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To address energy crissd environmental pollution induced by fossil fudlere is an urgent
demand todevelop sustainableenewable, environmental benign, low casd high capacity
energy storage devices to power electric vehiclesemhénceclean energypproachesuch as

solar energy, wind energy and hydroenergy. However, the commerdmh batteres cannot
satisfy the critical requirements for next generation rechargeable batteries. The commercial
electrode materials (graphite anode andd(d¢ cathod¢ are unsustainable, unrenewable and

environmental harmful.

Organic materialsderived from biomasses are promising candidates for nextegion
rechargeable battery anoddse to their sustainabilityrenewability, environmental benignity
and lowcost. Driven by the high potentiaof organic materials for nexgeneration batteries, |
initiated a new research direction on exploring advanced orgamgpounds for L-ion andNa

ion batteryanodes. In my work, | employectoconic acid disodium sadtnd 2,5Dihydroxy-1,4-



benzoquinone disodium sas moded to investigate the effectsf size and cdoon coatingon
electrochemical performance for-ldn andNa-ion batteries The results demonstrate that the
minimization of organic particle sizento nanescale and wrapping organic materialgth
graphene oxide can remarkably enhance the rate capadmidyycling stability of organic

anodes in both L-ion andNa-ion batteries

To match with organic anoddsigh capacity sulfur and selenium cathodes were also investigated.
However, sulfur and selenium cathodes suffer from low electrical conductivityshattle
reaction, which result in capacity fading and poor lifetime. To circumvent the drawbacks of
sulfur and selenium, carbon magssuch as mesoporous carbon, carbonized polyacrylonitrile
and carbonizegerylene3d, 4, 9, 16tetracarboxylicdianhydrideare employed to encapsulate
sulfur, selenium and selenium sulfide. The resulting composites exhibit exceptional
electrochemical performance owing to the high conductivity of carbon and effective restriction

of polysulfides and polyselenidesaarbon matrix, which avoids shuttle reaction.
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Chapter 1 Introduction

1.1Lithium lon Battery System

Lithium ion batterieqLIB) arewidely used a®nergy storage devicdsr portable electronics

and are potential to driveelectric vehiclesThe first commercialLIB was invented by Sony
Corporationusing LiCoO, as cathode and graphitas anodein early 1990siY. Since then,
extensive research interest from academy and industry is invok@éelelopadvanced cathode

and anode materials farigh performanceechargeabld.IB. In the last two decades, a large
variety of cathode and anode ®@dls were investigated, and the energy densityIBf is
remarkablyimproved from 250 Wh L™ to 650 Wh L™* 2. However, currentIB still cannot

satisfy the high energy requirement from smart phones and electric vehicles. Therefore, it is of

great significance to develop high energy denisiBy.

Coin cell, a widely used battery product in the markethéssimplest model faclB. A typical

coin cell consists ofathode, anode, electrolyte, separator, current collectors, two stainless steel
spacers, spring and casd$ie cathode material is casted on aluminum current collector, while
the anode material is casted on copper currentatotleAluminum and copper are used as
current collector, because they are highly electoductive and highly stable during cycling.
Separator, a nonconductive polymer film, is used to separate cathode and anode to avoid the
short circuit. Electrolyte, amonic conductive, but electronic nonconductive liquid, is added
between cathode and anode to facilitate the lithium ion transmide the batteryso during
charge/discharge procedghium ions can transport between cathode and anode through the

electrolyte, while the electrons move in the outer circuit of the badi®rshown in figure.l.



Cathode and anode, which determines the energy density of the battery, are active materials in
the coin cell, while the rest components are inactive matewdlish lowers the energy density
of coin cell.To build the high energy densityB, it is very critical to find high capacity cathode

and anode materials.

Cu Al

Figurel.1. A typical LIB.

The energy density dfIB is determined by théotal capacity and voltage of theattery. The
calculation method of energy density is shown in equationEnérgy density is equal to the
product of total capacity and voltage of the battery, which isviige difference between
cathode and anod&he toal capacity of the battery is determined by the capacity of cathode and
anode. As shown in equation 1.2, the reciprocal of total capacity is equal to addition of the
reciprocal of cathode capacity and the reciprocal of anode capaoitthe total capacitis

mainly determined by electrode with lower capacitythe commerciaLIB, LiCoO, with the
specific capacity of ~140 mAh'gs used as cathod®, while graphite with the specific capacity

of 360 mAh gl is used as anod®. The low capacity of LiCo@cathode limits the total capacity

of LIB. More importantly, cobalt is a rare, expensive and toxic metal element, which not only

enhances the cost &fiB, but also induceseriousenvironmental issie Thus, considerable



researclefforts have been devoted to developing high voltage and high capacitpnmental
benign cathode materials f&B, and a large variety of high energy densitgw lcost and
environmental benigrcathode materials such as sulfur, selenium, lithium metal phosphates,

lithium metal oxides and lithium rich metal oxides are investigated for next gendriion

% & z@ [1.1]

E: energy densityCioiar: total capacity of the battery; V: voltage of the battery.

[1.2

Cuotar total capacity of the battery,£hode Capacity of cathode; foqe Capacity of anode.

Though high voltage and high capacity environmental benign cathodes are desired for next
generation rechargeable batteriggstainableand renewable anodes are also required to match
with the cathodes fotIB. The commercial anode is graphiteth a maximum theaetical
capacity of 372 mAh§ calculated based on equation 1tZannot satisfy the requirement for
sustainableand renewable anodén the last two decades, considerable research efforts were
devoted to developing advanced anode materials for gexération rechargeable batteries.
There are a large number of low cost anode materialsagssticon, tin, metal oxide and metal
sulfides with much higher capacity than graphiteey are very promising to replace graphite for

the next generation comnuogal anodeRecently, carbonyl group based organic anodes attracted
extensive research interest from battery field due to the low cost, sustainability and renewability

of organic materials derived from biomass.

[1.3]



n: number of lithium ions or electrons react with electrode material; F: Faraday constant; M

molecular weight of the electrode material.

The great success in the development of advanced cathode and anode materials in the last two
decades enablédB to dominate the market of portable electronics and electric vehitksre

also considered as promising energy storage devices to resterealde energies such as solar
energy, wind energy, hydroenergy and so ®he high electrochemical performance, high
stability and high reliability maké&IB the most promising energy storage devices in the future

market.

1.1.1 Cathode Materials

Since thecommercial LiCoQ cathode suffers from high toxicity and high gosbnsiderable
research efforts have been devoted to developing low cost, high capacity and environmental
benign cathode materiale the last two decades)axge variety of high energy density, low cost

and environmental benign cathode materials such as sulfur, selenium, lithium metal phosphates,
lithium metal oxides and lithium rich metal oxidesreinvestigated fomdvanced.IB cathode

Their advantagesna disadvantages as cathode materialdBnare discussed in this section.

Sulfur is considered as one of the most promising cathode materials due to its low cost,
abundance anbigh capacity®”. The theoretical capacity of sulfur is 1672 mAh galalated

based on equation 1.3. Pristine sulfur existsgas@ecule, which can reversibly react with 16

lithium ions as shown in equation 1Bhe energy density dithium sulfur batteries (LSB)s

2600 Wh kg', which is three to five times higher than other cathode materials. Th@&®ls
considered as one of the most promising rechargeable batteries, there are still several challenges,
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which impedes its largscale application(1) The shuttle reaction due tthe dissolution of
polysulfide intermediates during lithiation/delithiation process results in low Coulombic
efficiency and rapid capacity fading; (2pW utilization of sulfur induced by the extrelpdow
electronic and ionic conductivity of S and,&ireduces the capacity and power density 8B;

(3) The stress/strain induced by the large volume change of 76% between sulfur (2.88 g cm
and LS (1.66 g cri) during lithiation/delithiation destructs the integrity of sulfur cathode and
resulting in fastcapacity declineSignificant progress has been madeovercomethe three
challengs by infusing sulfurinto electronic conductive porous carbon matrix such as porous
carbon’®, carbon nanotub®, graphené'®, graphene oxid€* and carbon nanofibét?. The

detailed review for sulfur cathode is discussed in sectig.1.

Sg + 16 Li* %23 8 Li,S [1.4]
Selenium wadirstly reported as cathode material fdclB by Dr . Khal i in20mi ned s
(131 As the congener of sulfuselenium shares similar chemical and physical property as sulfur.

As shown in equation 1.5, one gSmolecule can reversibly react with 16 lithium ipns
corresponding to a theoretical capacity of 678 mAh Though the gravimetric capacity of
selenium is lower than sulfur, thelumetric capacity of selenium (3253 AR based on 4.82 g

cm®) is comparable to sulfur (3467 Ah'lbased on 2.07 g ¢ In addition,seleniumhas20

orders of magnitude higher eglrical conductivitythan sulfur. These features make it a

promising cathode materiédr both LIB. However, similar to sulfur, the selenium cathodes also



suffer from shuttle reaction triggered by titissolution issue of highrderpolyselenidsin the

electrolyte To circumvent the shuttle reaction, selenium is infused ¢atbon matrix such as
porous carboft¥, carbon nanotub®®, graphend'®, graphene oxid€” and carbon nanofiber
(18]

. Analogous to sulfur cathode, carbon/selenium compositesv remarkably improved

battery performancdhe detailed review foreteniumcathode is discussed in sectio.2.

Seg+ 16 Lit <225 8 1i,Se [1.5]

-16 ¢

Lithium metal phosphates such as lithium iron phosphate, lithium manganese phosphate and
lithium vanadium phosphate were investigatedatiode materials fdriB %!, Among them,
olivine LiFePQ is the most promising cathode material due to its low cost, high cycling stability
and environmental benignityHowever, it suffers from low capacity and poor electronic
conductivity. The theoretical capacity of LiFeP®@ 169.6 mAh § with charge/dischae
plateaus centered at 3.45 V, so the maxinemergy density of LiFeP{Os 585 Wh kg, which is

much lower than sulfur and selenium cathoble.overcome the drawbacks of LiFeR®arious
synthetic methods are adopted to prepare LikeR@Doparticles with uniform carbon coating.

I n 2009, Prof . C e d size biBePQy with papticler seg less thandb0 nmma n o
exhibiting ultrafast charging and discharglffy The nanesizeLiFePQ, can reach its theoretical
capacity at the cuent density of 2 C, while its reversible capacity can maintain 130 riAdt g

high current density of 50 QRecently, graphene coated LiFef&thode reported by Dr. Lain

Jong Lids group delivers & whichiseves highdr thandta pac i



theoretical capacity, with first cycle Coulombic efficiency of ~106%h Therefore, carbon

coated nansize LiFePQ cathodes are promising cathode materials faohibatteires.

Despite sulfur, selenium and lithium mepdlogphates are promising cathode materials for next
generatiorLIB, the simplest method to design and synthesize cathode materials to substitute for
LiCoO; is to partially or fully replace cobalt in LiCoyy other cheap and nontoxic transition
metals suchas Ni, Mn and FeAs a result, a large number of lithium metal oxidgsch as
LiIMNnO,, LiMn15Nigs504, LiMNngsNigs0,, LiMn13C013Ni1/302, LiNigsCosO, and so on, are
synthesized and investigated as cathode&lBr Among them, LiMnR;3Coy3Ni30; is very
promising to substitute for LiCoQbecause it has similar energy density as Li§@0d its cost

is much lower than LiCoQafter partially substitution by nontoxic Ni and Mff’. More
importantly, the electrochemical performance such rate dégabnd cycling stability of
LiCoO; is improved after Ni and Mn doping. Another promising cathode material is high voltage
LiMn15NipsO4 spinel which has a discharge plateau at 4. 7Y Since LiMn sNigsO, is a
cobaltfree cathode material, and it has higher energy density than Lj@lo€e isextensive
research interest tesynthesize high performance and high voltage LiM,s0, spinel.
However, the migration of M in LiMNn .sNigsO4 spinel induces structure distortiaturing
cycling, resulting in fast capacity fading. Moreover, the commercial electrolyte is not stable at
high voltage, which also contributes to the capacity fading. Recent research shows that
LiMn15NipsO4 spinel with (111) family of surface planes exhibits exceptional battery
performance, and fluorinated electrolyte is stable up to 5TWerefore, high voltage

LiMn 1 5Nips04 spinel is a promising cathode material foB .

Another goup of promising cathode materiatége lithium richlayeredoxide cathodessuch as
Li1 2MnosaNig14C0 140, and Lip oNig2Mng ¢O- due to their high capacity and low c&&. The
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lithium rich cathodes can deliver a high reversible capacity of ~250 niAWith a sloping

voltage plateau centered at 3.5 V so that their energy density is ~875 YWivlkigh is much

higher than LiCo@ The higher capacity and energy density are attributed to the excess lithium,
exists in the LIMnO; phase of lithium rich catli®s. Nevertheless, the lithium rich cathodes

suffers from voltage fading and poor letegm cycling stabilitydue to thecrystal structure

change and M dissolution during cyclingThe phase transformation of lithium and manganese

rich cathode from layed structure talefectspinetlike structure and then to disordered rock salt
structure has been r epo¥.tTeedvolthgg fadling iy uelmtedywittz h a n g
lithium ion insertioninto theoctahedral siteg both defect spindike anddisordered roclsalt

structures Therefore, a lot work needs to be done to improve the structure stability and prevent

Mn** dissolution before the application of lithium rich cathodels|B.

1.1.2 Anode Materials

To matchwith stateof-the-art cathode ntarials,considerable research efforts have been ddvote

to developing low cost and high capacity anode materials. Up to date, a large variety of anode
materials such as silicon, tin, metal oxides, metal sulfidé)ium titanium oxide, red
phosphorouslithium metalso forth, are investigated for advandd& anode. Compared with

the commercial graphite anode, the cajyacf the new anodes are much higher. However, the
high capacity results in large volume change during lithiation/delithiation proséssh) causes
severe particle pulverization. As a consequence, the particle pulverization is a main reason for

the fast capacity fading of anode materials. To circumvent this challenge, numerous synthetic



methods are reported to fabricate natruicture ande materials, which exhibit superior

electrochemical performance.

The lithiation/delithiation process of anode materials undergoes three types of reaction
mechanisms: insertion reaction, conversion reaction and allogamion®®. The anodes such

as gaphite and lithium titanium oxide react with lithium ions via insertion readfi®nThe
volume change during insertion reaction is small compared to conversion reaction and alloying
reaction and the capacity generated from insertion reaction is ssaller than that of
conversion reaction and alloyinBed phosphorous, etal oxide and sulfide anodes react with
lithium ions via conversion reaction, whiflicon and tinanodes react with lithium ions via
alloying reaction.These anodes suffer from poelectronic conductivity and large volume

change, so fabricating nanomaterial is an effective approach to improve the anode performance.

Silicon is a very promising anode material E3B due to its low cost and very high capadify.

The theoretical qaacity of silicon anode is 4200 mAh*gn that silicon can react with 4.4
lithium ions to form LiSi. However, silicon suffers from ~400% volume expansion during
lithiation so that large silicon particles pulverize into small pieces, which loss camthct
conductive carbon and become elegtractive. More importantly, the large volume change of Si
during cycling can continuously destruct the solid electrolyte interphase (SEI) layer formed on
the surface of Si electrodeesulting in large irreversibleapacity and low Coulombic efficiency

To overcome the challenge for Si anode, Prof .
prepare nan®i anodes for higiperformanceLIB Y. Their results confirm that minimizing

particle size can effectiveiynprove the battery performance of Si anode.



As a congener of Si, tin anode also suffers from large volume change, but the advantage of Sn
over Si isits high electreaconductivity. It is not necessary to add a large amount of conductive
carbon in the elémode to enhance the conductivityut carbon coating is required to avoid the

Sn agglomeratiarA lot of work has been done fweparecarbon coatedaneSn anodes, which
exhibit excellent battery performan&®!. Recently, some researchers proposedse SnM (M

= Fe, Co, Ni)as anode material for next generatidB *®, because SnM anodes with much
smaller volume change than Sn andh8ve highemreversiblecapacity than graphiteand the
electreinactive metal can alleviate the Sn agglomeratsmthe longerm cycling stability of

SnM is exceptional

Apart from Si and Sn, atal oxides and sulfides, such as®g CuO,NiO, M0oS;, SnS,SnS and

so on,are also investigated as anode materiald Brdue to the low cost and high capadity

%91 However the potential hysteresis of metal oxides and sulfides is over 0.5 V, resulting in low
energy efficiency. Though preparing carbon coated nanocomposites can facilitate reaction
kinetics and mitigate large volume change of metal oxides and sulfidesgd
lithiation/delithiation process, the low energy efficiency caused by large overpotential hinders its

application in advancedB.

Lithium metal is the most promising anode materidllid due to its lowest discharge potential
and highest capacity iall the anodes. Lithium metal is the only suitableode forLSB and
lithium air batterieswhich show higlest energy density in rechargeable batteries. However, the
formation of lithium dendrite during cycling can penetrate the electrolyte and separador,
directly contact with cathode material, resulting in short circuit of the battéryhe longterm
cycling of lithium metal anode not only causes the failure of Li battery, but also leads to the

explosion of Li battery due to the large amount oft lggmerated from short circuit. The safety
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issue is abigconcern for the application of l it hi
synthesizedcarbon coated lithium metab avoid the growth of lithium dendrité!. They
successfully used lithium meétanode to match with LiFeRQrathode, which is a significant
progress for the application of lithium metal anode. Therefore, the lithium metal anode is very

promising for thefuture application inhigh energy densitgSB and lithium air batteries.

Up to date, LIB are the most promising rechargeable batteries in the market due to its high
energy density, high cycling stability, high safety and high reliability. A lot of work needs to be
done to increase the energy density and decrease the cost of cathaded® The high energy

density, low cost and environmental benigB are demanded in the future market.

1.2 Sodium lon Battery System

Naion batteries (NIB) which share similar chemistry withiB, attract tremendous research
interest from battery field in tHast decadéue to the abundance and low cost of sodionrces

The chemical and physical properties of sodium versus lithium are summarized ih.1dffe

The cost of sodium carbonate is only 3% of lithium carbonate. More importithilyn sources

are limited and unevenly distributed in the world, but sodium sources are abundant and
everywhere.The large availability and low cost of sodium sources mik® promising
candidates to restore renewable energies such as solar energy, wind energgnésgirand so

on. However, the potential of sodium metal is 0.33 V higher tHahium metal and the
theoretical capacity of sodium metal is mereB0% of lithum metal, resulting in lower energy

density ofNIB thanLIB. Moreover,the cation radius of sodium ion is 40% larger than lithium

11
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ion. The larger cation radius causes more severe volume

mechanism oNIB.

change and complicated reaction

Category Lithium Sodum
Atomic Weight (g mof) 6.9 23
Density g cri®) 0.534 0.968
Cation RadiusA) 0.76 1.06
Potential (V) versus SHE -3.04 -2.71
Cost Carbonateg§$/ton) 5000 150
Theoretical Capacity (mAhg 3829 1165

Table1.1. Sodiumversus Lithium characteristi€€!.

In the last decade, considerable research efforts have been devoted to developing advanced
cathode and anode materials fdlB. Due to the similar chemical and physical property of
sodium to lithium, a large number of cathode and anode materials, us&l ican also be used

in NIB. The promising cathode materials are sulfur, seleniO@type and P2ype sodium

metal oxides, stium metal phosphate and sodium metal sulfatdsle the promising anode
materials arenongraphitic carbonaceous materials, tin, antimony, red phosphorous and metal
sulfides Though significant progress has been madé\i& cathodes and anodes, more gfo

are still required to further improve the cycling stability and energy densiNyBof

1.2.1 Cathode Materials

Analogous toLIB, sulfur and selenium can also be ussdcathodei Na batteries*® 4 The
shuttle reaction caused by the dissolution of polysulfides and polyselenides in the electrolyte also

exists in Na sulfur/selenium batteries. Due to the larger ion size of sodium, larger volume change

12



occurs during sodiation/desodiation process. hae difficult to stabilize Na sulfur/selenium
batteries.Currently, there are few reports related with room temperature Na sulfur/selenium

batteries.

