elevated temperatures (883 The structural variation upon

electrochemical cycling and thermal stability walgo investigated.

7.2 Experimental

Sodium manganese orthosilicate ,MaSiO, was synthesized by a sol-gel method as
reported [28]. Sodium acetate (Aldrich, 99.0%) amanganese acetate tetrahydrate (Wako,

>99.9%) were dissolved in deionized water and addeal solution of tetraethylorthosilicate
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(TEOS) (Aldrich, >99.0%) in ethanol. A proper ambohacetic acid was added to accelerate
the hydrolysis of TEOS. The resultant solution waiged thoroughly for 20 h. After full
evaporation of the solvent, the dry powder was gdoat room temperature and calcined at
973 K in Ar for 12 h using the tube furnace showrChapter 2. Carbon coated NmSiO,
(NaxMnSiO,/C) was prepared by adding sucrose to the solldore drying. The desodiated
form, Na gMnSiO,, was prepared by chemical oxidation with nitronitetrafluoroborate

NO,BF, oxidizer (Aldrich, >95%) in acetonitrile (Wako, tea content < 50 ppm) at 333 K
for 24 h. Since NgBF, is a strong oxidizing agent with a high redox ptitd of NO; /NO,

at 5.1 V versus [iLi [29], the reaction was carried out in a PFAatea The resultant
compound was washed several times with fresh aite®nn a dry chamber, followed by
vacuum-dried at 333 K for 24 h. The content of Mathe desodiated compound was
determined by X-ray fluorescence analysis (XRFaRigeDXL 300).

The electrochemical properties of the orthosilisateere assessed using 2032 type coin
cells with a Bio-Logic VSP potentiostat as desalibe Chapter 2. The working electrode was
prepared by mixing NMnSIO, or NaMnSiOJC, acetylene black (AB) and
polytetrafluoroethylene (PTFE) in a weight ratio7&:20:5. A metallic sodium disc (Aldrich,
purity 99.95%) pressed onto an aluminum currerlectir was used as the negative electrode.
Na[FSA]-[GCipyrr][FSA] (20:80 molar ratio) IL was used as tHeaotrolyte. The working
electrode was impregnated under vacuum with therelgte at 333 K for 1 day prior to the

test.

7.3 Results and discussion

In a previous study by Duncas al. [28], N&MnSiO, was prepared and used as the start

material to obtain a metastable polymorph ofMnSiO, via ion exchanging, because the
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latter compound cannot be directly synthesizedviehadopted the same synthetic method of
NaMnSiO,. Fig. 7-1 shows the XRD pattern of the obtainede; the as-prepared material
matches the previously known monoclinic phase wvilie space groug’n (PDF No.
00-055-0638), which is consistent to that obtaibgduncanret al.. Some impurities, namely
MnO and trace amount of B&IO;, were unavoidably present. The unidentified ddfien
peaks may be assigned to anothesNNE5iO, phase that crystallized into a different crystal
structure because lithium orthosilicates are knaavprovide rich polymorphs [30]. Similar
kinds of impurity phases were also noticed by othesearchers during synthesis of
A.MnSiO, (A = Li, Na) by a variety approaches [16, 28, 33}-FBynthesis of high purity and
single phase orthosilicates has been a long-stgngaal. It has been speculated that an
overlap exists between the stability domains ofrtfan and impurity phases, so isolating an
impurity-free LbMnSiO, is very difficult [33]. Recently, the relative &ity of various
Li,FeSiQ, polymorphs was investigated from first-principlesculations [34]. All of them
were shown to have very similar energies, accompgnyith many subtle variations
between the connectivity of tetrahedral sites ommipy Li', Si**, F&*, which explains the
difficulties to control the synthesis of single pkhalLbFeSiQ. For practical utilization of
orthosilicates for Na batteries, further optiminatof synthesis protocols is required.

A,MSiO, compounds belong to the material genre knowneasetinahedral structures [30,
35]. These structures are based on a distortedybaghclose-packed array of oxide ions with
all cations in distorted corner sharing tetrahedrae crystal structure dPn-Na,MnSiO,
illustrated in Fig. 7-2 have the Mp@nd SiQ tetrahedra, all nearly pointing to the same
direction along to the axis, belonging to a non-centrosymmetric spacemgrou