Apart from sulfur and seleniun®3-type and P2ype sodium metal oxidesre also promising
cathode matéals in NIB. Thecrystal structure 003-type and P2ype sodium metal oxidesre
shown in figurel.2a andl.2b . There are three faces (A, B, C) in ®®e metal oxidesand
sodium ions are inserted in the space between two differert, fatglethere are two faces (A,

B) in P2type metal oxides, ansbdium ions are inserted in the space between two same faces.
The O3type metal oxides such as NaMn®laNiO,, NaFeQ and NaNj 33dVing 670, contain one
sodium ion in the molecular formula, which canbetfully desodiated, while the R¢Zpe metal
oxides such as Na@VO,, Na&sCo0,, NayeMnO,, NayeNio.sdMNo 7Oz, and Na eA-e.sMNnosO0;
contain less than 0.6bdium ionin the molecular formula, which can be fully desodiated. After
first desodiationpne mole of P2ype metal oxides can reversibly react with one mole of sodium
ions, resulting in much higher reversible capacity (~200 mAhtgan O3type metal oxides
(=120 mAh @) 8. Therefore, P2ype sodium metal oxides are more promising thartypa
sodium metal oxides fddIB cathodesHowever, the structure distortion exists in b@Btype

and P2type sodium metal oxideswing to the metal ion migration during sodiation/desodiation
process. To improve the cycling stability ©8-type andP2type sodium metal oxides lot of

work needs to be done to maintain the crystal structure upon cycling.

Sodium metal phosphate such as NaFeB@l NaFePgF, and sodium metal sulfate such as
NaFe (SOy); are also promising NIB cathodes due to the lowstcaabundance and
environmental benignity*°. Since NIB are designed to restore renewable energy, its cycle life

is the most important facto&odium metal phosphate and sulfates show good cycling stability,
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which makes them very suitable for NIB. Theain drawback of these cathodes is the low
capacity, which is less than 120 mAfh. @hough a number of methods are adopted to synthesize

nanostructured sdium metal phosphatéhe energy density is much lower tiRa&type sodium

metal oxides
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Figurel.2. Crystal structure dd3type (a) and2type (b)sodium metal oxide’8™.

The stateof-the-art cathodes still cannot satisfy the critical requirement for advaxtidThe
cycling stability is the main concern fbiiB. However, the cycle lifef current cathodes are still

far away from the requirement, especially for the cathodes with high reversible capability.
Therefore, new cathode materials with high capacity and long cycle life are demanded for

advanceddIB.

1.2.2 Anode Materials

Besidescathodes, there are also a lot of anode materials reportétdBosuch asiongraphitic
carbonaceous materials, tin, antimony, red phosphorous and metal sdlfidesolume change
of NIB anodes is even larger th&iB anode due to larger ion size of sodium ion thdmuih
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ion, SO more severe particle pulverization occurs during sodiation/desodiation presaksg
in worse cycle life Furthermore, the commercial graphite anode and promising Si anode are
electreinactive in NIB. Considerable research efforts have been devoted to develNjihg

anodes.

The nongraphitic carbonaceous materiaie promising anodes fdtIB due to the low cost and
high cycling stability. Thougmongraphitic carbonaceous materialsch as hard carborf>Y,
graphend®? and expanded graphit¥’! deliver low reversible capacityhich isless than 300
mAh g*, they exhibit excellent cycling stability. For instanttee expanded graphite anode can
deliver a reversible capacity of 284 mAH gt 20 mA ¢', and maintain a reversible capacity of
184 mAh @, 73.92% of its initial capacity at 100 mA! gfter 2000 cycle§*!. The long cycle
life of nongraphitic carbonaceous materieslesired foNIB anode, but more efforts are still

required to achieve high capacity and high cycling stability anodes.

To obtain high capacity and high cycling stability anodes, a lot of researchers change their
research interest ton 4, antimony™, red phosphorou§® and metal sulfide$”, which
undergo either alloying reaction or conversion reaction with sodium Tdmshigh capacity (600

mAh g' to 1000 mAh @) of these anodes leads to large volume change, resulting in severe
particle pulverization. For example, tin anode with high capacity ~800 ritAufers from 420%
volume change during sodiation/desodiation proE8sghe fast capacity decay caused arge

volume change can be alleviated by carbon coating and minimizing the particle size. Thus, a lot
of work has been done to prepare carbon ca@testhnocomposites to enhance the cycle life of

tin anodes. Similar work has also been donartbmony, redphosphorous and metal sulfide
anodes. The carbon nanofiber coated antimony anodes show improved cycle life due to

accommodation of moderate volume change of s antimony by carbon nanofidg¥. The
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success of carbon coating and minimizing theiglarsize demonstrates that the high capacity

and high cycling stability oNIB anodes can be achieved.

1.3 Review of Previous Work in Sulfur and Selenium Cathodes

LSB is a very promising candidate for the next generation rechargeable battery duéowo the
cost, abundance and high capacity of sulfur. However, there are three inevitable challenges for
sulfur cathode as discussed in section 1.1.1. Firstly, to overcome the insulting property of sulfur,
conductive carbon is added into sulfur cathode to aszethe electroonductivity. For the
second challenge, a large number of physical and chemical methods are reported to mitigate the
shuttle reaction induced by the dissolution of polysulfid&¥”. As shown in figurel.3, pristine

sulfur exists as §in the nature. During the lithiationg Svill gain two lithium ions and two
electrons to form LiSs. Then, LpySg will gain electrons and lithium ions to generateS,i(n=4-

7). Li,S4-g are called lithium polysulfides, which are highly soluble in organictedfyte. After
dissolution, polysulfides can diffuse to the anode side, and react with lithium metal to be further
reduced to lithium sulfides such as%i and LpS, which are insoluble in the electrolyte and
deposit on the surface of anode. After thedmis fully covered, the lithium polysulfides will

react with the insoluble lithium sulfides and generate low order lithium polysulfide. When the
concentration of low order lithium polysulfide is high enough, it will diffuse back to the cathode
side due @ the concentration gradient. This whole process is called shuttle reaction. The last

challenge is the large volume change of sulfur during lithiation/delithiation process. Professor Yi

Cui 6s group report ed,cdmpdsiten w whcthe largetvalume changel f ur /
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of sulfur can be accommodated by hollow T&Dells®®Y. The resulting sulfur/Ti@composites

show excellent electrochenaicperformance in Li batteries.

S, —

Anode ..., Cathode

\ and electrolyte /

Figurel.3. The shuttle reaction in LSB.

As a congener of sulfur, selenium also suffers fetmattlereactionand large volume changso

a lot of methods usetb stabilize sulfur cathodare useful inselenium cathode. Since the
conductivity of selenium is higher than sulfur, and selenium iglamamable, while sulfur is
flammable, selenium is more promising than sulfur to build a safe cathode in Li batteries, which
is a very critical concern in industry. The recent progress in sulfur and selenium cathodes are

discussed in the following sections.

1.3.1 Sulfur Cathode

Currently, there are several methods to avoid the dissolution of polysulfides in organic
electrolyte. Firstly, a variety of physical methods are harnessed to stabilize polysulfides in the
cathode el ectr ode. liskulforine® sissoporout ¢carah anatisx bygheatingp f i
the mixture of carbon and sulfur at 186 . The resulting sulfur and mesoporous carbon

composites (SMCC) display good cycling stability and high specific capacity. Since mesoporous
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carbon possesses good ionic and electronic conductivity, SMCC overcame the drawback of
insulating sulfur material. The good conductivity of SMCC allows lithium ions and electrons to
transfer inside the carbon matrix, and the small pores of mesoporous cabiad confine
polysulfide in the carbon matrix. Although this material exhibits very good electrochemical
performance, the low weight percentage of sulfur in the composite and high cost of mesoporous

carbon impede its application in LIB.

Pr of e s s®work provided aa @ood concept to stabilize polysulfides in cathode electrode.
Afterwards, a lot of other carbon matrixes have been used to trap polysulfides. For example, our
group uses disorder carbon nanotubes (DCNTs) to constrain Polysuffid&CNTs are
fabricated by annealing polyacrylonitrile (PAN) in commercial anodic aluminum oxide (AAO)
template at 606C. After PAN is carbonized, AAO template is dissolved in the NaOH aqueous
solution. The resulting DCNTSs are filled with sulfur by annealing sealed vacuum glass tube

at 500 °C. Since DCNTs have very good electronic and ionic conductivity, the sulfur
impregnated DCNTs material possesses very good conductivity. More importantly, DCNTs are
able to constrain polysulfides inside the nanotube, Usectéhe pore size of carbon nanotube is

too small to allow the diffusion of electrolyte. The polysulfides in DCNTs cannot dissolve into
the electrolyte, so the electrochemical performance of this material is very good. Nevertheless,
the low content of sulfr in this material and the difficulty to synthesize DCNTs hinder its

application in LIB.

Professor Yi Cui 6s group successfully uses pc
oxidized graphene coating layers to wrap sulfur partfcfesThe amphiphilic PEG surfactant is
harnessed to connect hydrophobic sulfur particles and hydrophilic graphene coating layers.
Carbon black nanoparticles are decorated on the surface of graphene layers to increase the

18



conductivity of graphene wrapped sulfcomposite, so this material has good electronic and
ionic conductivity. More importantly, both PEG layers and graphene layers can trap polysulfide
to avoid its dissolution in organic electrolyte. PEG layers can also accommodate the volume
change of sulfuparticles during the lithiation and delithiation. As a result, this cathode material
shows high capacity and long cycle life. However, the grapbalfer composites are difficult to
fabricate, and the use of graphene enhances the cost of this méteésialnable to use this

material for largescale application.

Professor Yuegang Zhangdés group uses graphene
lithium Polysulfides™Y. The sulfur nanoparticles are coated on the surface of GOS by simple
chemicalreaction deposition approach. Then, low temperature thermal treatment allows sulfur to
diffuse into small voids of GOS, and removes sulfur particles from the surface of GOS. Since
GOS had large surface area and good electronic and ionic conductivigfe¢tren and lithium

ion transfer rate in the resulting suHgraphene oxide nanocomposite is very fast. Moreover, the
functional groups on the surface of GOS can bind with polysulfides so that it prevents
polysulfides from dissolving into the electrolyt€he sulfurgraphene oxide nanocomposites

have excellent electrochemical performance in organic electrolyte.

There are some other methods which are also extensively used to reduce the solubility of
polysulfides in organic electrolyte. Conductive polymectsas polythiophene (PTH) is used to
wrap sulfur particles®™. The sulfur particles are coated by PTH to form a core/shell structure.
Since PTH had good electronic and ionic conductivity, PTH wrapped sulfur composite had good
conductivity. PTH also acis an absorbing agent which could immobilize polysulfides, because
of the interaction between polysulfides and sulfur atoms in PTH. The PTH wrapped sulfur

composites exhibit high specific capacity and good cycling stability. However, electrolyte could
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peretrate porous structure of PTH shell to contact with polysulfides, so the polysulfides would
still dissolve into the electrolyte in the long run. In addition, the low content of sulfur in the

electrode material also limits the application of this materialB.

Besides physical trapping, the other methods are also employed to mitigate the shuttle reaction in
LSB. For instance, LiN@ additive is added into the electrolyte to avoid the dissolution of
polysulfides. At low potential, LiIN@is irreversible redced and formed a stable passivation film

on the surface of lithium ano®&.. It could protect lithium metal from reacting with polysulfides,

so the shuttle reaction could be deterred from the anode side. However, the dissolution of
polysulfides in the athode side still takes place. The LiN&dditive cannot be used to enhance

the performance of LSB alone. The synergic effect of LjM@ditive and carbon wrapping is

used in LSB.

Recently, a solverin-salt (SIS) electrolyte is used for sulfur cath§3€°. The concentration of
LiTFSI in 1, 3dioxolane (DOL) and dimethoxyethane (DME) (1:1 by volume) is 1 nioln_
normal electrolyte. However, the concentration of LiTFSI is improved to 5 mah lthe SIS
electrolyte. The ultrahigh concentration dghium ions in the electrolyte not only increases mass
transfer rate of lithium ion, but also decreases the dissolution of polysulfides. Since the solubility
product of lithium polysulfides is a constant, the saturated concentration of polysulfides is very
low when the concentration of lithium ion is ultrahigh in the electrolyte. More importantly, the
ultrahigh concentration of LITFSI in electrolyte can increase the viscosity of electrolyte,
resulting in a low diffusion rate of polysulfides in electrolytes A consequence, the SIS

electrolyte can successfully enhance the electrochemical performance of LSB.
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Though tremendous work has been done to improve the battery performance of sulfur cathode,
LSB are still far from practical applicatioMore work is still needed to synthesize high loading

content, high capacity and high cycling stabilityB.

1.3.2 Selenium Cathode

After selenium (Se) and selenium sulfides (JeSwer e reported by Dr. Am

Se cathode attracted considdearesearch interest from battery field due to its higher electrical
conductivity than sulfur and similar volumetric capacity to sulfur. In the past three years, a lot of
work was done to investigate selenium cathode, and great progress was madenin Seghiu

batteries.

The lithiation/delithiation mechanism of Se and Se&thodes in ethdrased electrolyte is
confirmed by D r’®”. A Aseniesnoé 8eS(x g r0@)lcgrbon composites are
synthesized and used as cathodes in Li batteries. Durirgfibitihi Se reacts with lithium ions to
generate lithium polyselenides, which is soluble in the electrolyte, and then lithium polyselenides
are further reduced to 43 and LpSe step by step. During delithiation,%e is oxidized to Se

with the formationof lithium polyselenide intermediates. This result confirms that selenium
cathode also suffers from shuttle reaction, and the methods used to stabilize sulfur cathode are

also useful for Se cathode.

A lot of efforts have been made to avoid the dissolutibpolyselenides in the electrolyte. Prof.
Yuguo Guobs group infuses Se into mesoporous
carbon matrix, which avoid the contact of polyselenides with electr8f{fteln addition, Se

exists as cyclic Semolecules, which are converted to chatnucture Sg molecules in
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mesoporous carbon after first cycle. The synergic effect of formation of-stragture Sg¢
moleculesand confinement of mesoporous carbon remarkably suppresses the shuttle reaction.
Therefore, the resulting Se/mesoporous carbon composite exhibits excellent electrochemical

performance.

In selenium cathodes, carbon coating and nanomaterial fabricatised to encapsulage, thus
circumventing the shuttle reactioReduced gaphene oxide coated $&, nanofibrous S&9,

free standing graphene/Se fillf! and carbonized polyacrylonitrile coated 88 are also
reported to demonstrate improved eleclremical performance. Up to date, it is confirmed that
most of methods used in stabilizing sulfur cathode are also effective to stabilize Se cathode.
Therefore, analogous to LSB, More work is still needed to synthesize high loading content, high
capacityand high cycling stability lithium Se batteries to fulfill the practical application in the

future.

1.4 Review of Previou§Vork in Organic Hectrodes

Energy crisis induced by petroleum exhaustion is a critical issue for the development of world's
economy and industry. To circumvent the negative impact of energy crisis, considerable research
efforts have been devoted to sustainable and green energgsssclar energy, wind energy and

so forth. However, these types of energy are unstable and vary with time and season. To make
full use of the renewable energy, it is of great importance to develop an efficient energy storage
system. Up to now, the best egg storage devices arelB, which power most portable

electronicd’.
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LIB are considered as the most promising energy storage devices for emerging electric vehicles
and smart grids due to the high energy density and high power density. Culrihtlgrgely

rely on inorganic compounds as electrodes such as LiCGo@d LiFePQ Most of these
compounds are synthesized using seanthabundant resources via enegmanding ceramic
processed’d. Recycling of used batteries further consumes large quantifieenergy and
chemicals, releasing more @@nd SQ. To satisfy the urgent demand for rechargeable energy
storage devices in electric vehicles and smart grids, next generation battery electrodes should be
made from renewable or recyclable resources @ €nergy consumption processes. One
possible approach is to use biomassecyclable organic materials as electrode materials via
solution phase route¥™. In addition, most of organic compounds are degradable in the

environment, so the organetectrode materials are environmentally benign.

Recently, carbonyl group based organic materials such as purBiintribrominated
trioxotriangulenel’®, perylenetetracarboxylic anhydriff® and other compounds have been
investigated as electrodesr fblB, and some organic materials can also been usedll®r
electrodes due to the chemical similarity of sodium to lithium. Two or more carbonyl groups
connected by conjugated carbon matrix can react with lithium ions and electrons to induce the
electronand charge transfer in the battery. However, due to dissolution of organic compounds in
electrolyte and very low electronic conductivity, the electrochemical performance of these
sustainable organic electrode materials is much worse than their inorganierparts. The
solubility of organic compounds could be reduced by enhancing their polarities via salt
formation ). Among the salts, carbonyl group based organic compounds such as dilithium
transtransmuconate and dilithium terephthalate have beerstigated as electrodes for Li ion

batteries!’”. Although use of organic salts can mitigate the dissolution i¥éyethe low
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electronic conductivity of organic salts atatge volume change during lithtion/delithiation

still limit the power density and cycling stability of organic electrodes. Due to the very low
electrical conductivity of most organic compounds, up to 30 wt% of conductive carbon black is
normally mixed into organic electrode to provide electron pathways for tl&ragleemical
reactions and another -1%% (by weight) nonconductive polymer binders are also needed to
mechanically bind all the components into an electrode. Even adding 30 wt% of carbon black,
there is only a portion of active materials contributediéodutput power of a batteity organic
electrodes due to large size of organic salt partiddesecent work of organic LCgH2Os
nanosheets foLIB has demonstrated that nanosheet structure provides short diffusion
pathways and large contact aréarsboth conductive carbon and electrolyte, leading to high rate

[78]

capability ™. Therefore, the fabrication of organic nanomaterials is a new direction for the

battery performance improvement of organic electrodes.

(o]
o OLi

(o] OLi
(o]

Schemel.l. Molecular structuref dilithium rhodizonate

Il n 2008, Professor Tarasconds group reported
rhodizonate for sustainabldB . The dilithium rhodizonatelerived from biomass ighe first

small molecular organic salt used iriB. Its molecular structure is shown in scheing. The

formation of organic salt can remarkably reduce the solubility of organic material in the
electrolyte. As a result, this organic salt shows good electrochemical besha\$oa cathode

material, its energy density is over 1000 WH'lkag low current density, which is two times
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higher than commercial LiCoOand LiFePQ cathodes.This work sheds light on the

development of organic electrodes.

o oLi
Lio oLi Lio oLi
+2Li*, 2¢"
2Li°, 2
Lio oLi "% Lo oLi
0 OLi

Schemel 2. Reaction mechanism bthium salt of tetrahydroxybenzoquinorie LIB.

Considerable research interest is attracted from battery field after the report of high energy

density renewable dilithium rhodizonate cathot@lee ithium salt of tetrahydroxybenzoquinone

is synthesized by annealimijithium rhodizonateat 400°C ’. As shown in schem#.2, there

are two carbonyl groups in the lithium salt, which are redox centers. They can reversibly react

with two lithium ions and electrons, amtliver a reversible capacity of ~200Ah g* with
charge/discharge plateaoentered at 1.8 VThe good electrochemical performance idfilim
salt of tetrahydroxybenzoquinorf@rther confirms that sustainable and renewalk are very
promising solve the environmental issue triggered by cuki@technology.

: Lio oLi
"'0\ /7 \ O oLi*, 2e > < > o <
/g 2Lih2e g OLi

(o] OLi

Schemel 3. Reaction mechanism of dilithium terephthalatélid.

Apart from cathodes, organic salts can also be used as anadBs Time dilithium terephthalate
is synthesized by neutralizing terephthalidswith lithium hydroxidel’”. The two carboxylic
groups indilithium terephthalatecan reversibly react with two lithium ions and electrons in

scheme 1.3. This organic anode delivers a reversible capacity of 23hAh g' with

charge/discharge plateaus centered at Oa&ft&f 50 cycles. Therefore, this organic anode can
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match with previous organic cathode materials to build an organic fullTeefulfill the large
scale apptation of sustainable and renewahlB, the cycling stability of organic cathodes and

anodes should be further improved.

NaQ\ // \\ 0] +2Na*, 2¢" NaO . ONa
Weroraliie
g — ONa 2N3": 2¢" Nag — ONa

Schemel 4. Reaction mechanism ofstidiumterephthalate iNIB.

Considerable organic materials have been investigated as electroddB fdyut only a few
orginic materials were explored fdiiB. These organic salts which normally contain more than
two carbonyl groups, connected by conjugatedbon matrix, are siilar as the organic
electrodes irLIB. Recently, some sodium salts sucida®dium terephthalatéetrasodium salt

of 2,5-dihydroxyterephthalic acid and so forth were reported as organic electrotié8 {A”.

Similar to lithium salt,disodiumterephthalat§¢scheme 1.4tan also reversibly react with two
sodium ions and electrons, but the sodiation/desodiation plateaus are 0.3 V lower than
lithiation/delithiation plateauslue to the lower potential of sodium metal than lithium metal

This result confirms thahe electreactive organic salts iblB can also be used MIB.

ONa ONa ONa ONa (o] ONa
ONa Na*, 2¢- O _2Na*, 2¢ o
NaO — E—==——
= +2Na*, 2e" 0 +2Na*, 2e" 0
ONa ONa ONa ONa ONa O

Schemel 5. Reaction mechanism @#trasodium salt of 2;8ihydroxyterephthalic acioh NIB.

Recently, Professor Jun Clies g r o u p tetmgodiundalead 2,5dilmy@roxyterephthalic

acid which can be used as both cathode and anoddBn®Y. There are two types of redox
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centes in this organic salin schemel.5. One is theéwo carbonyl group in the benzene ring,
which can be used as cathodes dther one is the carboxylic group connected with benzage r
which can be used as anode, so this salt is used to build an all axjBmath good battery
performanceTherefore, organic salts not only can be used to build sustainable and renewable

LIB, but also can be used to build sustainable and reneW#Ble

1.5 Motivation and Objective

Sulfur and selenium are promising cathode materials for Li and Na batteries due to their high
capacity and high energy density. The application of sulfur and selenium cathodes is desired to
satisfy the industrial requirement for high energy rechargeable baitéleavever, the severe
shuttle reaction caused by the dissolution of polysulfides and polyselenides results in fast
capacity decline of sulfur and selenium cathodes, impeding thedaadge application. Though
numerous physical and chemical methods aeel tig trap polysulfides and polyselenides, sulfur

and selenium cathodes are still far away from practical application due to the poor battery

performance.

My goal is to circumvent the three challenges in sulfur and selenium cathodes, using mesoporous
carlon or carbonized organic compounds/polymer. Several different carbon/sulfur or selenium
composites are prepared for advanced Li and Na batteries. The conductive carbon matrix cannot
only enhance the conductivity of the electrodes, but also mitigate thdesheaction and

accommodate large volume change of sulfur and selenium cathodes.

To fulfill the large scale application of batteries for renewable energy, the low cost and

environmental benignity of electrode materials are pivotal. Since lithium socaneespensive
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and limited, the research interest initiates to transfer trtBnto its counterpartNIB, in recent
years.The chemical similarity of sodium to lithium enables most electrode materialB ito be

used inNIB. The low cost and abundance sufdium sources can satisfy the huge market of
energy storage devices for smart grids. Therefore, searching for high capacity and long cycle life
cathode and anode materialsNiB is essential for the storage of renewable energy. Besides
storage of renewdd energy, the trend of energy supply for portable electronics is to develop
lightweight, flexible, transparent and green batteries. Organic compounds derived from
biomasses are the most promising candidates as future energy supply for portable eldogonics

to their low density, sustainability, environmental benignity and low cost.

Most reported organic salts experience phase transformation during lithiation/delithiation as
evidenced by a flat voltage plateau in charge/discharge profile and structage achaxray
diffraction (XRD) pattern$’”. The phase transformation is normally accompanied with volume
change. The large volume expansion in the first lithiation can even change the crystal structure of
organic salts into amorphous structure and retimorphous structure in the following
charge/discharge cyclé§’, which is also observed in Si anoddshe structure change of Si

from crystal to amorphous structure is attributed to the large volume change (300%) of Si during
lithiation 3. The sevee volume change of Si pulverizes the Si particle, resulting in rapid
capacity decline during charge/discharge cyéi@&s Therefore, the volume change of organic

salts during lithiation/delithiation may be also respomsibl the capacity decay.

In principle, the carbonyl group based organic electrode compounds usHl tan potentially
be applied toNIB. However, due to larger ion size of Néhan Li', only few organic salts are
suitable for Na ion batteries. In addition, the larger ion size dfdsases much more severe

volume change of organic salts, resulting in fast capacity decay of organic compounds in Na ion
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batteries. Therefor@nly few organic compounds aegplored forNIB. Due to the large volume
change these organic compounds showick capacity decline during Na insertion/extraction.

My goal is to develop low cost, sustainable and green batteries based on high capacity and long
cycle life organic electrodeSeveral new organicanomaterialare designed and synthesized

mitigatevolume change of organic safts high performance organic batteries.

1.6 Dissertation Layout

Chapter 2 The poor cyclic stability and low sulfur utilization of sulfur cathode®
significantly improved byorming oxygen stabilized C/S composite wheutfus is bonded with
oxygen anduniformly distribuedin carbon matrix imano (or even in moleculagvels through
annealing the mixture of sulfur and perylehed, 9, 16tetracarboxylic dianhydride (PTCDA) at
600 °C in a sealed vacuum glass tulidne oxygen stabilizedC/S composites are promising
cathode materials for tsulfur and Nasulfur batteries(Adv. Funct. MaterSubmitted C.L., K.X.
and C.W. conceived the experimeatsd wrote the pape€C.L., Y.Z., T.G. and Y.X. conducted

the experimentsAll authors participated idiscussions.

Chapter 3: Seleniumimpregnated carbon composites were synthesized by infusing Se into
mesoporous carbon at a temperature of ®@0nder vacuum. Ringtructured Sewas produced

and confined in the mesoporous carbon, which acts as an electronic conductive Duging.

the electrochemical process in lamest LIPR/EC/DEC electrolyte, loworder polyselenide
intermediates formed and were stabilized by mesoporous rcaviduch avoided the shuttle
reaction of polyselenides. Exceptional electrochemical performance of Se/mesoporous carbon

composites was demonstrated in bothda and Naion batteries(ACS Nana2013 9, 8003
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801Q C.L. and C.W. conceived the experimenatsd wrote the pape€C.L.,Y.X., Y.Z. and Y.L.

conducted the experimentl| authors participated idiscussions.

Chapter 4: Carbon bonded and encapsulated selenium composites have been synthesized by
situ carbonizing the mixture of peryler®& 4, 9,10-tetracarboxylic dianhydride (PTCDA) and
selenium (Se) in a sealed vacuum glass tdie shuttle reaction of selenium cathode was
effectively suppressed by carbon bonding and encapsulation. The C/Se composites exhibit
superior cycling stability and micapability in commercial carbonate based electrofytéMater.
Chem. A2015 3, 555561, C.L. and C.W. conceived the experimeatsl wrote the papeC.L.,

J.W., LS., J.M. and X.F. conducted the experimeXitsauthors participated idiscussions.

Chapter 5. The Se$ molecules are confined by-tbntaining carbon (ring) structures in the
carbonized PAN to mitigate the dissolution of polysulfide and polyselenide intermediates in
carbonatébased electrolyte. In addition, formation of solid electroipterphase (SEI) on the
surface of SeBCPAN electrode in the first cycle further prevents polysulfide and polyselenide
intermediate$rom dissolution. The synergic restriction of $Sdfy both CPAN matrix and SEI
layer allows SegCPAN composites to be atyged and discharged in a leswst carbonatbased
electrolyte (LiPk in EC/DEC) with long cycling stability and high rate capabil{#dv. Funct.
Mater. 2014 24, 40824089 C.L. and C.W.conceived the experimengnd wrote the papger

C.L, Y.Z, Y.W. and J.W. conducted the experimeAtsauthors participated idiscussions.

Chapter 6: Croconic acid disodium salt (CADS) was used asohi battery electrode, and

CADS organic wires with different diameters were fabricated through a facile synthetic route
using antisolvent crystallization method to overcome the challenges of low electronic
conductivity of CADS and lithiation induced strain. The CADS nanowire exhibits much better

electrochemical performance than its crystal bulk material and microwire counterpart. The
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theoretical calculation suggested that lithiation of CADS experiencesna@xchange process.
The sodium ions in CADS will be gradually replaced by lithium ions during the lithiation and
delithiation of CADS electrode, which is confirmed by Inductively Coupled PlasmgNesto

Lett. 2014 14, 15961602 C.L., R.H., H.H.and CW. conceived the experimenasd wrote the
paper C.L.,, R.H., P.K. and M.P. conducted the experimedt$; authors participated in

discussions.

Chapter 7: Croconic acid disodium salt (CADS),ranewable or recyclabl@rganic compound,

is investigated as sodium ion battery electrodes for the first time. The pristinesmietdoCADS

suffers from fast capacity decay during charge/discharge cycles. The detail investigation reveals

that the severe capacity loss is maiatiributed to the pulverization of CADS particles induced

by the large volume change during sodiation/desodiation rather than the generally believed
dissolution of CADS in the organic electrolyte. Minimizing the particle simd Wrapping

CADS with graphea oxide can effectively suppress the pulverization, thus improving the
cycling stability. (J. Power Source2014 250 372378 C.L. and C.W. conceived the
experimentsand wrote the paperC.L., Y.X., Y.Z,, Y.L, T.G. and J.W.conducted the
experimentsAll authors participated idiscussion$.

Chapter & A new carbonyl group bhiskeydlroddagyanod @ u icroanpe
di sodium sal'¢t (DHBQDS) , -iwoams huaAetdemd sps@ b ah e de
fabrication teanlhmolrogy efl @ctoiogani T hree poorrg aendi cf
nanor od el ectrode exhibits c®upienm i,BNEAC/leDDMCc t 1 0
el ect (Nanb ¥remy2015 13, 537545 C.L. and C.W.conceived the experimentnd

wrote the paperC.L., JW, X.F., YZ., FH. andL.S. conducted the experimentll authors

participated irdiscussion3.

31



Chapter 2 Activation of Oxygen-Stabilized Sulfur for Li and Na Batteries

2.1 Introduction

Li-ion batterieshave been widely used to power the portable electromicsvever, their
penetration into the markets of vehicular electrification and-gjndage has been hindered by
their moderate energy densitiés’?, since the intercalatiotype cathode materiais stateof-

the-art Li-ion batteries impose an intrinsic limit on device energy den&it§?. Even though
lithium rich metal oxide havebeen demonstrated to deliver thighest capacity(~250 mARhQ)

85. 89 amongall transition metal oxidematerials their structural stability over the lortgrm
cycling still presents challenges to practical applications, so does their compatibility with the

stateof-the-art anodenateriaé such as Siand Srbased alloy€" 88l

At present, the most promising ahative cathode material is sulfur due to its high theoretical
capacity (1672 mAh Y, low cost, high abundance in nature and environmental benlghi:
However, the rechargeable battery chemistry based on sulfur cathode still faces three intrinsic
challenged®>®¥: (1) the formation of intermediate polysulfide products andptrasitic shuttle
reaction caused by them during lithiation/delithiation process, resulting in low Coulombic
efficiency and rapid capacity fadin®) the extremky low dectronic and ionic conductivitiesf
bothstarting materiab andending product.i,S, which are responsible for not only low capacity
utilization but also poor power density; and (3) the stress/strain induced by the large volume
difference (76%) between Iur (2.03 g cn?) and LbS (1.66 g cmi) during a complete
lithiation/delithiation cycle, which destroys the physical integrity of sulfur cathode and results in

fast capacity lossSignificant efforts have been made to address tlebsdlengs, the most
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popular of which is to entrap sulfimto electronic conductive hosts of nasiouctures, such as
microporous carbon, carbon nanotube, graphene, graphene oxide and carbon ndhfiber
nevertheless, commercialization of sulfur cathode remains renmtect, since these three
challengesare closely entangled, it is difficult to circumvent all of thesith a singlestrategy
For example, adoption of electrolytes with high solubility for hagtler polysulfide effectively
relieved the poor conductiviigsue and reduced the stress/stF&fh but it also accelerated the
parasitic shuttle reaction, while tisaifuri TiO, yolki shell nanoarchitectursvith internal void
spacesuccessfullyaccommodate the volume expansion afulfur (¥, but the lowerelectronic
conductivity of TiQ-host further worsened the utilization and reaction kinetitsS-TiO..
Carbon coating on LS5 mitigated the stress/strain and the loss of active species due to the
physical disintegration of the electrode, but the largagbarsize (500nr2nm) of Li,S reduce

the utilization*®¥.

In this work,oxygen stabilized sulfur in carbon matrix was formeditu by heating sulfur in a
sealed vacuum glass tube at 8@with 3,4,9,10perylentetraarboxylic dianhydrid (PTCDA),

an aromatic compound with the composition of minimum hydrogen, moderate oxygen but rich
carbon (G4HgOs), makes it an ideal precursor for carb®he carbonization of PTCDAnsures

the formation of a carbonaceous mathat is characterized of oxygen functionalities that might
either covalently or Coulombically bonded to sulfur speci€se transmission electron
microscopy (TEM), Xray diffraction (XRD), X-ray photoelectron pectroscopy(XPS) and
Raman characterizationsveal that sulfur isiniformly immobilized in the carbon host at nano or
even in molecular level, which should reduce the parasitic shuttle reactions incurred by
unattached sulfur species and their intermediate reduction produgertion of sulfur is

strondy interaced with oxygenfunctionalitiesin the carbon, which is inactive during normal
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charge/discharge cycles between 1.0 and 3.0 V, the unbounded sulfur in the carbon provided a
reversible capacity of 508 mAlg/of S)for 2000 cycles with averadess of 0.0045% per cycle

in carbonatébased electrolyte, which iswer than the besecordby anorder of magnitude

This excellent cycling stability, however, was realized at the expense of capacity utilization,
because the 508 mAh/(g of S) omgpresents a small portion of S accessed by the cell reaction.
To liberate electrochemically inactive S species that strongly interacted with exygen
functionalities,we reduced the lithiation potential down to 0.60 V for several cycles before
normal chargklischarge cycling between 1.0 V~3.0 V startadd achievedn the subsequent
cyclesaremarkably highcapacity of1621 mAH(g of S),which is close to the theoretical value

of sulfur (1672 mAh/g)In the following longterm cycling, an effective capacity 820 mAh/(g

of S) was maintained for 600 cycles between 1.0 Vto 3.0 V.

2.2 Experimental Section

Synthesis of C/S compositestl chemicals were purchased from Sigmddrich and used as
received. Sulfuand perylene, 4, 9, 1l6tetracarboxylic dianhydride were mixed with a ratio of

1.5:1 by weight and sealed in a glass tube under vacuum. The sealed glass tube was annealed in
an oven at 600 °C for 3 h, and it was cooled to room temperature inB4/penstabilized C/S

compositesvere collected as black powder.

Material CharacterizationsScanning electron microscopy (SEM) imageere taken by Hitachi
SU-70 analytical ultrenigh resolution SEM (Japan); Transmission electron microscopy (TEM)
images were teen by JEOL (Japan) 2100F field emission TEM; Thermogravimetric analysis

(TGA) was carried out using a thermogravimetric analyzer (TA Instruments, USA) with a
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heating rate of 10C min* in argon; %ray diffraction (XRD) pattern was recorded by Bruker

Smat 1000 (Bruker AXS | nc. , RaBah)measuseinantg weteu K U
performed on a Horiba Jobin Yvon Labram Aramis using a 532 nm -piochgped soliestate

laser, attenuated to give ~900 uW power at the sample suifaeeX-Ray Photoelectron
Spectroscopy (XPSanalysis was performed on a high sensitivity Kratos AXIS 16Eay
Photoelectron Spectrometer dre ielengentainanalysis wvaso ni ¢

performed by ALS Environmental Company.

Electrochemicameasurementsifhe oxygen stabilizedC/S composites were mixed with carbon
black and sodium alginate binder to form a slurry at the weight ratio of 80:10:10. The electrode
was prepared by casting the slurry onto aluminum foil using a doctor blade andndaed
vacuum oven at 60C overnight. The slurry coatedn aluminum foil was punched into circular
electrodes with an area mass loading of 1.2 mg. @win cells for lithiumsulfur batteries were
assembled with lithium foil as the counter electrode, 1N®R.iin a mixture of ethylene
carbonate/diethyl carbonate (EC/DEC, 1:1 by volume) and Celgard®8=0dafd, LLC Corp.,

USA) as the separator. Coin cells for sodisuffur batteries were assembled with sodium metal
as the counter electrode, 1M NaGld a mixture of ethylene carbonate/dimethyl carbonate
(EC/DMC, 1:1 by volume) and Celgard®350Ce(gard, LLC Corp., USAas the separator.
Electrochemical performance was tested using Arbin battery test station (BT2000, Arbin
Instruments, USA). Capacity a8 calculated on the basis of theight of sulfur in C/S
composites. Cyclic voltammograms were recorded using Gamry Reference 3000

Potentiostat/Galvanostat/ZR&ith a scan rate of 0.1 m¥”.
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2.3 Results and Discussion

2.3.1Material Characterization

)" : (e

Figure2.1. SEM images of carbonized PTCDA (a) and oxygtabilized C/S composites (b); (c)
TEM image of oxygesstabilized C/S composites: elemental mapping images of the C/S

composite: carbon (d) and sulfur (e).

The neat PTCDAcarbonizedwith and without sulfur are characterized by scanning electron
microscopy (SEM) and TEM, respectively, as shown in Rid. The carbonized PTCDA
consists of elongated rectangular plates with a length abouin?@nd a width about 4.
Uniform wrinkles can be observed on the surface of the plates. However, C/S composites formed
by in situ annealing the mixture of PTCDA and sulfur are revealed tpdseus spheres with

diameter around 130 nm, which consist of aggregated secondary short platesdiameter of
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~500 nm. The drastically different morphology, because of the introduction of sulfur, indicates

that possible chemical interactions are formed between carbonized PTCDA host and S guest.

Weight loss (%)

85

80— T T T T
100 200 300 400 500 600

Temperature (°C)
Figure2.2 TG analysis foroxygen stabilized/S composite

The distribution of carbon and sulfur in a secondary C/S patrticle ZRig) were analyzed using
energy dispersive Xay spectroscopy (EDS), as shown in RAd.d and2.1e, in which carbon
homogenously overlaps with sulfur, suggesting #oam distribution of carbon and sulfur
throughout the composite. The chemical composition of the composite was determined using the
elemental analysis to be 56% of carbon, 38% of sulfur and 5% of oxygen, while
thermogravimetric analysi6TGA) was also used to determine suléantent, which indicates

that there is only 8% weight loss after heating up to €¥D@s shown in Fig2.2 much lower

than the sulfur content determined using elemental ana8isise TGA actually only detects the
sulfur species that are simply chemisorbed in micropores and can be evaporated due to heat, the
extra sulfurcontent as determined by elemental analysis should reflect the fact that a substantial
amount of sulfur in the C/S composite may be chemicallydedrto the oxygefunctionalities

(5%) in carbonaceous host, via either covalent or ionic interactions.
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Figure2.3. XRD patterns (a) and Raman spectra (b) for pristine S, carbonized neat PTCDA and
oxygenstabilized C/S composites; XPS spra of oxygen stabilized C/S composites: (c) C 1s, (d)

S 2p.

The nature of bonding betweerygenand sulfur in C/Sompositesre further characterized by
X-ray diffraction (XRD), Raman spectroscopy aXday photoelectron spectroscoPS) (Fig.