Morphological features of N®INSiO, and NaMnSiO4/C are shown in Fig. 7-3. It can
be observed that the pristine NmSiO, consists of irregular congregated particles wihi t

particle size of 100-400 nm (Fig. 7—3a), while;MaSiO,/C exhibits smaller particle size
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below 100 nm (Fig. 7-3b). The TEM image shown ig. F3c illustrates the porous feature
of NaeMnSiO,/C composite. The HRTEM image indicates thatNiaSiO, nanoparticles are
quite crystalline and coated by a thin layer of gwhous carbon (Fig. 7-3d). Energy
dispersive X-ray spectroscopic (EDS) analysis aeguin TEM also confirms the uniform
distribution of carbon coating around the ,MaSiO, particles (Fig. 7-3e). The
Brunauer—Emmett—Teller (BET) specific surface dased.3 and 29.3 g™ for the uncoated
NaMnSiO, and NaMnSiO,/C composite, respectively (Fig. 7—4). The carbontent in the
composite is 13.5 wt% according to elemental amalyBuring the high temperature
calcination, the decomposition of sucrose is acamga with an evolution of gases that
leave sufficient porosity to the final compositehil@ the carbon coating formed
simultaneously with the heat treatment on the serfat NaMnSiO, inhibits further particle
growth. In such architecture, the carbon coatinguess fast paths for electrons while the
pores enable good ionic wiring (electrolyte diattibn). The latter is particularly important
for ILs because they possess a higher viscosity tinganic electrolytes [36].

It is generally recognized that a conductive carbbayer is essential to study the
electrochemical activity of kMnSiO, [28]. It is also true for N&MnSiO,; as can be seen in
Fig. 7-5, almost no Na can be extracted from urtbalaMnSiO, due to its low electronic
conductivity. Typical Nyquist plots of the uncoatand carbon-coated WAnSiO, electrodes
are shown in Fig. 7—6. Both of them exhibit a sercle in the high frequency region and a
straight line in the low-frequency region. The nuiced value of the semicircle diameter on
the Z’ axis is approximately equal to the chargasfer resistancdl(). Results show that the
carbon-coated NBINnSIO, displays apparently lower charge-transfer restgara higher
electroactivity is thus expectable.

The initial two charge—discharge profiles of the,MaSiO,/C electrode at a rate of C/10

(13.9 mA g?) at 298, 323, and 363 K are shown in Fig. 7—7anhb, c. The first charge curve
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with a short voltage plateau region around 3.0 \disinct from those of the succeeding
cycles, wherein only monotonically sloping curves abserved. Reversible capacities of 70,
94 and 125 mAh g are obtained for the cell tested at 298, 323 a6l I8, respectively.
Approximately 0.9 Na ions per unit formula can leearsibly extracted/inserted from the
NaMnSiO, crystal at 363 K (Fig. 7—7c). Obviously, the ai&ion of polarization and
increase in capacity are observed with temperadleeation, which can be attributed to
enhanced kinetics at elevated temperatures [18]si®vn in Fig. 7-7d, the reversible
capacity of the NaMnSiO,/C electrode fades gradually upon cycling. The capaetention

is about 80% at the 10th cycle for all temperatunesstigated and further improvement on
the cyclability is required for practical applicati Nevertheless, considering that lithium
orthosilicates generally suffer from a very loweraapability [19, 30], an acceptably high rate
capability is observed for the pPMnSIiOJ/C electrode at 363 K. As shown in Fig. 7-8, the
electrode is capable of delivering a capacity &, 6 and 34 mAhJat 1 C (139 mAd), 3

C and 10 C, respectively.

Structural evolution of NnSiO, upon electrochemical cycling was investigated by a
ex-situ XRD analysis. As shown in Fig. 7-9, crylgtal N&MnSiO, collapses upon the first
charging (Na removal), leaving behind an amorphphase; furthermore, the diffraction
peaks are not recovered during the consecutivenatige (Na insertion). This irreversible
structural transformation accounts for the chamgéhé charge—discharge profiles. Although
the structural change is significant, the transtuinphase can still reversibly accommodate
Na ions, as can be seen in Figs. 7-7 and 7-8. EMnISIO,, different electrochemical
features in the first cycle have also been obsef¥6d18, 19, 28] and a strong tendency to
become amorphous upon delithiation was confirmedirbgitu XRD analysis and DFT
calculations [19, 37]. Furthermore, it was alsoorégd that the electrochemical behavior of

two Li,MnSiO, polymorphs differed only during the first cycle8]2 From the viewpoint of
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practical application, having a mixture of polymiospor a single phase orthosilicate for
electrode materials appears to be only a minoreisauthe present case. Besides, severe
capacity fade issues are generally observed feMn$iO, [16-19, 28, 32, 37]. It was
speculated that the amorphization of the latticesequently inhibits re-insertion of Li ions,
resulting in the unsatisfactory cyclability [19,]37