2.3). The carbonized neat PTCDA awaygenstabilized C/S compositesshow similar XRD
patterns (Fig2.3a), where a broad peak at 26 degree indicates the existence of graphitic carbon
in both samples. No sulfur peak is observed in @Ifiposites suggestinghat sulfur species

fails to crystallize and remains in amorphous foperhaps due to the strong interaction with O
functionalities. Raman spectra of carbonized neat PTCDAaygenstabilizedC/S composites

in Fig. 2.3 show two broad peaks at 1345'¢rand 1595 cit, respectively, confirming the €o
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existence oflisorderedgraphite (D band) and crystalline graphite (G bafidhe valence states

of sulfur in the composite could be determined from high resolution XPS, as sh&wgn 203

and 2.3d, where etmental C 1s at 284.8 eV was used as reference binding eridrgy.
asymmetry of C 1s spectra demonstrates the presence of Bathdsgp carbon, which are
ascribed to graphitic carbon and amorphous carbon in the composite, respeétitielst of
peakscorresponding to the S 2p spectra are detected between 164 eV and 170 eV, among which
the twin peaks located at 164.0 eV and 165.2 eV shouddtieuted to the S 2p and S 2p, of

sulfur species containing-S bond, probably arising from shattain S( x 08 ) , whi |l e a
small peaks at higher binding energies starting from 165.8heMld arise from sulfur in strong
interaction with oxygen in varying manners@ S=0 etc), which were results of the reaction
between sulfur and oxygen functionalgien PTCDA. The BrunaueEmmettTeller (BET)
analysis(Fig. 2.4) revealed that C/S composite thus made has a dense structure with a surface
area of 23.4227 fng™. From the shape of MNadsorption/desorption isotherms and psize
distribution, one can conclude that the composite is not a porous structure, which might suggest

that sulfur filled the micropores of carbon host and is tightly bonded to the carbon matrix.
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2.3.2Electrochemical rformance

The electrochemical performances afygenstabilized C/S composite are evaluated in coin

cells with Li metal as anode. Fig.5a shows theigalvanostatiovoltage profiles when cycled
between 1.0 V ~ 3.0 V. In the first cycle, a short plateau at 2.4 V represents the reductitlm of S
Li,S,, followed by a long plateau &t6 V corresponding to further reduction of shorter S chains

to Li,S,/Li-S. During the delithiation a rather slopping plateau at 2.0 V is observed . Ii%the 2
cycle, the short plateau at 2.4 V completely disappears, indicating tatid_not stable irthe
electrolyte with carbonate solvents and L§PEhang et al. have reported that polysulfides can
react with LiPE, resulting in rapid capacity fading of sulfur cathode in carbonate based
electrolyte™®. The long plateau at 1.6 V shifts to a sloppitateau centered at 1.7 V owing to

the release of strain/stress in C/S composite in the first cycle. After 100 cycles, the strain/stress
of C/S composite is completely absorbed, and the slopping plateau shifts to 1.8 V, which is the
intrinsic reaction pantial forthe lithiation of shorchain sulfur molecules. The corresponding
delithiation plateau is centered at 2.2 V after 100 cycles. Cyoliammogramsn Fig. 2.5

show that there are two cathodic peaks at 2.4 V and 1.2 V and one anodic peak at 2.2 V in the
first cycle, which coincide with galvanostatic tests. In the subsequent cycles, the cathodic peak at
2.4 V disappears, and both cathodic peak at 1.2 V andapedk at 2.2 V shift to positive
values, which is consistent with charge/dicharge behavior in2Ftg. Theoxygenstabilized

C/S composite maintain a reversible capacity of 508 mAh/(g of S) at a current density of 150
mA/g for 2000 cycles with a Couldrit efficiency close to 100% (Fi@.5c); however, poor
electrochemical performance was demonstrated by the same composite in-RDDOESIME,

which is more typical electrolyte used in literature (FAdg). This anomaly is consistent with

earlier report tht a unique interphase can only be formed in carbdreed electrolyte®.
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An excellent rate capability is also achieved bydbmposits as indicated by Fig2.5d. When
current density increases from 60 mA t 6 A g', the reversible capacitgemains at 180
mAh/(g of S), which is over 30% of its initial capacity (580 mAh/(g of S)). After current density

returns to 60 mA G, the reversible capacity recovers its initial level without any kinetic delay.
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Figure 2.5 Electrochemical performance obdxygenstabilized C/Scomposits. (a) The

galvanostatic chargeischarge curves between 1.0 V and 3.0 V versus 'Lif{i) Cyclic
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voltammograms at 0.1 mV'sin the potential window from 1.0 V to 3.0 V versus Li£L{c)
Delithiation capacity and coulombic efficiency versus cycle number at the current density of 150
mA ¢ (d) Rate performance at variousr@les; (e) The galvanostatic chardischarge curves
between 0.6 V and 3.0 V in initial 5 cycles and between 1.0 V ahd/ &after 5 cycles; (f)
Delithiation capacity and coulombic efficiency versus cycle number at the current density of 150

mA g ' in the cutoff window from 0.6 V to 3.0 V in initial 5 cycles and from 1.0 V to 3.0 V after

5 cycles.
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Figure 2.6.Electrochemical performaecof oxygen stabilizedC/S composite in LiTFSI
DOL/DME electrolyte (a) The galvanostatic chaiigkscharge curves betwedrOV and 3.0 V
versus Li/Li"; (b) Delithiation capacity and coulombic efficiency versus cycle number at the

current density 0150 mA d*.

Despite the excellent cycling stability and rate capability, the low reversible capacity of 508
mAh ¢' at a current density of 150 mA'gsuggests that only part of the confined sulfur
participates in the cell reaction and hence falls short of the promise oflsaffed cathode. To
liberate more sulfur that are harnessed by oxygen functionaliteesubjected the cathode to a

prelithaition process down to the potential of 0.6 V, in the hope that electrochemical reduction
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could break the strong interaction between sulfur and oxygen. The consequence of this deep
lithiation is the release of extra sulfur species that are originally immedbiby oxygen and their
subsequent electrochemical activis shown in Fig.2.5e and2.5, the first five cycles are
conducted between 0.6 V and 3.0 V. There are three plateaus observed at 2.4V, 1.6 V and 0.7 V
during the ' lithiation, while only one plateau centered at 2.0 V is observed during the
delithiation immediate afterin the second cycle, the plateau at 2.4 V disappears, while the
plateau at 1.6 V shifts to 1.8 V, and the plateau at 0.7 V becomes shorter. fththgcfe, the

plateau at 0.7 V almost disappears, while the plateau at 1.8 V shifts to 1.9 V and becomes much
longer than that in the second cycle. This dynamic change in the voltage profiles reflects that
more and more sulfur is released in each cyatenfithe oxygen immobilization and then
becomes available for the electrochemical reactions. After normal cycling protocol is resumed
between 1.0 V and 3.0 V starting at tHedycle, the newljincreased capacity remains at 1170
mAh/(g of S), which is muchigher than the delithiation capacity in Fiy5a and2.5c, and this
capacity rapidly stabilizes #®20 mAh/(g of S), which is retained for 600 cycles with negligible
fadings at a Coulombic efficiency close to 100%. To confirm the origin of such extaityap
incurred by prdithiation, a blank test was conducted using carbonized neat PTCDA without
sulfur by prelithiating it in the range of 0.6 V and 3.0 V (Fig.7), where a reversible capacity

of only ~60 mAh @ was observed, probably contributed hiy-Intercalation into the graphitic
portion of the carbon host as well as the surfaceFayadaic processes. Apparently, the extra

capacity of > 1000 mAh/(g of S) is not contributed by the carbon host itself.
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2.3.3Activation Mechanism dPre-lithiation

To understand thectvation mechanismof oxygenstabilized C/S composites in different
potential windows, cyclic voltammetry (CV) and galvanostatic intermittent titraBohnique

(GITT) are carried out. Fig2.8a shows the cycligoltammogram®f the composite in different
potential windowsata scan rate of B.mV s*. The cell is initially cycled from 1.0 V to 3.0 V for

two cycles, and then the potential window is widened from 0.8 V to 3.0 V for another two cycles,
followed by aneven wider potential window from 0.5 V to 3.0 V for five cycles with the purpose

to fully lithiate Sspecies in the composite. After that, narrow window from 0.8 V to 3.0 V is
resumed for two cycles and then from 1.0 V to 3.0 V for two cycles. Cyclianaaibgrams of

the last cycle in each potential window are displayed in ZgBa. With the discharge potential
changed from 1.0 V to 0.8 V, and then to 0.5 V, the intensity of redox peaks becomes stronger

with each cycle, consistent with the op@/discharg plateaus in Fig. 2e5that more S is released
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from carbon host upon deep discharging. The sharp rise of cathodic peaks at the end of each
cathodic scan should be responsible for the formation of SEI layer and the continuous lithiation
of sulfurspeciesmmobilized by oxygen in the carbon host. With lower-afiitlimit reverts to

0.8 V and 1.0 V, the intensity of redox peaks becomes a little weaker due to the narrowed
potential window, but it is much stronger than that of initial scan, indicating that ®xfur has
indeed been liberated from the carbon host during the deep lithiation process. The deeper the
discharge, the more sulfur will be released. When the discharge potential maintaing,ah6.5
released sulfur in each cycle gradually reduceessathstrated in Fig2.9. Fig. 2.9a shows that

with a lower cutoff limit of 0.5 V, the sharp CV peak at the end of cathodic scan becomes
weaker, while the intensity of redox peaks at\f.@nd 2.3V increase from the®iscan to 3%

scan. The voltage profiles in Fig.% also confirms that the slopping plateau below 1.0 V
becomes shorter, but the slopping plateau centered ¥tldecomes longer upon cycling, further
confirming that deep discharging to O\5 can release more sulfdrom carbon host. The
equilibrium potential during lithiation/delithiation process is evaluated by GITT 2Fid). The
oxygenstabilizedC/S electrode is lithiated/delithiated by a seriesafistant current pulse of

150 mA/g with an equal duratioperiad of 1 h, and then rested for 12 h to reach the equilibrium
potential after each current pulse. The colored symbol lines i2 Bgrepresent the equilibrium

open circuit potentials (OCP). Upon lithiation/delithiation cycles from 0.5 V to 3.0 V, the
equiibrium potential shift upward. The slopping potential line change into a plateau center at 1.7
V at the expense of reducing the slopping plateau below 1.0 V. More importantly, the
lithiation/delithiation equilibrium OCP plateaus centered at 2.0 V arenéeteand shifted to
positive values upon cycling, while the equilibrium plateau centered at 0.9 V becomes shorter

with each cycle, consistent with the changes of voltage plateaus i2.5egThe equilibrium
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potentialcurves of C/S composite change upguling, demonstrating that the deep lithiation
process has changed the thermodynamics of C/S composite instead of kinetics. This fundamental
change is due to the generation of new sulfur species produced by the reaction betweaedn Li
oxygenstabilized sliur. The reaction resistance of C/S electrode during lithiation/delithiation
process is calculated by dividing the overpotential with pulse current amplitude as shown in Fig.
2.8c and2.8d. Compared to the subsequent charge/discharge cycles, the resgistance in the

1st lithiation process is the largest, reflecting the largest strain/stress induced by the strong
interaction and physical encapsulation of sulfur with oxygem carbon matrix. The reaction
resistance slightly decreases after 50% dfidiion, while the reaction resistance remarkably
increases at the end of delithiation. The difference of reaction resistance during
lithiation/delithation may be attributed to the electrical contact resistance change caused by the
volume expansion/shringa during lithiation/delithiation process. Hence, both CV and GITT
results confirm that préthiating the composite at low potentials liberates sulfur species by

changing their chemical valence states.
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Electrochemical impedance spectroscopy is also used to monitor the impedance evolution upon
cycling. The depressed segircle in the high frequency area represents interphasial resistance,

including contact resistance of the composite particles, SEI layer and charge transfer resistance,
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while the low frequency line stands for ion diffusion resistance in the composiielgsarAs

shown in Fig2.11 the interphasial resistances is ~250 dbnthe fresh cell, while it increases

to ~700 ohm once discharged to 1.5 V, due to the lithiation of sulfur in the composite. When the
discharge lower limit becomes 1.0 V, two depeelssemicircle can be observed, and the
interphasial resistance increases to ~900 ohm, owing to the growth of SEI layer and further
lithiation of sulfur in the composite. The first seaonicle should represent the sum resistance of

SEI layer and particko-particle resistance for the composite, while the second-cecie

stands for the charge transfer resistance. When the cell is further discharged to 0.6 V, the
interphasial resistance decreases to 720 ohm. Though the resistance of SEI layer inavaases up
further discharging, contact resistance of the composite particles decreases due to the volume
expansion, and more S is released by the lithiation process so that more active sites for sulfur and
lithium ions are available, which helps reduce the chémyesfer resistance. After the cell is
charged to 3.0 V, the original value of ~250 Ohm interphasial resistance was restored,
representing an ideal state of both excellent conductivity and good integrity of the electrode. In
the following 5 cycles, the tarphasial resistance maintains this initial value, ensuring the

excellent cycling stability of the sulfurased cathode.

Besides the cell chemistry coupled with Li anode, the obtairggenstabilizedC/S composite

is also coupled to Na anode. The electrochemical performance of the composites is measured
between 0.8 V and 2.8 versusNa/Na. As shown in Fig2.12a, the sodiation and desodiation
plateaus are centered at 1.4 V and 1.8 V, respectively, which are ey than the Li
counterpartsCyclic voltammogramsn Fig. 2.12 confirm that there is only one pair of redox
peaks at 1.15 V and 1.7 V respectively during sodiation/desodiation, revealing that the cell

reaction consists of a one step mechanism betaaéur and Na in this composite. Thgygen
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stabilizedC/S composits deliver a reversible capacity 600 mAh/g at the current density of
150 mA/g initially, which reduces to 400 mAh/g after 150 cycles as shown iR Aig.. The

rate capability of the cuposite is also measured by increasing the current density every five
cycles, as shown in Fi¢.1d, in which the desodiation capacity decreases from 550 mAh/g to
130 mAh/g, when the current density increases by 20 times from 60 mA/g to 1.2 A/g. This
comhbnation of decent cycling stability and rate capability makes the electrochemical couple

between Na and oxygestabilized C/S composite a promising cell chemistry for Na/S batteries.
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Figure2.11 Impedance analysis for oxygen stabilized C/S cell before test and during discharge

to 0.6 V and charge to 3.0 V.
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2.4 Conclusion

The oxygenstabilizedC/S composits are synthesized by annealing the mixture of sulfur and
perylene3, 4, 9, 10-tetracarboxylic dianhydriden a sealed vacuum glass tube. The resulting
composites exhibit superior electrochemical performance for both Li and Ndrcétie. former,

a reversible capacity of 508 mAh/g is maintained in carbonate based electrolyte for 2000 cycles
when cycled betwen 1.0 V and 3.0 VFurthermore, it is discovered that that extra reversible
capacity could be obtained if plighaiting the composite at low potentials (0.6 V), as evidenced

by the stably delivered 820 mAh/(g of S) for over 600 cycles and a Coulomiciermsfy close

to 100%. Based on spectroscopic studies, we attributed the extra capacity to thepsais
liberated by the préthiation from their strong interaction with oxygen functionalities in the

carbon host.Similar excellent electrochemical performance is also achieved when the C/S
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composite is coupled with Na anode, where a reversible capacity of 400 Miétintained
for 150 cycles. Therefore, tlexygenstabilizedC/S compositesnake promising sulfucathode

materials for both LIS and NaS batteries.
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Chapter 3 Selenium@Porous Carbon Composite with Superior Lithium and

Sodium Storage Capacity

3.1 Introduction

High-energylithium ion batteries andow-cost sodiumion batteries arehe mostpromising
candidates foemerging electric vehicles and largeale renewable energy storage, respectively
In current technologythe energy density of lithium ion batteries is mainly limibgtthe cathode
material?® ¥, The same problem also impexithe development of sodition batteried'%d,
Therefore, development of high energy density cathodes for batnland Naion batteries is

critical for thesuccess in electric vehicle and renewable energy storage.

Sulfur is the only cathode materihlat has comparable capacity wihanode materiafor Li-

ion batteries However,sulfur cathodes face three major challenges, which limit its practical
applications® % (1) sulfur has low electronic conductivjt{2) sulfur undergoes large volume
change during lithiation/delithiation(3) high-order polysulfideintermediates are solubli&
carbonate electrolytes. The dissolution of higter polysulfides is essential for progressive
lithiation of S due to the nomonductive nature of elementak®nd its reduction producté®.
However, the dissolved higbrder polysulfidesalso cause ahuttlereaction, because dissolved
high-order polysulfidesn the cathode side can diffuse to and chemically react with Li anode to
either form soluble low order polysulfideand then transport back to cathode sichusing a
shuttle reactionor form a insoluble dense sulfides @3 and LjS;) layer on Li anode
increasing the resistance of Li anode. The shuttle reaction and depositioss @n Li anode

significantly reduce Coulombic efficiency and cycle stability of sulfur cath@atdsoth lithium-
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and sodiunsulfur batteried®® 9 Most effective ways to alleviatdissolution and shuttle
reaction are (1) to physically trap thegh-order polysulfides inside host materials (mostly
conductivecarbon)*'* 113 (2) to directly form insoluble loverder sulfides*®, and (3) to
manipulate the solubility of polysulfides by selection of different electrol§t&8. Our previous
work showed that small sulfur molecules obtained at a high temperatur@Q)66én be infused
into carbonmnanotubes and stabilized to rodgemperaturé®. The small sulfur/carbon nanotubes
composite can directly fornmsoluble loworder polysulfidesthus avoiding the dissation and

shuttle reaction.

As a congener of sulfyr selenium has similar chemical propertiesbut higher electronic
conductivity. Selenium can also react with lithiuamd sodiumions to generate selenigé*®.
Although the gravimeeic capacityof seleniumcathode 678 mAh g*) is lower than sulfur(672

mAh g, thevolumetric capacity of selenium (3253 AR based on 4.82 g ¢ is comparable

to sulfur (3467 Ah [} based on 2.07 g ¢ In addition,seleniumhas20 orders of magnitude
higher electrical conductivitthan sulfur. These features make it a promising cathode material
for both lithium- and sodiurvion batteries.However, similar to sulfur, the selenium cathodes
also face the dissolution issue of higiter polyselenids, resulting infast capacity fadingnd

low Coulombic efficiency.

In this study, using the same strategy of S/C cathode sulfur batteries, we broke $ento Se
at a high temperature of 60C andimpregnatedSe; into mesoporousarton to alleviatethe
dissolutionof polyselenids. The SgC cathode in carbonateased electrolyte demonstrated
excellent electrochemical performance in bothidd and Naion batteries.lt can deliver
reversiblecapacity 0f480 mAh g™ in lithium-ion bateries andmaintains1000 cycleswithout
any capacity lossThe capacity of the Se/C composite for sodium ion batteries is as hifibas
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mAh g'in the first cycle and retais 340 mAh §" after 380 cycles. The §mesoporous carbon
composites also shoexcellent rate capability. As the current density increased frar@ @o 5

C, the capacity retained abod®% in Li-ion batteries and34% in Naion batteries. The
charge/discharge mechanism ofg/8e was investigated by comparing the electrochemical
behavor of Sg/C with 1M LiPF; in a mixture of ethylene carbonate/diethyl carbonate (EC/DEC,
1:1 by volume) and 1M LITFSI itetraethylene glycol dimethyl ether (TEGDME) electrolytes.
The excellent battery performance of&e and N&Se batteries demonstratibst selenium is a
promising alternative to sulfur and currently used cathode materials for large scale and high

energy applications.

3.2 Experimental Section

Synthesis of mesoporous carbon sphefdschemicals were purchased fradigmaAldrich and

used as received.66 g resorcinol (R)0.38g triblock copolymer (Pluronic F12@nd 0.66 g

HCI aqueous solution were dissolved in a mixture of 4.35 g distilled water and 5.75 g ethanol
alcohol where triblock copolymer andHCl functioned as softemplate and catalyst,
respectivelyWhen aclear solution appeared, 0.8 g 37% formaldehyde (F) aqueous solution was
added. After 1 hour vigorous stirring, the solution was transferred into a-tiefbwhautoclave

and sealed. It was heated to T&8Dand mantained for 10 hours. After naturally cooling to room
temperature, a light brown power was collected and dried in air for 24 hours, and then followed
by further curing in an oven at 10@ for 24 h in air. Finally, the resulting precursor was
carbonized irflowing argon at 600C for 5 h, with a heating ramp of € min* to achieve

mesoporous carbon spheres.
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Synthesis of selenium impregnated carbon compdsékenium and mesoporous carbeare
mixed witha ratio of 1:1by weight and sealeith a glass tub@inder vacuumThe sealed glass
tube isannealed iran oven at 600C for 5 h. Selenium impregnated carbon composies

collected as black powder.

Material CharacterizationsScanning electron microscopy (SEM) imageere taken by Hitachi

SU-70 analytical ultrehigh resolution SEM (Japan); Transmission electron microscopy (TEM)
images were taken by JEOL (Japan) 2100F field emission TEM; Thermogravimetric analysis
(TGA) was carried out using a thermogravimetric analyzer (TA Instruments,) W8A a
heating rate of 16C min’ in argon; %ray diffraction (XRD) pattern was recorded by Bruker
Smart 1000 (Bruker AXS | ncBETspdgiicssiyrface aréarand pdteu K U
size and volume were analyzed using Mbsorption on Micromeriics ASAP 2020
(Micromeritics Instrument Corp., USARaman measurements were performed on a Horiba
Jobin Yvon Labram Aramis using a 532 nm digmemped soliestate laser, attenuated to give
~900 pW power at the sample surface.

Electrochemical measuremenighe selenium impregnated carbon composite was mixed with
carbon black and sodium alginate binder to form a slurry at the weight ratio of 80:10:10. The
electrode was prepared by casting the slurry onto aluminum foil using a doctor blade and dried in
a vacwm oven at 60C overnight. The same method is used to fabricate pure selenium electrode
material. Coin cells for lithium selenium batteries were assembled with lithium foil as the
counter electrode, 1M LiRRn a mixture of ethylene carbonate/diethyl carbonate (EC/DEC, 1:1
by volume) or 1M LIiTFSI intetraethylene glycol dimethyl ether (TEGDME) as the electrolyte,
and Celgard®3501Celgard, LLC Corp., USAas the separator. Coin cells for sodium selenium

battaies were assembled with sodium foil as the counter electrddeNaClO, in a mixture of
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ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1 by volume) as the electrolyte, and
Celgard®3501 Celgard, LLC Corp., USAas the separator. Cells with pure selenelectrodes

were also fabricated using the same procedure. Electrochemical performance was tested using
Arbin battery test station (BT2000, Arbin Instruments, USA). Capacity was calculated on the
basis of the mass of selenium in selenium impregnatedrcadioposite. Cyclic voltammogram

was recorded using Solatron 1260/1287 Electrochemical Inter&aar{ron Metrology, UK

with a scan rate of 0.1 m\//s

3.3 Results and Discussion

Figure 3.1a shows theSEM imageof the mesoporous carbohe mesoporousarbonhas a
spherical morphology with particle size of a couple of micromefgne BrunauarEmmett
Teller (BET) analysis shows thatesoporous carbadmas high porositpf 0.2 cnf g™ and large

surface areaf 462 m? ¢. The average pore sizerimesoporas carboris about 1.6 nm.

As revealed in Figur8.1b, no morphology change is observed aftdeniumis infused into the
mesoporous carbon spheresiggesting that most of the Se is filled inside thesoporous
carbon. The infusion of Se intmesopoes of carbon is confirmed by the drastic decrease in
surface area from 462 m?'dor asprepared sample® 5 m? g* after Se infusionwhile the
average pore size increases from 1.6 nm to 4.1 nm, indicating that small pores are occupied by
Se. The elementahapping images (Gure 3.1d and3.1€) revealthat selenium is uniformly
distributed inthe mesopoes of carbon spheredlt is also confirmed by XRD pattern that

seleniumin mesoporous carbomaintains its crystal structur@dCPDS File NO 86-2246)
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Thermaravimetricanalysis (figure3.2) shows thathe porous C/Se compositentains 30%

selenium and 70% mesoporous carbon spheres.
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Figure 3.1.SEM images of mesoporous carbon spheres (a) and Se/C composite (b); (c) TEM
image of selenium impregnated carbon composite; elemental mapping images S&/C

composite: Se (d) ardarbon (e); (f) XRD pattern of the Se/C composite.
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Figure3.2 Thermogavimetric (TGA) curve oelenium impregnated carboompositein argon.
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The nature of Se in the composite was investigated by Raman spectroscopy. For comparison,
porous carbon, pristine Se and 6Wtreated Se under the same conditions as those used for
Se/C composite were also analyzed (FiduB. The pristine Se displays three peaks at 142 cm

1 235 cni and 458 crit, respectively. The peaks at 142tand 458 crit represent Se with a

ring sructure™?; while the 235 cnl peak is attributed to chastructured S&*¥, indicating the

pristine Se is a mixture ofe ring and chairstructuredSemolecules. To examine the effects of

the heatreatment history on the structure of Se, thetpre Se was he#iteated using the same
procedure used for the Se/C composite. Compared with thresird Se, there is no change in
Raman spectra, indicating that the mixture of ring and e$@uctured Se is a
thermodynamically stable form at roomntperature. However, the Se/C composite synthesized
at600°C in vacuum doesnodt show thesetwhichise peal
assigned to the ringtructured Seappears™™®. Therefore, the ringtructured & is stabilized by

porous carbon at room temperature. Two strong peaks at 13%0aech 1600 cit which
represent the D and G bands of mesoporous carbon, respectively, are observed for the composite,
showing that the porous carbon is partially graphitiZBlde Raman spectra reveal that the
mesopores of carbon can physically restrict Se in the form of small moleculeg @fh&h is

similar to sulfur in S/porous carbon compo$it8.

The electrochemical performance of the Se/C composite cathodes was edé&orinboth
lithium- and sodiurvion batteriesusing conventional carbonabased electrolyteFigure 3.4
showscyclic voltammogramg¢CV) and charge/discharge profiles of Se/C composite cathodes in
Li-ion and Naion batteries. The CV curves shawly one pair ofreversible redox peaks for
both lithium- and sodiurrselenium batteriesindicating that the electrochemical process is a

single phasehange reaction. For lithiwselenium batteriescathodic peakand anodic peak
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appeanat 1.1V and 1.8V, respectively, in the first cycle. After the first cyclbetcathodic peak
shifts to a higher voltage of 1M, while theanodic peakemainsat 1.8V. Thereforethere is an
electrochemical activatioprocess during the first lithiatiohis activationprocess is associated
with the deformation of Se/C composite induced by the volume increase in the first lithiation.
Similar phenomena have been reported in high capacity Sixmn@other higkcapacity anode
materials*® 7. The stableanodicand cathodigeals after the first cycledemonstrate good
cycling stability ofthe Se/C composit€&igure3.4b shows the CV curves of the Se/C composite
in Na-Se batteries measured at a scan rate of 0.1 mV/s betweke2.6.%¥. The Se/C composite

in Na-Sebatteries also shovemilar activation behavior as in i$e batteriesThe cathodic peak

is at 0.7 V in the first cycle arghifts toa higher potential 01.0 V in subsequentycles, while

the anodic peak at 1.4 V remaiconstanin all cycles.Therefae, theredox potentials in N&e
batteries are about 0.4 V lower than those #S¢&ibatteries, which is similar to Sn anodes where

the potential inNa-ion batteries iglso lowerthan that irLi-ion batterie$®?.

-_ Se
— Se-600C

— Se/C-600C
— Porous carbon
e\ ‘/\/k__

Intensity (a.u.)

400 800 1200 1600 2000

Wavenumber (cm'l)

Figure3.3. Raman spectraf pristine Se, hedteated Se, Se/C composite and porous carbon
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Figure3.4. Cyclic voltammograms ahe Se/C composit@ the initial 5 cyclesss Li (a) and Na
(b); Charge/Discharge profieat the 99 cycle of the Se/C composite ihi-ion (c) and Naion

batterieqd).

The charge/discharge profiles of Se/C cathodes at a current density of 0.25dthfor- and

Na-Se batteries are shown in FiguBdc and3.4d, respectively. As demonstrated in CV, rng

structured Sg cathodes preséronly one slope voltage plateau in bothidm and Naion
batteries, which is in agreement wi®t mhisYangos
charge/discharge behavior is different from previous reports on-strairtured Se cathodes™

14 where multiple plateaus were displayed. Therefore, the difference in charge/discharge curves
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between Sg (a mixture of ring and chain) and $Seadicates different reaction mechanisms in
different electrolytes. The charge/discharge potentials are 1\8/ih.&.i-Se batteries, which are

0.4 V higher than those in Nge batteries (1.4/1.2 V).
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Figure 3.5. Impedance analysis for Se/C cell before test and after cycling.

The (De)lithiation mechanism of Se cathode in etiesed electrolyte has been reported by Cui
etc®® During the lithiation, Se undergoes a tplase transition process that Se is firstly reduced

to soluble high order polyselenide ,$€ni 4), and then th&e? (nli 4) is further reduced to
Se” and S&. During the delithiation, liSe is firstly oxidized to $& (n0 4), and then the high
order polyselenide is further oxidized to Se. The solpolyselenided.i,Se, (N0 4) in ether

based electrolyte can caushuttle reactioh **! In our work, we only observe one plateau of

Se/ C during l|ithiation/delithiation in carbon
results using the same carbonate electrofifle Yang etc. believed that Se/C in carbonate
electrolyte only experience a direct phase change between insolublestthatored Seto

insoluble LpSe without formation of soluble lithium polyselenide,3é (nG 4) ©”. The

difference in lithiation/delithiation meehn i s m o f Se/ C between our W (

mainly attributed to the use of different electrolyte. The multistep phase transitions of Se/C in
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etherbased electrolyte but a singgéep reaction in carbonabased electrolyte was also reported
by Amignow® . Although the carbonyl groups of the carbonate electrolyte can react
with Se anions, the mesoporous carbon host reduces this side reaction and the -SdblgeBe
formed on LiSe protects LSe from further reduction (8@ layer functios as a SEI) as
demonstrated by stable interface impedance during charge/discharge cycles3Bjgumd long

cycling stability (Figure3.6).
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Figure 3.6. Cycling performance ofhe Se/C composite in dion (a) and Naon (b) batteries;
Rate capabilityof the Se/C composite in dion (c) and Naon (d) batteries. (1C is defined as

678 mA g* based on Se)
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The cycling stability of the Se/C composuas investigated at a current density of 0.25 C for
both Li-Se cells and N&e cells (Figure.6). The Se/C compositexhibits exceptional cycling
stability in both lithiumion and sodiumion batteriesThe Li-Se batteries deliver a reversible
capacity of 480 mAh§in the first cycle and no capacity decline is observed dui@g cycles,
demonstrating superior cycling performandée Coulombic efficiency ofLi-Se batteriegs
nearly 100% demonstrating that the shuttle reaction has been effectively suppréssedorth
noting that good cycling performanceadkso obtained for NeSe cells. Normally, electrodes in
Na-ion batteries show much worse reaction kinetics, lower capacity and poorer cycling stability
than in Liion batteries due to the larger diameteraxfism ions compared to lithium ioff§.. In

this study, the Se/C composite shows similar reversible capacity (485 M)A Na-ion cells to
that (480 mAh g) in Li-ion cells and retag340 mAh g after 380 cycles which corresponds to

70% of the firstycle.

In addition to the good cycling stability, the Se/C composite also shows high rate capability in
both Li-ion and Naion batteries. As current density increases from 0.1 C to 5 C, the capacity of
Se/C composite in EBe batteries only decreasesnir&00 mAh ¢ to 229 mAh ¢, while the
capacity of Se/C composite in Mg batteries reduces from 500 mAhtg 168 mAh @. The
impedances of Se/C cathodes before cycling, and after 50, 10Gy&éE3 are compared in
Figure 3.5 All EISs show a depresd semicircle in high frequency region and a slop line in the
low frequency region, which is the same to the impedance of Se/C reported et Eli The
depressed higfrequency semicircle represents interface impedance (including contact
impedance of Se/C particles, or SEI impedance, and charge transfer impedance), while the low
frequency line is attributed to ion diffusion in the Se/C particles.fidsth Se/C cell possesses a

small interface resistance 8fL00Wand increase to 18%at 50 cycles and stabilize to 190in
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the flowing cycles. The initial increase in interface impedance in the first few cycles may be
attributed to volume change of /8eduring charge/discharge cycles and side reaction between
polyselenides and carbonate electrol¥). The stable interface impedance during
charge/discharge cycles demonstrates that the formation©fl&ger on polyselenides protects
polyselenides tm further side reaction. The low and stable interface resistance of Se/C in the
charge/discharge cycles demonstrates that Se/C cathodes have fast reaction kinetics, which has
been confirmed by the high rate capability (Fig8réc), while the stable intéace resistance of

Se/C during charge/discharge cycles is coincident with the long cycling stability (Bigaje

The exceptional electrochemical performance reveals that the Se/C composite is a promising

electrode material for both dion and Naion batteries.
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Figure3.7. (a) SEM imageand (b) XRD pattermf the Se/C composite after 1000 cycles in Li

ion batteries.

The good cycling stability of the Se/C composite is believed to be associated withighe u
structure of the Se/C composite. Therefore, the morphology and structure of Se/C composite
electrodes after 1000 cycles in-&e batteries are investigated by SEM, XRD (Figgii® and

TEM (Figure 3.8). Compared to Figur8.1, no obvious morphologyhangeis observed after
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1000 cycles (Figur8.7a), which demonstrates that a robust mesoporous carbon can effectively
accommodate the large volume change of Se during lithiation/delithiatiter. 2000 cycés,

seleniumin mesoporous carbon still retaithe crystal structuras evidenced by the XRD pattern

(Figure 3.70). The extra peaks in XRD pattern may &ssignedto the SEI flim.The EDS
mapping re8yBtesxh(ibiigurtehat Se is stildl uni for

1000 cSmidrreslts are also observed for-Sla batteries as shownkigure 3.9.

(b)

(c) (d)

Figure3.8 (a) TEM image ofSe/Ccompositeafter 1000 cycleqb) EDS elemental mapping

images of S& compositeafter 1000 cycledor carbon ¢) and seleniumd).
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Figure3.9. (a) SEM images foselenium impregnated carboompositevs Na after380 cycles

(b) XRD patterns for selenium impregnated carbompositevs Na after380cycles.

The mechanism behind the exceptional cycling stability and Gigllombic efficiency of the
Se/C composite was investigated by comparnmigh the electrochemical performance of the
pristine Se;in the same electrolyte (LIREEC/DEC). The pristine Sgelectrode was prepared

by mixing Se, with carbon black and binder at a component ratio of 80:10:10 (Se: carbon black:
binder). The charge/discharge behaviors of, 8&ctrodes are presented in Fig3:&0. Only
very-short sloping lines can be observed in the charge/discharge curves, keadinvgry low
capacity of 10 mAh @, which is 8 times less than that of $€ electrodes. The side reaction
between LiSe and carbonate electrolyte for less protectivie/@ebon black composit¥! and

large particle size of&s, may be responsiblef the low capacity. It has been proposed thsat

of high soluble electrolyte can improve the utilization of insulating S cathode, thus leading to
high capacity®®. Liquid electrolyte(LiTFSI in TEGDME) which has higher solubility for
polysulfides than conventional carbonate electrolyte (iPFEC/DEC)is employed for Se
cathode?®. Sej,/carbon black cathode in LIFTSIEGDME electrolyte shows two plateaus at

2.2 V and 1.8 V (shown in Figu@1®). The two plateau reaction was also observed for Se/C
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cycling with LiTFSI in DOL/DME electrolyte by Cuect ®”. The lithiation plateau at high
potential of 2.2V is attributed to reduction of Se to the soluble polyselenideSeglL{nl 4),
while the plateau at lmw potential of 1.8V is due to further reduction of solublgSki (N 4),
to nonsoluble LySe, and LbSe®”). During the delithiation, LBe is firstly oxidized to $& (n
& 4), and then the high order polyselenide is further oxidized t6”S&he high solubility of

polyselenides in liquid OIFSI-TEGDME electrolyte enhances the utilization of;5ehus
increasing the capacity to more than 200 mAh(igure 3.1(), which is more than 20 times

higher than that in LIPFEC/DEC electrolyte. Howevethe high solubility of polyselenides
LITFSI-TEGDME electrolyte also causes severe shuttle reaction, as evidenced by the endless
voltage plateau at 2.2 V. Since the mesoporous carbon host can reduce the side reaction between
LixSe and carbonatelectrolyte and the stable -€elayer formed on LSe can protect Lbe

from further side reaction (S@ layer function as a SEI), the lesost LiPR-EC/DEC electrolyte

can be used for Se/C cathode which is prepared by infusing Se into mesoporous catligh at

temperature.

3.0 — lst cycle 3.0+ — lstcycle
— — 2nd cycle —_ —— 3rd cycle
3 +:' —— 5th cycle

t 25 25
3 3
[%2]) (2]
> >
£ 20 % 20
$ e
> >
< 15 o 15f
g g
2 10 S 10}
0 10 20 30 40 50 0 200 400 600 800 1000
(a) Specific Capacity (mAh/g) (b) Specific Capacity (mAh/g)

68



24

3.0 L [=—200th cycle — 100th cycle
—— 400th cycle « —— 200th cycle
+'Q 600th cycle ; 20 300th cycle
- 2.5 |—— 800th cycle g —— 380th cycle
2 1000th cycle o 16k
>
9o 20+ @
g 2
< < 12+
o 15} =
(]
g g 0.8
= = 8t
S 10+F §
1 1 1 1 1 04 1 1 1 1
0 100 200 300 400 500 0 100 200 300 400 500
(C) Specific Capacity (mAh/g) (d) Specific Capacity (mAh/g)

Figure 3.10 Charge/discharge profilesf pristine Sein LiPFs-EC/DEC electrolyte (a)and
LITFSI-TEGDME electrolyte (b);Charge/discharge profileef Se/C compositen LiPFs-

EC/DECelectrolytefor Li-ion batteriegc) and Naion batteries (d)

The ideal structure of Se/C nanocomposite has been realized by infusing Se into mesoporous
carbon ata temperature of 60C. The exceptional electrochemical performance ofCSe/
composite in LIPREC/DEC electrolyte (Figure3.10c and 3.1d) is due to the uniform
distribution of naneSe in porous carborand direct generation of insolubf@lyselenides
Structure change of Se during charge/discharge cycles-ionLbattery was measured using
Raman spectroscop¥he Raman measement for Se/C composite before cycling and after 1
and 100 cycles is shown in Figure 3.1The molecular structure of fresh Se in mesoporous
carbon is ringstructured Se The ringstructured Seis converted to chaistructured Seafter £
cycle, whth is confirmed by the sharp peak at 235*dm Raman spectrum. It retains chain
structured Seafter 100 cycle. The similar result is also reported in the work by ¥&itf!. It is
believed that the formation of chastructured Se after T' cycle leads to the high

electrochemical stability of Se/mposite.
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Figure3.11 Raman spectra giristine Se, Se/C composite before test, after 1st cycle and after

100 cycles.

3.4 Conclusion

NanoSe impregnatedmesoporouscarbon composite for Li-ion and Naion batteriesare
synthesizedy infusing Se into mesoporoaarbonat 600°C under vacuumMesoporous carbon
is employed to constrai@e; in its small pores to alleviatee shuttle effectThe Sg/C composite
cathode in both Lion and Naion batteriesexhibits excellent electrochemical performamce
low-cost carbonatbased electrolyteThe Sg/C in Li-ion batteriescan deliver areversible
capaity of 480 mAh g' and maintains1000 cycleswithout any capacity lossThe initial
capacity ofSe/C compositéor sodium ion batteries is as high485 mAh @', and maintains 340
mAh ¢* after 380 cyclesThe excellent battery performance®é/C composités due to(1) use
of small molecular Sgand its uniform distribution in mesoporeous carldrich allows most

Sg molecules toreact with Liions and to protect LiSe from side reaction with carbonate
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electrolyte; (2) use of lowsoluble and low cost LiRRn EC/DEC electrolytesvhich mitigate the
dissolution of polyselenidesThe exceptional electrochemical performance dhe Se/C

compositeenables its application in lithium/sodium ion batteries.
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Chapter 4 In Situ Formed Carbon Bonded and Encapsulated Selenium

Composites for LFSe and NaSe Batteries

4.1 Introduction

The emerging electric vehicles and smart grids require high power and high capacity energy
storage device¥™. The primary technologicadbottleneckof stateof-the-art Li-ion and Naion
batteries comes from the low energy density of ceramic cathodes, which cannot satisfy the
critical energy requirement of electric vehicles and smart §id¥’. Even though lithium rich

metal oxide, whih attracts considerable research interest due to its higher capacity than the
commercial lithium metal oxide, can only deliver a reversible capacity of 250 miAf & it

still cannot match with the anode counterparts such as graphite, Sntdftd'8i

Up to date, sulfur is the most promising cathode material due to its abundance, high theoretical
capacity (1675 mAh g and low cosf®® ®*. However, lithium sulfur batteries suffer from two
major challenge$® *™: (1) the insulating naturef sulfur results in low utilization of sulfur
cathode and sluggish kinetics of lithium sulfur batteries; (2) Severe shuttle reaction, triggered by
the formation of high solubility polysulfide intermediates during lithiation/delithiation process,
results n rapid capacity fading. Although tremendous advances in stabilizing sulfur cathodes
have been achieved via carbon coating and nanomaterial fabri¢&titf¥, the two challenges

still cannot be resolved and sulfur cannot be commercialized as cathdde®n and Naion

batteries.
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The recent investigation on selenium opens up new opportunities to develop advanced cathode
materials for lithium and sodium storage. Abouimraneal. reported selenium, the congener of
sulfur, is a promising cathode material for both lithium ion and sodium ion batteries due to
comparable volumetric capacity (3253 At)lto sulfur (3467 Ah ) ¥ *Z Though Se cathode
suffers from similar dissolidn issue with sulfur, its higher electrical conductivity than sulfur is
advantageous since it may increase the utilization and power density of Se cathodes. In selenium
cathodes, porous carbon as a conductive framework was used to encapsulate Se, thus
circumventing the shuttle reactidi 2. Carbon coated Se, nanofibrous Se, free standing
graphene/Se film and TpBe composite were also reported to demonstrate improved
electrochemical performan&&**?@. In our previous work, we impregnated Se imtesoporous

carbon that delivers a reversible capacity of 480 mAtog 1000 cycles without any capacity

loss in Liion batteries and 340 mAh'dor 380 cycles in Ndon batteried*!l. The exceptional

battery performance is ascribed to the synergicsiohYy encapsulation by porous carbon and
solid-electrolyteinterphase (SEI) formed from reduction of carbonate based electrolyte. Though
such excellent electrochemical performance is achieved by filling Se into mesoporous carbon,
the low loading content (B6) of Se in the composite impedes its widespread application in

rechargeable batteries.