Safety is an essential concern for large-scaleebatipplications; in particular, good
thermal stability of the positive electrode matemathe charged (desodiated) state is crucial
to realize an intrinsically safe battery. Fig. 7-dl@ows the thermogravimetric/differential
thermal analytic (TG—DTA) profiles for NEInSiO, and its desodiated state gN&INSIiO,) at
a heating rate of 5 K mih under the flow of Ar. During heating up to 773 fistine
NaMnSiO, shows negligible weight variation, while the desbteld phase shows a weight
loss of 7%. The DTA profiles for both states do nehow any noticeable
endothermic/exothermic peaks in the same temperatmge. Such excellent thermal stability
of N&MnSiQ, is comparable to those of other safe positivetelde materials for lithium
batteries, including the olivine family that is kmo to be thermally stable due to the strong
P—O bonding. For the pristine state, LiMnfP&nd LiFePQ were reported to be thermally
stable up to 673 K [38, 39]. When comparing in tharged state, the thermal stability of
Nay gMnSiOy is substantially better than that of MnP@23-473 K) [40] and is comparable
to that of FePQ(773 K) [41]. The superior thermal properties loé brthosilicate will render
a safe battery with high tolerance to extreme teatpees.

The present study also demonstrates that ionicdégoan be advantageous electrolytes
for intermediate-temperature evaluation of the tet@hemical properties of new electrode
materials that may otherwise be overlooked. Legrriiom the strategies proposed for the
Li,MSiO, positive electrodes, further reducing of the p#etisize and improving of the

dispersibility [42, 43], tailoring of the electrod®chitecture or utilizing advanced carbon
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substrates [44, 45], can positively improve thetetehemical performance of this material.

7.4 Conclusions

Carbon coated NMnSiO, was synthesized by a so-gel method and evaluatadgé as a
positive electrode material for Na secondary bigsensing Na[FSA]-[€Cpyrr][FSA] IL in
the temperature range 298-363 K. A reversible dgpat 125 mAh g* with an acceptably
high rate capability was achieved at 363 K. Althoigsues that include increasing the sample
purity or improving the cyclability should be adsgsed prior to practical applications, this is
the first practical demonstration of an orthosikkc&lectrode material for Na batteries. The
low cost, high theoretical capacity, and remarkablkermal stability allow NaMnSiO, to
potentially serve as a positive electrode mateFRatther exploration of NMSiO, (M = Fe,
Co, Ni, and Ti) materials may offer new opportusstito make substantial improvements in

capacity, voltage, and cyclability of positive dtedes for Na secondary batteries.
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Fig. 7-1 XRD patterns of pristine NMInSiO,. Bragg diffraction positions for the parent
phase (green ticks for MdnSiO,) and impurities (blue ticks for MnO and orange tidks
NaSiOs) are shown. Triangles represent unidentified peaks

Fig. 7-2A representative illustration of the crystal sttre showing an arrangement of MnO
(blue) and SiQ(pink) tetrahedra together with Na ions (yellow).
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Fig. 7-3 SEM images of (a) NMnSiO, and (b) NaMnSiO/C. TEM images of
NaMnSiOy/C are shown in (c) and (d). (€arbon mapping of NMnSiOJ/C by energy
dispersive X-ray spectroscopy.
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Fig. 7—4 Nitrogen adsorption and desorption isotherms atK77for the pristine and
carbon-coated NMNSiO;.

122



5.0

4.5

4.0

3.5

3.0

2.5

Cell voltage / V

2.0

15 --- 1stcycle

— 2nd cycle

1'0 ] " ] " ] " ] " ] "
0 5 10 15 20 25

Capacity / mAh g?

Fig. 7-5 Galvanostatic charge—discharge curves of the alnitwo cycles for the
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Fig. 7—6Nyquist plots for the uncoated and carbon-coatad/INSiO, electrodes measured at
363 K.The AC perturbation was 10 mV, and the frequenageavas from 200 kHz to 2 Hz.
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Fig. 7-10 Thermal analysis (TG-DTA) curves for (a) the prnist NaMnSiO, and (b) the

desodiated state NgVInSiO, at a heating rate of 5 K mihunder Ar flow. NggMnSiO, was
prepared by chemical oxidation of MénSiO,.
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Chapter 8

General conclusions

Reports on the processing, properties, and appiisatassociated with Na secondary
batteries are appearing rapidly on a daily basmvéver, Na secondary batteries are still in
their germination stage now and major efforts Haeeised on studies at ambient temperature.
Many forthcoming energy storage devices are expeittdbe used under extreme operating
environments including elevated temperature. Inhseocumstances, ionic liquid (IL)
electrolytes of thermal and chemical stability at&active for developing high-power and
safe batteries. Besides, to make Na secondaryrieattenore economically accessible,
polyanion systems that focus on Fe and Mn are tbst mlesirable from raw material cost
perspective. Bearing these considerations in nihnel author have synthesized layered oxide
and polyanionic-type positive electrode materiatsl anvestigated their properties in IL
electrolytes for Na secondary battery applications.