In this study, the C/Se composites containing 54% of Se wesitu synthesized by annealing

the mixture of PTCDA and Se in a sealed vacuum glass tube as showgure4fil. One
PTCDA molecule contains six oxygen atoms, which are active sites to react with selenium at
high temperature. The resulting C/Se composites are collected as black powe#d(tigune the
vacuum glass tube after annealing at 800 The high temperature treatment enables chemical

bonding and physical encapsulation of Se by carbonihigéu formed C/Se composites exhibit
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very stable cycling performance in commercial carbonate based electrolytes. The C/Se
composites with high loaag content of Se maintains a reversible capacity of 430 mA&ftgr

250 cycles in Lion batteries and 280 mAh'@fter 50 cycles in Népon batteries.

(b)
Figure4.1. (a) Schematic illustration for the situ synthesis of C/Se composites; (b)oRigraph

of sealed vacuum glass tube after annealing.

4.2 Experimental Section

Synthesis of C/Se compositédl chemicals were purchased from Sigma Aldrich and used as
received. Selenium and peryleBg4, 9, 16tetracarboxylic dianhydride were mixed with a ratio

of 1.5:1 by weight and sealed in a glass tube under vacuum. The sealed glass tube was annealed
in an oven at 600 °C for 3 h, and it was cooled to room temperature in 24 h. C/Se composites

were collected as black powder.
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Material CharacterizationsScanning electron microscopy (SEM) images were taken by Hitachi
SU-70 analytical ultrehigh resolution SEMJapan); Transmission electron microscopy (TEM)
images were taken by JEOL (Japan) 2100F field emission TEM; Thermogravimetric analysis
(TGA) was carried out using a thermogravimetric analyzer (TA Instruments, USA) with a
heating rate of 10 °C mihin argm; X-ray diffraction (XRD) pattern was recorded by Bruker
Smart 1000 (Bruker AXS | nc . RamanhSweasuremsnis nvgre Cu K U
performed on a Horiba Jobin Yvon Labram Aramis using a 532 nm -piochgped soliestate

laser, attenuated to give ~900\Vupower at the sample surfacéhe X-Ray Photoelectron
Spectroscopy (XPSanalysis was performed on a high sensitivity Kratos AXIS 16y
Photoelectron Spectrometer using monochronic
Electrochemical measurementBhe in situ formed C/Se composites were mixed with carbon
black and sodium alginate binder to form a slurry at the weight ratio of 80:10:10. The electrode
was prepared by casting the slurry onto aluminum foil using a doctor blade and dried in a
vacuum oven at 60C overnght. The slurry coatedn aluminum foil was punched into circular
electrodes with an area mass loading of 1.2 mg.d@win cells for lithium selenium batteries
were assembled with lithium foil as the counter electrode, 1M gliRPfa mixture of ethylene
carbonate/diethyl carbonate (EC/DEC, 1:1 by volume) and Celgard®8sdatd, LLC Corp.,

USA) as the separator. Coin cells for sodium selenium batteries were assembled with sodium
metal as the counter electrode, 1M Nagl@ a mixture of ethylene carbonate/dimethyl
carbonate (EC/DMC, 1:1 by volume) and Celgard®350gIgard, LLC Corp., USAas the
separator. Electrochemical performance was tested using Arbin battery test station (BT2000,

Arbin Instruments, USA). Capacityas calculated on the basis of the mass of selenium in C/Se
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composites. Cyclic voltammograms were recorded using Gamry Reference 3000

Potentiostat/Galvanostat/ZRA with a scan rate of 0.1 thV s

4.3 Results and Discussion

(c (d

Figure4.2. (a) SEM image ofn situformed C/Se composite; (b) TEM imageiofsitu formed

C/Se composite and EDS elemental mapping images of the composites, marked by purple square,
for carbon (c) and selenium (d).

Figure 4.2 shows the morphology of C/Se composiiest consist of irregular shape particles

with a sizeabout 1um. The Se is uniformly distributed in tli&Se compositéFigure4.2b) as
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demonstrated in the energy dispersiveay spectroscopy (EDS) (Figude2c, and4.2d). The
content of Se in the composite is determined by thermogravimetric analysis (TGA) as shown in
figure 4.3. Thein situ formed C/Se composites contain 54% of Se, which is much higher than

that (30%) of Se impregnated mesoporous carbon composite in iausrevork!**!,
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Figure4.3. The TG analysis foin SituFormed C/Se composites.

The structure of C/Se was characterized usimgydiffraction (XRD), as shown in figure4a.

It shows a broad peak at 26 degree anfkw small peaks. The broad peak2étdegree is
attributed to graphitic carbon derived from carbonized PTCDA, while the small peaks are
indexed to crystalline Se. Since the intensity of XRD peaks for crystal Se is very weak, only a
small portion of Se exists in the form of crystal structure

The nature of interaction between C and Se was characterizedRasiman spectroscopy and X

ray photoelectron spectroscopy (XPe and carbonized PTCDA were used as control samples
to identify the Raman spectra of C/Se composikegure 4.4b shows te Raman peaks of
pristine Se, carbonized PTCDA amdsitu formed C/Se compositeswb broad carbon peaks at
1345 cnit and 1595 cit appeaing in both carbonized PTCDA and C/Se compositgsresent

the disordered graphite (D band) and crystallnephite (G band), respectively. The similar
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peak intensity between D band and G band in C/Se composite is indicative of good electrical
conductivity of the carbon matrix derived from carbonized PTCDA. No Raman peaks for pristine
Se is observed in the C/Se compesitdemonstrating that the small amount of crystal Se is
encapsulated by carbon matrix since Raman spectroscopy only collects signals from the surface
of material. The interaction between C and Se was characterized by XPS as shown th4igure

and 4.4d. The asymmetry of C 1s peak of C/Se composite in Figue indicates the co
existence of spand sp carbon owing to the graphitic structure of carbon matrix. The binding
energies oklemental Se 3d 5/8 in arange from 55.1 eV to 55.5 eWowever, thebinding
energies ofSe 3d 3/2 ande 3d 5/2in C/Se composite are located at 57.0 eV and 56.2 eV,
respectively, which are higher than that of elemental Se. Thelnngling energieof Se is
attributed to the strong chemical bond between Se and cafbnThe unique synthetic
technique of sealed vacuum glass tube enables the formatioisefbGnd at high temperature.

The absence of elemental Se in XPS spectrum further confirms that small amount of crystal Se is
encapsulated by carbon matrix since XP3y allects signals from the surface of material.
Therefore, then situ formed carbon bonded and encapsulated selenaryon composites are

obtained by usingnique synthetic technique of sealed vacuum glass tube.
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B £
8 8
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Figure4.4. XRD patterns (a) and Raman spectra (b) for prisBgeandin situ formed C/Se compositXPS
spectra ofn situformed C/Se compositéc) C 1s, (d)Se 3d. Note: the XPS peaks are calibrated by u3Sithg
peak at 284.8 eV.

The electrochemicgberformance of C/Se composites in fion battery and N#on batteries

were measured in coin cells with carborla#sed electrolytes. Figure.54 shows the
lithiation/delithiation behavior of C/Se composite ir@iSe cell. In the first cycle, two lithiatn
plateaus centered at 1.6 V and 0.9 V, and a long slopping delithiation plateau centered at 1.8 V
are observed. The lithiation plateau at 1.6 V and delithiation plateau at 1.8 V represent the redox
reaction between Se and-ibins, while the plateau at®V corresponds to the formation of solid
electrolyte interphase (SEI) layer and the lithiation of Se that is bonded with carbon. The low
Coulombic efficienty of the first cycle (65%) is due to the growth of SEI layer. In the second
cycle, the Coulombic &tiency increases to 94%, indicating very small amount of newly formed
SEl layer. In the second lithiation, the capacities of plateaus at both 1.8 V and 0.9 V are reduced
due to the dissolution gbolyselenidecaused by incompletely encapsulated Se. Thnsipal
encapsulation and chemical bonding of Se by carbon coating suppress the volume expansion in
the first few lithiation/delithiation cycles, which require additional overpotential to overcome the

stress/strain energy. After the activation procesénfew cycles, the deformation of carbon
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matrix releases the stress/strain of C/Se composite cathode, shifting the lithiation/delithiation
potential to a higher value. After 20 cycles, the lithiation plateau at 0.9 V becomes very short,
while the lithiation plateau at 1.6 V shifts to 1.9 V with higher capacity, demonstrating most of
Se is activated. The delithiation plateau at 1.8 V also shifts to 1.95 V. The positive shift of both
lithiation and delithiation plateaus indicates the relief of the straissstrethe composite upon
cycling. Cyclic votammograms (CV) scans in figurdxconfirm that there is only one pair of
redox peaks during lithiation/delithiation process. The cathodic peak is at 1.6 V in the first scan,
and then it shifts to 1.7 V in thelssequent cycles, while the anodic peak is at 1.83 V with a little
positive shift upon cycling. The sharp cathodic peak at 0.8 V represents the formation of solid
electrolyte interphase (SEI) layer and the cleavage-8e®ond by electrochemical reaction
between Se and lion. The strong cathodic peak at 0.8 V is recovered in the second and third
cycle, demonstrating the contribution of the growth of SEI layer is very small, because the
growth of SEI layer mainly occurs in the first cycle. Figdréc and4.5d show the cycle life and

rate capability oin situ formed C/Se composites. The composites deliver a charge capacity of
560 mAh @ at a current density of 100 mA*gn the first cycle, and remain the reversible
capacity of 430 mAh §after 250 cycls. Besides superior cycling stability, the composites also
exhibit excellent rate capacity. As shown in figdtéd, the reversible capacity of the composite

is 600 mAh g at a current density of 40 mAgwhile the reversible capacity remains at 280
mAh g with the current density increases to 1.2 A gnd the reversible capacity recovers to
600 mAh ¢ after the current density decreases back to 40 thATherefore, the exceptional
electrochemical performance of the C/Se composite demonstratésishatpromising cathode

for rechargeable lithium batteries.
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Figure4.5. Electrochemical performance iafsitu formed C/Se composite. (a)The galvanostatic
chargedischarge curves between 0.8 V and 3.0 V versusLi(h)cyclic voltammograms at 0.1
mV $'in the potential window from 0.8 V to 3.0 V versus LifL{c) delithiation capacity and
Coulombic efficiency versus cycle number at the current density of 100 ThA(d) rate

performance at various-@tes.

It was reported thaSe cathodesavetwo potential plateaus at ~2.3 V and 3.75 V during
delithiation™!. The plateau at ~2.3 V corresponds to the conversion,8elio Se, while the
plateau at 3.75 V is attributed to the redox shuttle reaction, triggered hyisswution of
polyselenide species in the electrolyte upon cycling. If the dissolution of polyselenide species
can be avoided, the plateau at 3.75 V will disappear. Only one plateau at ~2.0 V was reported for
carbon encapsulated Se cath8de becausehe small pores of mesoporous carbon confine the
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polyselenide species and avoid the dissolution. In our work, Se is bonded and encapsulated by
carbon so that the polyselenide species are restrained by carbon matrix, and the plateau at 3.75 V

associated witlshuttle effect was not observed.
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Figure 4.6. (a) XRD patterns for carbon black, Al foil, fresh C/Se electrode and cycled C/Se
electrode; (b) Raman spectra for carbon black, selenium, fresh C/Se electrode and cycled C/Se
electrode.

The phase structure of C/Se electrodes before cycling and after fully lithiation/delithiation was
characterized using XRD and Raman measurements as shown infigurbe fully discharged

C/Se electrode is prepared by disassemblingC/Se cell in the Arfilled glovebox after
discharging the cell to 0.8 V and maintaining at 0.8 V for 24 h. The fully charged C/Se electrode
is prepared after charging the electrode to 3.0 V and maintaining at 3.0 V for 24 hours. Both
electrodes are immersed in dimethyl cavéie for 24 h to remove the LiP&alt before XRD and
Raman measurement. The fresh C/Se electrode shows typical characteristic XRD peaks. All
these characteristic XRD peaks of Se disappear in fully discharged C/Se electrode,
demonstrating the lithiated Ssecomes amorphous Se after fully lithiation. However, the
characteristic XRD peaks of Se recover after fully delithiation, demonstrating the crystal
structure of Se recovers upon cycling. The formation gSé.iafter fully lithiation of C/Se
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cathodes wa also reported in previous studis'. The Raman spectra of fresh and cycled
C/Se electrodes are shown in figdréb. In the fresh electrodeyo broad carbon peaks at 1345

cm* and 1595 cril can be observed, and the characteristic peak for c§elidisappears due to

the encapsulation and bonding of Se by carbon matrix. After one change/discharge cycle, a small
peak at 256 cih representing to the chasiructured Seappears. The formation ahain

structured Seafter the first cycle enhances the electrochemical stability of C/Se composite.
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Figure 4.7. Electrochemical performancerositu formed C/Se composite. (a)The galvanostatic
chargedischarge curves between 0.5 V and 2.5 V versus Nafljyclic voltammograms at
0.1 mV $'in the potential window from 0.5 V to 2.5 V versus N&a/Na&) desodiation capacity
and Coulombic efficiency ersus cycle number at the current density of 100 A (@) rate

performance at various-fates.
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The unique C/Se composites can also be used as a cathode for sodium ion batterie$.7Figure
shows the charge/discharge profieisC/Se composite ilNaClO,-EC/DMC electrolyte. Two
plateaus centered at 1.3 V and 0.6 V are observed during the first sodiation, while one slopping
plateau centered at 1.5 V is observed during the first desodiation, which are 0.3 V lower than
lithiation/delithiation plateaus in lithm ion batteries due to the lower potential of sodium metal
than lithium metal**!. The plateau centered at 0.6 V becomes very short fféyéle to 1§

cycle, while the plateau centered at 1.5 V becomes longer ffnty2le to 18 cycle,
demonstraing that most of Se iIK-Se composite is activated after 10 cycles. The positive shift

of both sodiation and desodiation plateaus indicating the relaxation of the strain/stress in the
composite upon cycling. The CV scans in figdt@ show that there isnly one pair of redox

peaks during sodiation/desodiation process. In the first scan, there are a broad cathodic peak at
1.05 V and a conspicous cathodic peak at 0.5 V, corresponding to the two plateaus at 1.3 V and
0.6 V in the first sodiation curve, amh anodic peak at 1.55 V, corresponding to the plateau at
1.5 V in the first desodiation curve. In the following scans, both cathodic peak at 1.05 V and
anodic peak at 1.55 V shift to the positive values, and the intensity of the sharp cathodic peak at
0.5V becomes weaker upon cycling, coincident with the changes in charge/discharge profiles.
The long term cycling performance and rate capability are shown in figiiceand 4.d. Thein

situ formed C/Se composites deliver a charge capacity of 605 nAIn the first cycle at a
current density of 100 mA§ while it decreases to 258 mAH gfter 50 cycles. The cycle life in
sodium cell is poorer than that in lithium ion cell due to the more severe volume change induced
by larger size of sodium ion. Whéime current density increases from 40 miAtg 1.2 A g', the

desodiation capacity remains 138 mAh gherefore, the good electrochemical performance of
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in situ formed C/Se compositpaves the way for the feasibility of higlerformance Naon

batteries.

4.4 Conclusion

In conclusion, carbon bonded and encapsulated C/Se composiikts 54% of Se were
synthesized byn situ carbonizingthe mixture of PTCDA and Se in a sealed vacuum glass tube.
The unique synthesizing technique enables physiwahpsulation and chemically bonding of Se
by carbon, which greatly enhances the charge/discharge cycling stabibgthnlithium and
sodium batteries. The exceptional electrochemical performarinesibfiformed C/Se composite
demonstrates that it is promising cathode material for rechargeable lithium and sodium

batteries.
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Chapter 5 Carbonized Polyacrylonitrile Stabilized Se$ Cathodes for Long

Cycle Life and High Power Density Lithium lon Batteries

5.1 Introduction

Lithium ion batteriesvhich drive most portable electronics are promising energy storage devices
for electric vehicles and smart grifs. To fulfill the largescale application of lithium ion
batteries, energy density and cycle life of curreribhi batteries have to be ingwed!. Anode
materials such as Si and Sn can provide theoretical capacities of 3579 naAH §93 mAh g
respectively®* & while the capacities of commercial LiCo(137 mAh/g) and LiFeP§(170

mAh g') are much lower than counterpart anodé$*. The energy density of current lithium

ion batteries is mainly limited by cathode materials. Due to a high theoretical capacity of 1672
mAh ¢*, sulfur has been considered as the next generation cathode for high enemy Li
batteries***¥ and it has attracted considerable research interest from both academy and
industry. However, lithium sulfur batteries suffer from two major probléths (1) low
utilization of sulfur and poor power density due to the insulating property of sulfurthnali
sulfide; (2) the dissolution of polysulfide intermediates triggers severe shuttle reaction, resulting
in rapid capacity fading during lithiation/delithiation process. Nevertheless, the dissolution of
insulating polysulfide intermediates into elecytes also allows full lithiation of sulfur, thus
increasing the sulfur utilization and capacity. The current strategy to achieve both long cycling
stability and high capacity is to use highly polysulfgtduble electrolyte, but physically restrict

dissoled polysulfides inside sulfur cathode to prevent shuttle reaction. The most effective
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method is to employ conductive porous carbon as a host to constrain polysulfide intermediates

and enhance the conductivity of sulftfr 2,

Recently, selenium, the egener of sulfur, is introduced as the cathode material for lithium ion
batteries due to its higher electrical conductivity than sulfur and its comparable volumetric
capacity (3253 Ah 1) to sulfur (3467 Ah [}) #3% As demonstrated in our previousok,
selenium impregnated mesoporous carbon composite exhibits excellent capacity retention that
there is no capacity loss after 1000 deep charge/discharge &lcidswever, the mass capacity

(480 mAh @) of selenium, is lower than the mass capadityutfur (from 800 mAh g to 1000

mAh g%). Since selenium possesses high cycling stability, but low reversible capacity, and sulfur
has high reversible capacity, but poor cycling stability, it is desirable to develop a cathode
material that combines thadvantages of S and Se. As a consequence, selenium sulfige (SeS

has been explored as a cathode material for lithium ion batfélies

Since Sephas similar chemical properties with sulfur and selenium, it is believed that the
method used to stabilizaulfur and selenium should be also effective for,S&Svas reported

that PAN could react with sulfur at 30 to form a stable and conductive heterocyclic
compound which could confine elemental sulfur and stabilize polysulfitfed™. When the
carbonization temperature increases to 800 the Ncontaining carbon (ring) structures in
carbonized polyacrylonitrile (PAN) is able to constrain lithium sulfide spétlesvhich further
enhances the cycling stability and electronic condiigt In this study, we synthesized
SeS/CPAN composites by annealing the mixture of Sa®&l PAN at 606C under vacuum. The

x in SeS/CPAN is less than 2 due to the property difference between Se and S in high
temperature of 600C. Se$ is uniformly dstributed in the carbonized PAN spheres with a

particle size of 200 nm, and the carbonized PAN matrix can effectively confine lithium
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polysulfide and lithium polyselenide intermediates, thus improving the cycling stability of
SeS/CPAN composites in commaal electrolyte (LiPE in EC/DEC). The Se3CPAN
composite delivers a reversible capacity of 780 mAfaigthe current density of 600 mA' gand
maintains the capacity of 780 mAH ér 1200 cycles. As the current density increased from 60
mA g’ to 6 A g, the capacity retains 50% of the capacity at 60 A demonstrating its
exceptional rate capability. The superior electrochemical performance gC8&8! composite

is owing to synergic restriction of SeBy both CPAN matrix and SEI layer. Thistise first

report on detailed electrochemical performance of selenium sulfide cathode. Our results
demonstrate that SEPAN composite is a promising cathode material for long cycle life and

high power density lithium ion batteries.

5.2 Experimental Seabin

Synthesis of SeCPAN compositesAll chemicals were purchased from Sigma Aldrich and

used as received. Selenium sulfide and polyacrylonitrile were mixed with a ratio of 1:1 by weight
and sealed in a glass tube under vacuum. The sealed glass tube was annealed in an oven at
600 °C for 3 hand it was cooled to room temperature in 24 h.,J€FPAN composites were
collected as black powder. PCPAN is also synthesized in a sealed glass tub&af@@®h in

vacuum.

Material CharacterizationsScanning electron microscopy (SEM) images waken by Hitachi
SU-70 analytical ultréhigh resolution SEM (Japan); Transmission electron microscopy (TEM)
images were taken by JEOL (Japan) 2100F field emission TEM; Thermogravimetric analysis
(TGA) was carried out using a thermogravimetric analyzer (fgtruments, USA) with a

heating rate of 10 °C mihin argon; Xray diffraction (XRD) pattern was recorded by Bruker
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Smart 1000 (Bruker AXS | nc . RamanhSweasuremsnis nvgre Cu K U

performed on a Horiba Jobin Yvon Labram Aramis using ari82diodepumped soliestate
laser, attenuated to give ~900 uW power at the sample suifaeeX-Ray Photoelectron
Spectroscopy (XPSanalysis was performed on a high sensitivity Kratos AXIS 16y

Photoelectron Spectrometer using monochroniKAl r adi at i on.

Electrochemical measurementhe Se$7/CPAN composites were mixed with carbon black

and sodium alginate binder to form a slurry at the weight ratio of 80:10:10. The electrode was
prepared by casting the slurry onto aluminum foil using @afdblade and dried in a vacuum

oven at 60°C overnight. The slurry coatedn aluminum foil was punched into circular
electrodes with an area mass loading of 1.2 m{.chime same method is used to fabricate
pristine selenium sulfide electrode and carlideick electrode. The pristine selenium sulfide
electrode was made by mixing selenium sulfide, carbon black and sodium alginate binder at a
weight ratio of 26:64:10. The carbon black electrode was made by mixing carbon black and
sodium alginate binder at weight ratio of 90:10. Coin cells for lithium selenium sulfide
batteries were assembled with lithium foil as the counter electrode, 1M InRFmixture of
ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 by volume) or 1M LiTH®8traethylene

glycol dmethyl ether (TEGDME) as the electrolyte, and Celgard®3%tdlgard, LLC Corp.,

USA) as the separator. Electrochemical performance was tested using Arbin battery test station
(BT2000, Arbin Instruments, USA). Capacity was calculated on the basis of tbe @ha
selenium sulfide in SeS/CPAN composites. Cyclic voltammograms were recorded using
Gamry Reference 3000 Potentiostat/Galvanostat/ZRA with a scan rate of 0.1 mpsdance

analysis was also performed by Gamry Reference Bo@éntiostat/Galvanostat/ZRA.
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5.3 Results and Discussion

Figure5.1. SEM images for PCPAN (a) ag@S/CPAN composites (b).

The scanning electron microscope (SEM) images in Fi§ureshow the morphology of pre
carbonized PAN (PCPAN) and S#SPAN composites. As shown in figugel (a), PCPAN
synthesized under vacuum at a high temperature {6p@onsists of irregulashape particles

with a size about 3m. The SegCPAN composites, synthesized by annealing the mixture of
Se$S and PAN (1:1 byweight) at the same temperature of 8@0under vacuum, are composed

of roundshape particles with a small particle size of 200 nm. The morphology difference is
attributed to the reaction between PAN and S&®$ can dehydrogenate PAN to form a
conductve main chain, in the meanwhileCN functional groups in PAN are cyclized to form a
stable heterocyclic ring at the high temperaftff& The heterocyclic ring can confine Se®d
accommodate the volume change caused by the lithiation/delithiationrafisenission electron
microscopy (TEM) image of Se&PAN composites (Figurg.2a) shows that primary particles

are in rouneshape with a size about 200 nm, and these patrticles aggregate into a large cluster,
which is consistent with the SEM images. Hig#solution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED) are also carried out to investigate the
microstructure of the&sSeS/CPAN composite. From the HRTEM image and SAED pattern in

figure 5.3 it can be clearlybserved that Sg&PAN composite has an amorphous structure.
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The energydispersive Xray spectroscopy (EDS) elemental mapping images in fi§zied

reveal that the carbon elemental mapping image overlaps with sulfur and selenium mapping
images, demonsiting the uniform distribution of Sge# the carbon matrix. Moreover, the EDS
mapping also indicates that the ratio of selenium and sulfur is 1:0.7, as shown irbfys@ x

is 0.7. The content of Sgpin the Se$/CPAN composites is 33% as shown the

thermogravimetric analysis (TGA) in figuBeb.

(c (d

Figure5.2. TEM image of Se8CPAN composites (a) and EDS elemental mapping images of

the SegCPAN composites, marked by purple square, for carbon (b), sulfur (c) and selenium (d).
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Figure5.3 HRTEM (a) and SAED pattern (b) f&eS/CPAN composite.
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Figure5.4. EDS analysis for SgZCPAN composites.
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Figure5.5. The TGA analysis for SgZCPAN composites.
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The phase structure of SgBCPAN composites was investigated byra¢ diffraction and
Raman spectroscopy. Figuke6a and 516 show the XRD pattern and Raman spectrum of
Se$ /CPAN composites. XRD patterns and Raman spectra of pristineaB8é ®CPAN are also
showed in Figuré.6 as controls. The XRD pattern shows that §&SPAN composite has an
amorphous structure, while pristine Sgf®ssesses a crystal structure. One broad peak at 26
degree in the XRD pattern of SeB8CPAN composites is attributed to the carbon matrix formed
through carbonization of PAN. The amorphous structure o SESSeS /CPAN composite
may be due to the uniform distribution of g¢&t a molecular level in CPAN matrix, leading to
strong confinement of Sg%in CPAN. Similar to the XRD pattern, chataristic Raman peaks

of Se$ are not observed in SeBCPAN composites, and only two broad carbon peaks at 1345
cm™® and 1595 cril representing the disordered graphite (D band) and crystalline graphite (G
band), respectively, appear in the Raman specttu8eS /CPAN composites. Both XRD and
Raman measurements confirm that §eBolecules are constrained by CPAN to form an
amorphous structure. The-Ray Photoelectron Spectroscopy (XRfalysis was also used to
obtain valuable information about the surface ofcSE3°AN composites. The peaks for carbon
carbon bond and carbeamtrogen bond are observed in figlréc. Since CPAN consists of We
formed Ncontaining carbon (ring) structur€8”, the C 1s XPS spectrum is in well agreement
with the structure of CPAN. The S 2pdaBe 3p XPS spectrum in figure 8.6hows the XPS
peaks for S 2p 1/2, S 2p 3/2, Se 3p 1/2 and Se 3p 3/2, which foothierms the existence of
selenium sulfide in Se/CPAN composites. Moreover, the composition of §&3&S obtained
from the peak fit using relative sensitivity factors from the Kratos vision library, and atomic ratio
of S to Se is calculated to be Owhich is coincident with the result of EDS analydtswas

reported that sulfur can react with selenium to generate selenium sulfide at a high temperature
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[135.1%] ‘Moreover, the heterocyclic sulfselenium molecules such assSe SeSs; and SgS; do
exist as ring molecules with a majority of Se atolfd. Therefore, in the S@9CPAN

composite, Sefy can exist as molecules in the frame of CPAN.
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Figure5.6. XRD patterns (a) and Raman spectra (b) for pristing,S8SPAN and SeS/CPAN

composites; XPS spectra of 36 &PAN composites: (¢) C 1s, (d) S 2p and Se 3p.

The galvanostatic chargdischarge behaviors #e$%7/CPAN compositesn LiPF-EC/DEC
electrdyte are shown in figur®&.7a. During the first lithiation, a small plateau at 2.35 V and a
long flat plateau at 1.7 V are observed. However, the short plateau at 2.35 V disappears, while

the flat plateau at 1.7 V becomes a little steeper and shifts Wih.&he subsequent cycles. The
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plateau at 2.35 V is assigned to the conversion of SeSpolysulfides/polysenelides and the
plateau at 1-2.8 V is atributed to conversion of polysulfides tg3.and polyselenides toAde
7] The disappearence dfe small plateau at 2.35 V is probably owing to the dissolution of
high-order polysulfide/polyselenide intermediates into the electr8i{teThe long sloping line

from 1.5 V to 0.8 V in the first lithiation becomes much steeper in the following idhiaycles,
resulting in large irreversible capacity in the first cycle. The large irreversible capacity induced at
the potential range from 1.5 V to 0.8 V may be attributed to the formation of SEI layer on the
surface of electrode. The low Coulombic afirecy (~58%) in the first cycle quickly increases to
95% in the second cycle, suggesting that SEI layer isfarglied after the first cycle. The SEI
layer on Se&/CPAN electrode can prevent polysulfides/polysenelides from reacting with
carbonatébased kectrolyte. Similar SEI formation process is also observed in carbon black
electrode. As shown in figurg.8 a long potential plateau between 1.0 V and 0.8 V in carbon
black electrode is observed in the first cycle, but it disappears in the secondesudi@g in a

large irreversible capacity. The large irreversible capacity is ascribed to the formation and
growth of SEI layer on the surface of carbon black, which is coincident with the result of
Se$ /CPAN electrode. During delithation, only one stap plateau centered at 2.1 V can be
observed, and this peak remains stable during following lithiation/delithiation cyidlesCV
curves in figureb.7b are consistent with the chaigléescharge curves. In the first scan, there are a
small anodic peak at.45 V, a sharp anodic peak at 1.5 V and a cathodic peak at 2.2 V. The
small peak at 2.45 V dissappears after the first scan, while the sharp peak at 1.5 V shifts to 1.75
V in the subsequent scans. The peak shift indicates that there is an activatios precés
volume expansion of Sg%in the first lithiation process, and then the peaks become very stable,

demonstrating high cycling stability &% 7/CPAN composites. Figurg.7c shows the cycling
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stability of Se$/CPAN composites. It delivers a ergible capacity of 780 mAh'gand retains

for 1200 cycles. The Coulombic efficiency of 9€PAN electrode is nearly 100%. Its high
reversible capacity, long cycle life and high Coulombic efficiency demonstrate that CPAN can
effectively confine Se§y and stabilize polysulfide and polyselenide intermediates. The rate
performance of S@S/CPAN composite is shown in figuBe7d. At a current density of 60 mA g

! its reversible capacity can reach 900 mAh As the current density increases from 60 giA

to 6 A g', the reversible capacity retains about 50% of the capacity at 60 mAVigh the

current density increased to 12 A, ghe capacity decreases to 80 mAh but the reversible
capacity recovers to 900 mAR gfter the current density rets to 60 mA ¢, demonstrating its
superior robustness to tolerate current changes. The excellent electrochemical performance of
Se$ /CPAN composites demonstrates that CPAN is a good carbon host to enhance the kinetics
and cycling stability of SeS cahode material. Therefore, the Se&PAN composite is a

promising alternative to sulfur for long cycle life and high power density lithium ion batteries.
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Figure 5.7. Electrochemical performance &eS%/CPAN composite. (2) The galvanostatic
chargédischarge curves between 0.8 V and 3.0 V versus Li(b) Cyclic voltammograms at
0.1 mV s'in the potential window from 0.8 V to 3.0 V versus LitL{c) Delithiation capacity
and coulombic efficiency versus cycle numbethe current density of 600 mA 'y (d) Rate
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Figure5.8. Charge/Discharge profile for carbon black at a current density of 200'mA g

It was reported that selenide anions can react witltdhigonyl groups in the carbonate solvent
and form an insulating SEI layer on the cathode suffac¥’. The SEI layer on Se/C cathode

continuesly grows during charge/dishcarge cycles, reducing the cycling stability of Se/C cathode.
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By the contrary, SeS/CPAN electrode shows exceptional cycling stability in carbebased
electrolyte. To investigate the mechanism behind the long cycle life, XPS, a sefeitve
spectroscopic technique, was employed to obtain the SEI informatiSe®7”CPAN electrode

at a fully charged state (3.0 V) after the 1st deep charge/discharge cycle. To remealkiPF
cycled Se&7/CPAN electrode was immersed in propylene carbonate for 48 h before XPS
analysis. A control experiment was carried out with a fresh B8BAN electrode. As shown in
figure 59, the XPS peaks for Na and N, resulting from sodium alginate binder and CPAN matrix,
are clearly observed in tHeesh Se$ /CPAN electrode, but disappear in cycled $&SPAN
electrode. The sulfur peaks cannetdbserved in both fresh and cycled S&SPAN electrodes
because the sulfur peaks overlap with selenium peaks in XPS spectrum. The disappearance of
peaks for Na and N in cycled SeS8CPAN electrode is attributed to the formation of SEI layer
on the surdice of Se&/CPAN electrode that covers the sodium alginate binder and CPAN
matrix. XPS is a surfacsensitive technique (10 nm). $#e$ 7/CPAN electrode was covered by

SEI layer, XPS cannot detect theaterial insideSeS /CPAN electrode, resulting inthe
disappearance of XPS peaks for Na and N. The formation of an insulating layer on the surface of
Se cathode in carbonabased electrolyte after the 1st cycle was also reported by Dr. Amine's
group ™ 7 To further investigate the role of SEI layier Se$/CPAN electrodes, LiTFSI
TEGDME is employed as an electrolyte in $SPAN coin cells, because TEGDME solvent in
LITFSI-TEGDME electrolyte is stable and will not be reduced to form SEI layer during the
lithiation process**¥. As shown in figue 5.10 Se$/CPAN electrode in LITFSTEGDME
electrolyte suffers from quick capacity decline comparing to the highly stable cycling behavior
of Se$/CPAN electrode in carbonabased electrolyte. Moreover, the Coulombic efficiency

(calculated based on lithiation capacity over delithiation capacity) in the initial 40 cycles is larger
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than 100% due to the dissolution of polysulfides and polyseleniddsmonstrates that CPAN
matrix cannot effectively confine polysulfides and polyselenides without a stable SEI layer.
Therefore, though the formation of SEI layer induces a large irreversible capacity in the first
lithiation/delithiation cycle of SeS/CPAN electrode (Figures.7a), it can prevent the Sgp

from reacting with carbonateased electrolyte, leading to the enhancement of cycling stability.
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Figure 5.9. XPS spectrum of fresh Se&PAN electrode and cycled Se8CPAN electrode.
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Figure 5.10 Electrochemical performance &e$/CPAN composite in LITFSFTEGDME
electrolyte. Lithiation capacity and coulombic efficiency versus cycle number at the current

density of 600 mA g.
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The highly stable SEI layer during charge/discharge cyclescaafirmed by electrochemical
impedance spectroscopy (EIS). As shown in figdél the impedance curve of fresh
Se$/CPAN cathodes exhibits two depressed seincies in the high and middle frequency
regions, and a sloping line in the low frequency aagiThe two depressed semicircles in the
high and middle frequency regions merge into a single depressed semicircle after first
charge/discharge cycle, and it remains stable during the rest of cycles. THeebigncy
semicircle stands for contact reaiste of Se§&/CPAN particles in fresh Sg8dCPAN cathode,

and sum of SEI layer resistance and pariciparticle resistance for cycled SefCPAN
cathode. The middiEequency semicircle is attributed to charge transfer resistance. The low
frequency ine represents ion diffusion resistance in the (Q€FPAN particles. The fresh

Se$ /CPAN cell displays a large charge transfer resistance and ion diffusion resistance due to
limit access of liquid electrolyte into SgBCPAN electrode film. After volum
expansion/shrinkage in the first cycle, more electrolytes can penetrate into electrode film, leading
to lower charge transfer resistance and shorter ion diffusion distance in the following cycles. The
reduced impedance in the second cycle decreasesvénpotential, and shifts the lithiation
potential to a higher value as demonstrated in the CV curves in Figiye The slightly
impedance increase in the hiffequency semicircle is attributed to the formation of SEI layer.
However, the formed SEI layas very stable during following charge/discharge cycles, as
evidenced by the overlapped impedance curves. The low and stable resistance of SEI layer and
charge transfer reaction is coincident with the exceptional rate capability @/ SBAN

compositegin figure5.7d), demonstrating its fast kinetics.
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Figure5.11 Impedance analysis for Se8CPAN cell before test and after fully charge to 3.0 V

and rest for 2 h.

The morphology change of SeBCPAN composites during 100 deep charge/discharge cycles
was studied by using TEM. From the TEM image in figbré2 it can be observed that the
cycled Se&/CPAN composites still consist of rowstiape particles with a size about 200 nm,
which is simila to the fresh Se@S/CPAN composites (Figur&.2a). It demonstrates that
Se$ /CPAN composite maintains its morphology after 100 cycles, and the good morphology
maintenance guarantees high cycling stability ofoQ€3AN composite. The rough surface of
the Se$7/CPAN particles is due to formation of the SEI layer. As shown in figutg A ~20

nm SEI layer can be observed on the surface of :BEBAN electrode after 100 cycles in L§F
EC/DEC electrolyte. Moreover, the fuzzy SEI image of cycledo@€PAN in figure5.13is
attributed to the low electronic conductivity of SEI layer. Figbu®4 shows the TEM image of
SeS/CPAN electrode after first cycle in LITFSIEGDME electrolyte. A clean surface of
SeS /CPAN electrode without SEI layer is observed. To further confirm that SEI layer is not
formed on this electrode, TEM EDX mapping is employed to check the elemental distribution of

this electrode. As shown in figuel5 C, S and Se can still be observedhe cycled electrode,
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but F which is a main component of SEI layer cannot be observed, demonstrating that SEI layer
is not formed on electrodes in LITFSEGDME electrolyte. The elemental distribution in
carbon black and binder (Sodium alginate), surdmg Se$/CPAN spheres,is also
investigated by TEM EDX. As shown in figuel6 C, S and Se are observed in the outside of
Se$ /CPAN spheres. The C peak results from carbon black and binder. The S and Se peaks
result from the dissolution of polysides and polyselenides in LITRSEGDME electrolyte,

which triggers the shuttle effect. F peak is not observed, further demonstrating the absence of

SEl layer.

260 1

Figure5.12 TEM image of the Se@S/CPAN electrode after 100 cycles in-ibin batteries.

500 nm

Figure5.13 SEM image ofhe Seg/CPAN electrode after 100 cycles irribin batteries.
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Figure5.14 TEM image of the S@S/CPAN electrode after first cycle in LITFSIEGDME

electrolyte.

To investigate how than-situ carbonization of PAN affects the cycling stability, the
electrochemical performance oéxsitu carbonized Sefpre-carbonized PAN (PCPAN)
composite and pristine Sg®/as also measured as controls to compare imi$itu formed
Se$ /CPAN composite. The es/PCPAN composite was synthesized by-paebonization of
PAN (PCPAN in Figurés.1a), and then infusing Sg#ito PCPAN under the same condition as
Se$/CPAN composite. TG analysis shows that only 13% of,SeSnfused into PCPAN
(figure 5.17), which is much lower than the content (33%) of $e$n in-situ formed
Se$.7/CPAN composite. The low Se®ontent inexsitu formed SegPCPAN composite is
because the wefbrmed Ncontaining carbon (ring) structures in PCPAN hinder the diffusion of
Se$S into carbonized PAN matrix. The first lithiation/delithiation curves of $HeSPAN
composites in Figurb.18(a) exhibit higher overpotential and larger irreversible capacity (~62%)
than Se&/CPAN composite (Figuré.7a). The charge/discharge potential eofsitu formed
SeS/PCPAN in the following charge/discharge cycles is also slightly lower than thatsati
formed Se§/CPAN. The reversible capacity of SeCPAN composite is 1050 mAh'’g

which is higher than that of S BCPAN composite. As showin figure 5.18 (b), SeS/PCPAN
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composite also exhibits excellent cycling stability. Althoueglasitu formed SegPCPAN
composite can maintain reversible capacity of 1050 mAfog700 cycles, the low Se®ading
significantly reduces the overall capacity. Therefore,ink&itu formed Se&/CPAN composite

is a more advanced cathode material tBasitu formed SegPCPAN composite. As another
control, the pristine SeXlectrode (figures.19%) showsnuchworse battery performance than
both in-situ formed Se&/CPAN andexsitu formed SegPCPAN electrodes. It delivers high
irreversible capacity (~70%) and low lithiation capacity in the first cycle due to the low
conductivity of Seg Nevertheless, the fimation of SEI layer stabilizes the pristine $a8d

increases the Coulombic efficiency to almost 100% by preventing the shuttle reaction.
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Figure 5.15 TEM EDX mapping for SeS/CPAN electrode after first cycle in LiTFSI

TEGDME electrolyte. TEM image of S@FCPAN composites (a) and EDS elemental
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distribution (b) and mapping images of the JEBAN composites, marked by purple square,

for carbon (c), sulfur (d) and selenium (e).