In Chapter 3, the charge—discharge behavior andephi@nsition of layered oxide
NaCrQ have been investigated in the Na[FSA]-K[FSA] IL3&3 K. When compared with
the previous reports for the same material testethiorganic electrolyte at room temperature
(RT), the results reveal that both kinetics and Ilaytity of the Na
intercalation/deintercalation processes are largeipgroved. The desodiation of NaGrO
proceeds with the phase transition in the followsggiuence: hexagonal G3 monoclinic
0’3 — monoclinic P’3, which is in agreement with thosserved at RT. Nevertheless, phase
transitions takes place more easily at high temperahan RT. In this chapter, the advantages
of intermediate temperature operation have beerodstrated. It is also confirmed that the

Na[FSA]-K[FSA] IL is a promising electrolyte of cioe for this purpose.
128



In Chapter 4, the charge—discharge behavior oflgapmnic compound N&eRO; has
been evaluated in the Na[FSA]-K[FSA] IL at 363 KheTmechanism of Na extraction from
NaFeRO; has been also studied by ex-situ X-ray absorgectroscopy (XAS). Good rate
capability (59 mAh @ at 2000 mA @) and capacity retention of 75% over 3000 cycles ar
observed. XAS studies confirm that the Fe oxidatistate reversibly changes upon
electrochemical cycling accompanying a variation Fde—O bond length. This chapter
confirms the feasibility of combining economic pog& electrode materials built from
abundant elements with a safe IL electrolyte.

In Chapter 5, the charge—discharge behavior ofgmbnic compound N&eRO; has
been evaluated in the Na[FSA]=[Gpyrr][FSA] IL in a wide temperature range of 253336
K. The temperature dependence of the rate capahiid cyclability has been also studied. A
stable charge—discharge behavior is obtained 0®&-363 K. The rate capability is
considerably improved with increasing temperatdegivering 50 mAh g even at a high rate
of 4000 mA g* at 363 K. Furthermore, the pReRO; positive electrode demonstrates an
satisfactory cyclability exceeding 300 cycles innte of both capacity retention and
coulombic efficiency at 298-363 K. The results aied in this chapter demonstrate that the
operating temperature range of Na secondary bedtedan be effectively extended by utilizing
a suitable electrolyte such as the Na[FSAG®yrr][FSA] IL.

In Chapter 6, the charge—discharge behavior gfsf¥& .0, has been investigated in
the Na[FSA]-[GCipyrr][FSA] IL at 298-363 K and compared with thdtNe,FeRO;. By
altering the Na/Fe stoichiometric ratio, INge »,0; exhibits a reversible capacity of 108
mAh g at 363 K, which is 15% improvement compared wiitht iof NaFeRO; at the same
condition. Furthermore, a satisfactory cyclabi(itg. 99% capacity retention after 300 cycles)
Is observed at 298-363 K, which can be attributetbdth the small volume change upon

cycling and the chemical stability of the IL eletyte. This chapter demonstrates that
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enhanced performance of polyanion-type electrodws lme achieved by optimizing the
composition of the material.

In Chapter 7, the charge—discharge behavior ofgmabynic compound NMNnSiO, has
been investigated in the Na[FSA]-<[CGpyrr][FSA] at 298-363 K. Using the same strategy of
Li secondary batteries, carbon coating and elenabiooperation temperature successfully
improve the electrode performance. A reversibleaciyp of 125 mAh @ is achieved with an
acceptably high rate capability at 363 K. Both,MaSiO, and its desodiated form
(Nay.gMnSiO;) possess remarkable thermal stability, suggestthgir highly safe
characteristic. This chapter demonstrates how tdolg developed initially for Li secondary
batteries can be leveraged for rapid deploymetiteofNa analogs.

Generally, common knowledge learned from LIBs gupliaable when designing and
understating Na secondary batteries. It is consdlehat low-strain materials such as
pyrophosphates will play an important role for iday Na secondary batteries of ultra-long
lifetime and low maintenance cost. It is also expedhat IL electrolytes will show their high
performances in the post Li-ion battery era, towasdstainable and versatile energy storage

applications.
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