(a) f 500nm ! Electron Image 1 (b/FuII Scale 94 cts Cursor; 0.000 ket

Figure 5.16 TEM EDX for Seg7/CPAN eletrode after first cycle in LITFSTEGDME
electrolyte. TEM image of Sg@CPAN composites (a) and EDX elemental distribution (b) of

the marked purple line.

The effect of SEI layer on preventing the shuttle reaction was investigated by comparing the
chargedischarge behaviors of pristine Se$ carbonatédased electrolyte and LiTFSI
TEGDME electrolyte. The sloping lithiation plateau of pristine S&% LiPFs-EC/DEC
electrolyte centered at 1.7 V shifts to flat plateaus centered at 2.0 V in LTERSDME
eledrolyte (figure5.1%). LITFSFTEGDME is a standard electrolyte for S and Se&hodes
because it does not react with polysulfides/polyselenitfe§”. The reversible capacity of
pristine Segin LITFSI-TEGDME electrolyte continuously decreases froficyicle to 18' cycle,

while its reversible capacity in LIREEC/DEC electrolyte remains stable after the first cycle.
Thus, theSEI layer formed in carbonateased electrolyte stablizes the Sefectrode and

increases the Coulombic efficiency
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Figure5.17. The TGA analysis for Sg@ZPCPAN composites.
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Figure 5.18. (a) The chargischarge profiles for Sg@PCPAN composite in LiPfelectrolyte;

(b) cycle life for Ses/PCPAN composite in LiPfelectrolyte at a current density of 1.5 A.g

Figure 5.19. The chargdischarge profiles for pristine Sgid LiPFs-EC/DEC electrolyte (a) and
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5.4 Conclusion

The Seg7/CPAN composites are synthesized by annealing the mixtui®eS and PAN at

600 °C under vacuum. The CPAN matrix can enhance the electrical conductivity of SeS
material and constrain the polysulfide and polyselenide intermediates during the
lithiation/delithiation process, leading to superior electrochengedibrmance of SeS/CPAN
composites. The formation of stable SEI layer on the surface @f/8&#83\N electrode further
contributes to the long cycle life and high Coulombic efficiency. The composite delivers a
reversible capacity of 780 mAh'qnd retais for 1200 cycles. As the current density increases
from 60 mA ¢' to 6 A g%, its capacity retention is about 50%, demonstrating its high rate
capability. Therefore, S@FCPAN composite is a promising cathode material for long cycle life

and high powedensity lithium ion batteries.
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Chapter 6 Selfassemble Organic Nanowires for High Power Density

Lithium lon Batteries

6.1 Introduction

Lithium ion batteriesthe best power sources for portable electroraios considered @he most
promisingenergy storage devices for emerging electric vehicles and smarPgritiCurrently,
lithium ion batteries largely rely on inorganic compounds as electrodes such as;laGdO
LiFePQ, %2 139 Most of these compounds are synthesized usimgearthabundant resources
via energydemanding ceramic process& Recycling of used batteries further consumes large
guantities of energy and chemicalgleasingmore CQ. To satisfy the urgent demand for
rechargeable energy storage devices intetevehicles and smart grids, next generation battery
electrodes should be made from renewable or recyclable resources via low energy consumption
processes. One possible approach is to use biamnassyclable organic materiads electrode
materials va solution phase rout€d. In addition, most of organic compounds are degradable in
the environment, so the organic electrode materials are environmentally benign.

Recently, carbonyl group based organic materials such as purBtkintribrominated

%40—151] have

trioxotriangulene”™, perylenetetracarboxylic anhydril€ and other compound
been investigated as electrodes fotidn batteriesand some organic materials can also been
used for Naon battery electrode® 3! However, due toidsolution of organic compounds in
electrolyte and very low electronic conductivity, tle&ectrochemicalperformance of these

sustainable organic electrode materials is much worse than their inorganic counterparts. The

solubility of organic compounds coulde reduced by enhancing their polarities via salt
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formation!’”! and solubility of organic salt in organic electrolyte can be further reduced by
increasing the concentration of lithium salt in organic electrolyte that has effectively suppressed
dissolution of polysulfide in lithium sulfur batterig®. Although use of organic salts such as
lithium salt of tetrahydroxybenzoquinof@ can mitigate the dissolution issi@!, the low
electronic conductivity of organic salts and volume change duringtighidelithiation still

limits the power density and cycling stability of organic electrodes. Due to the very low electrical
conductivity of most organic compounds, up to 30 wt% of conductive carbon black is normally
mixed into organic electrode to provid&ctron pathways for the electrochemical reactions and
another ~510% (by weight) nonconductive polymer binders are also needed to mechanically
bind all the components into an electrode. Even adding 30 wt% of carbon black, there is only a
portion of aclve materials contributeto the output power of a batteiry organic electrodes due

to large size of organic salt particles. A recent work of organiCsH,Os nanosheets for Lion
batteries has demonstrated that nanosheet structure provides stioditfusion pathways and

large contact areas for both conductive carbon and electrolyte, leading to high rate c&ability

o)

NaO ONa
Scheme 6.1. Molecular structure of croconic acid disodium salt.

In this study,croconic acid disdium salt (CADSwires areusedas moded to investigate the

size effecion the battery performance of orgaelectrodesCADS hasa cyclopentene backbone

with three carbonyl groups, and two of them are connected by a conjugated chemical bond as
shown in schemé&.1. The two carbonyl groups in CADS can participate in the reversibl
reaction with lithium ion$™, providing a theoretial capacity of 288 mAht According to the
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reported reaction mechanism for carbonyl group based organic electrodes, only carbonyl groups
that are connected by conjugated structure such as eaabloon double bond or benzene ring
can participate in thithiation reactiort’”. There are three carbonyl groups in CADS. Only two

of them are connected by conjugated structure, thus active for the lithiation reaction. In addition,
the specific capacity of CADS nanowire shown in fig8é& also support the retion
mechanism. The specific capacity of CADS nanowire is 200 niAat@ low current density of

0.1 C, which is close to the theoretical capacity (288 mAhaj CADS based on lithiation
reaction of two carbonyl group€ADS nanowire with diameter size ranging from 150 nm to 4

mm were synthesized by arsdlvent crystallization method to reduce the strain anrdrii
diffusion length. 150 nmCADS nanowire exhibits theuperior capacity, rate capability and
cycling stability The theoetical calculatiorfor lithiation and delithiation of CADS suggests that
sodiumions in CADS will be gradually replaced by lithiudaring the lithiation and delithiation

of CADS electrode, which is confirmed by Inductively Coupled PlasmaSestelLi croconate

has a more stable crystal structure than Na croconate, the formation of Li crofuotiete
enhances the cycling stability of CADS electrodie. our best knowledge, CADS nanowires
demonstrate one of the best battery performances for reportedcocgampoundsn terms of

cycling stability and rate performance at a low carbon cofitéht

6.2 Experimental Section

Fabrication of CADS nanowiresall materials are purchased from Sigma Aldrich, and used
without further purification. 0.75 mICADS aqueous solution with a concentration0Od8 mg
mL™* was added into 12nL acetone with bath sonication. After 10 minutes sonication, the

yellow precipitationwas collected through filtration. Several bottles of above sample were
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collected for further clracterizationCADS microwire was prepared with the same method, but

a higher concentration (2 mg mMLof CADS aqueous solution was used.

Fabrication of CADS micropillar the as received CADS powder was diredligsolvedin water
to prepare 5mg/ml CADS water solution. Théme 5mg/ml CADS water solution wasist on
the stainless steel foil ankkept at room temperaturéor 48 hoursto evaporate waterThe

resuling sample was collected for further characterization.

Material CharacterizationsScanning electron microscopy (SEM) image was taken by Hitachi
SU-70 analytical ultrehigh resolution SEM (Japan).-bay diffraction (XRD) pattern was

recorded by Bruker Smart1000 (Bruker AXS Inc.

Inductively Coupled Plasma tesinductively Coupled Plasma (ICP) test was performed on
PerkinElmer Optima 4300 DV IGPptical Emission Spectrometer. Both the fresh and cycled
electrodes were dissolved in deionized water by sonication. Before ICP testldétalgctrode

was immersed in diethyl carbonate for 48 h to remove theglS®E Six standard solutions with

the Li" or Na' concentration of 0.0 mgt, 0.025 mg [}, 0.05 mg [}, 0.1 mg [}, 0.25 mg [,

0.5 mg L* were prepared to obtain a standard curve of peak intensity vs. ion concentration
(relationship between peak intensity and the concentrations of lithium ion or sodium ion). The
concentrations of lithium ion and sodium ion in fresh and cycled electrodesobtained by
comparing the peak intensity of fresh and cycled electrodes to the standard peak intensity in the

standard curve of peak intensity vs. ion concentration.

Electrochemical MeasurementShe recrystallized CADS, CADS microwire and CADS
nanowirewere mixed with carbon black and Polyvinylidene fluoride (PVDF) binder to form
slurry at the weight ratio of 70:20:10, respectively. The electrode was prepared by casting the

slurry onto aluminum foil using a doctor blade and dried in a vacuum oven aCl®@rnight.
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The electrode was cut into circular pieces with diameter of 1.2 cm for coin cell testdifpe

area mass loading of the electrode is8+Ag cmi. Li ion batteries were assembled with lithium
metal as the counter electrode, 1 M LgR# a mixture of ethylene carbonate/diethyl carbonate
(EC/DEC, 1:1 by volume) as the electrolyte, and Celgard®3501 (Celgard, LLC Corp., USA) as
the separator. Electrochemical performance was tested using Arbin battery test station (BT2000,
Arbin Instruments, USQ Capacity was calculatezh the basis of the mass©ADS micropillar,

CADS microwireor CADS nanowire. Cyclic voltammograwererecordedat a scan rate of 0.1

mV/s between 0.8 2.8 V using Solatron 1260/1287 Electrochemical Interface (Solatron
Metrology, UK). Impedance analysis was also performed [platron 1260/1287

Electrochemical Interface

Calculations were performed with the Amsterdam Density Functional (ADF) suite of softwares
[1], using a triplezeta with polarization basis set. ADF us®sitertype orbitals (STOs), as
opposed to most quantdomemistry codes which use Gaussigpe orbitals. STOs feature

correct decay at long distances and correctly describe the natdetron cusp.

6.3 Results and Discussion




O
Figure6.1. SEM images for CADS micropillar (a), CADS microwire (b) and CADS nanowire (c,

d).

Crystal CADS micropillars withitewidthof 0e m and | ength | ond&&a) t han
were prepared by directly recrystallizing CADS from water, and are usedn&®lcsamples.

Due to the insulating nature of CADS, the large particle size will significantly increase the
transportation resistance of-ian and electron in the CADS micropillars. The large size and
small surface area of CADS micropillar also resuttspoor contact between CADS and
conductive carbon, thus remarkably reducing the charge transfer reaction kihetiogrove

the lithiation/delithiation kinetis CADS microwire with an averagediameter about £ m
(Figure 6.1b) and CADS nanowire with a man diameter about 150 nm (Figédc & 6.1d)
werefabricated at room temperature using @aiivent crystallization method, a facile synthetic
route. The growth of CADS nanowires is driven by the reduction of the solubility of CADS
when CADS aqueous sadion is added into aceton@ poor solvent for CADS). Under bath
sonication, CADS starts to crystallize within a few minutes due to the poor solubility in the
water/acetone mixture solvent and ssdsemble into nanowireghich is possibly due tp-p
interaction between CADS moleculé§?. The CADS wires synthesized by astilvent

crystallization method have very uniform diameters (Figure 1b andlc). The diameter of CADS
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wires can be manipulated by tuning the concentration of CADS in aqueousrsolitelower

concentration CADS aqueous solution yields thinner CADS nanowires.

CADS nanowire

. | A l“ ] A CADS microwire

CADS micropillar

10 20 30 40 50 60 70 80
2 Theta Degree

Intensity (a.u.)

Figure6.2. XRD patterrs of CADS micropillaf CADS microwireand CADS nanowire.

The crystal structures of three CADS samples are identified-bgyXtiffraction (XRD). The
XRD patterrs in figure 6.2 reveal that the CADS micropillacCADS micravire and CADS
nanowire have the sanwystal structure. No impuritypeak isobserved in althree CADS
samplesThe peak intensity of CADS nanowire is stronger than th&ADS micropillar and
CADS micraonire, demonstratinghat CADS nanowires haviigh crystallinity and relatively

uniform crystal size
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Figure 6.3. Electrochemical performance of CADS micropillar, CADS microwire and CADS
nanowire. (a) Chargend discharge curves of CADS micropillar, CADS microwire and CADS
nanowire for the second cycl&€yclic voltammograms for CADS micropillar (b), CADS

microwire (c), CADS nanowire (d).

The charge and dischargeofilesfor CADS micropillar CADS microwireand CADS nanowire

in the second cycle were measured at a current density of 0.2 C (1 C is defined as 288 mA g
and are shown in Figuré.3a. The lithiation potential decreases and delithiation potential
increases with the size of CADS nanowire increasa® 150 nm to 4rm and then to 10m.

The cyclic voltammetry (CVpf three CADSs with different diameter figure 6.3b-d shows a

peak at 1.6 V with a small shoulder at 2.1 V during lithiation, and a peak at 2.0 V with a small
shoulder at 2.6 V during ddiitation, demonstrating that CADS undergoes a-step reaction

with lithium ions. The two carbonyl groups connected by cadabon double bond react with
lithium ions step by step. The potential hysteregig)(between the cathodic peak and anodic
peak is 0.62 V for CADS micropillar, 0.47 V for CADS microwire and 0.30 V for CADS
nanowire, indicating that the overpotential of CADS nanowire is smaller than CADS micropillar
and CADS microwire. The increase of eotial hysteresis with wire size confirms that

lithiation/delithiation kinetics decreases with the increase of wire size. The equilibrium potentials
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of CADS are estimated by averaging the lithiation and delithiation potential. The equilibrium
lithiation paentials of CADS are 1.8 V and 2.35 V. As shown in CV curves in Fi§ethe
lithiation peak potential slightly increases to more positive value with lithiation and delithiation
cycles. To explore the mechanism for tatep reaction and potential shifhe first principle

DFT calculation is applied to calculate the lithiation process. Tabhleollects the values of the

total electronic bonding energy of various species involved in the reduction of CADS .6Table
collects the calculated reduction putial of the CADS with respect to a lithium electrode
potential. Figures.4 schematically reports the energy levels of Na and Li croconate for the three
reduced forms considered. The potentials inl§ &R indicate that the onelectron and the two
electon reduction of CADS occur at very similar potentials. The sequentialeleston
reductions are estimated to be 2.42 V and 2.36 V, which is higher than the equilibrium potential
demonstrated by CV scans (2.35 V and 1.8 V). The large potential diffgf286e..8=0.56V)

in second step reaction is probably attributed to the strain overpotential induced by the volume
expansion at high lithiation levels. A large strain overpotential of 0.6 V was reported for
lithiation of SN™3.. Due to the low strain abw lithiation level, the calculated potential in the

first step reaction is similar to measured potential in CV. However, the calculations are unable to
ascertain whether the electrochemical potentials are due to a concerel@dtwon process or

two seaential oneelectron processes. Analyzing the overall stability of the sodium and lithium
croconate indicates (see Tal@ld) that lithium croconate forms a more stable crystal than the
sodium salt. Thus, it is possible that the CADS undergoes a chematange from sodium
croconiate to lithium croconate. For this reason, additional simulations were carried out for the
reduction of lithium croconate. The simulations show that the reduction potential for Lithium

croconate is 2.56 V and 2.49 V for the ssglneelectron processes, respectively. Thus, if a
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counter ion exchange occurs during the CV scans, the reduction potential should slightly
increases, which is in well agreement with CV scans in Fig3reThe simulations qualitatively
reproduce the potéials determined experimentally and predict a possible Sedithium
exchange during the lithiation and delithiation of CADS electrode. Such a prediction is further
confirmed by Inductively Coupled Plasma (ICP) test. A fresh CADS electrode and a CADS
eledrode after first cycle are dissolved in water separately, and themdliNd concentration in

water was measured by ICP. The result shows that the concentratiorisaofdLINd in fresh
electrode are 0 and 0.135 mdg, lrespectively, while the concertins of Li" and N4 in cycled
electrode are 0.103 mg'land 0.020 mg t, demonstrating that most of sodium ions in CADS

are exchanged by lithium ions.

Compound Bonding Energy (eV) Homo-Lumo gap (eV)

NapCA -96.2954 3.39
Li,CA -98.4320 3.88
LisCA -101.4177 2.13
NaLiCA -99.1397 1.25
NagLiCA -100.6417 0.61
NaLi,CA -101.9261 0.96
Li,CA -104.3329 1.94
Li -0.4295

Table6.1.Total bonding energy and HOMOUMO gap in eV.
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Electrochemical process Potential # of electrons
NaCA + Li = NaLIiCA 2.42 1
NaLIiCA + Li = NaLi,CA 2.36 1
NaCA + 2Li — NaLi,CA 2.39 2
Lio,CA + Li — Li3zCA 2.56 1
LizCA + Li — Li,CA 2.49 1
Li,CA + 2Li — Li4,CA 2.52 2

Table6.2. Summary of the calculated electrochemical potentials from the energies ir6Tlable

The formation and growth of solid electrolyte interphase (SEI) layer on the surface of CADS is
also evidenced by CV in Figu@3b-d. A sharp peak at 0.8 V in the first anodic scan without
corresponding cathodic peak is observed in the cyclic voltammogosdi@&ADS micropillar,

CADS microwire and CADS nanowire. The sharp peak at 0.8 V becomes weaker after each

cycle, suggesting that stable SEI layer is formed during the first cycle.

Energy

4— 3— 2—
Croconate Charge

Figure6.4. Calculated energy levels of NaCA and LICA. Potentials shoemederenced to the

Li electrode.

The cycling performance of CADS electrodes is shown in figusa. The specific capacities of

CADS micropillar, CADS microwire and CADS nanowire decrease a little in the first 20 cycles,
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and then it becomes very stable '8BADS micropillar, and even increase back to original
capacity at 110 cycles for CADS nanowires, and slightly lower than initial capacity at 110 cycles
for CADS microwires. This kind of cycling behavior is also observed in 48t composite

(1541 As indicated by Fig6.3b-d, the reductive peak at 0.8 V, corresponding to the formation of
SEI layer, decays rapidiguring the initial cycles, resulting in capacity decline. To identify the
mechanism for capacity increase of CADS after 20 cycles, the chiaoelidye profiles of
CADS nanowire, CADS microwire and CADS micropillar frofi &/cle to 38" cycle are shown

in figure 6.6. From the charge/discharge curves of CADS nanevatdifferent cycles in figure

6.6 (a), it can be clearly observed that the lithiation plateau and delithiation plateau shift close to
each other upon cycling, indicating smaller overpotential and faster kinetics. At initial cycles, the
electrolyte does not fully penetrate to the entisztebde, leading to large overpotential and slow
kinetics. Upon cycling, the large volume expansion and shrinkage of CADS increase the porosity
of the CADS electrodes, allowing electrolyte to penetrate the entire electrode, thus shortening the
ion diffusion pathway and lowering the overpotential after 30 cycles. The fast kinetics enhances
the utilization of organic electrode, resulting in increase of capacity. However, for-sizero
CADS electrode, the large volume change also generates cracks, resutiapacity decline in

the initial cycles. The formation of cracks offsets the kinetic enhancement induced by electrolyte
penetration so that the overpotential change frdtncgcle to 38 cycle is very small as
evidenced by the little plateau shift indig 6.6 (b) and (c).The reversible capabilities of CADS
micropillar, CADS microwire and CADS nanowire measured at a current density of 0.2 C are 85
mAh g*, 132 mAh @ and 177 mAh g, respectivelyCADS nanowire retains its initial capacity

after 110 dep charge/discharge cycles.
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Since CADS is an insulating material, lithium ions and electrons cannot be easily transported
into the inside of bulk CADS material, but the smaller size and larger surface area of CADS
nanowire enables more CADS to react with lithium ions, and lithius eam quickly transfer to
inside of CADS, so the specific capacity and rate capability of CADS nanowire is much higher
than that of CADS micropillar and CADS microwire. The rate capability of CADS micropillar,
CADS microwire and CADS nanowire is shown iigure 6.5b. With the current density
increases from 0.1 C to 0.75 C, the specific capacity of CADS micropillar decreases rapidly from
125 mAh ¢ to 7 mAh g'. Although the capacity of CADS microwire is still 48 mAf gt the
current density of 0.75 Ché specific capacity of CADS microwire decreases from 160 mAh g

to 11 mAh @ when the current density increases from 0.1 C to 2 C, indicating the inferior rate
performance of CADS microwire due to the large diameter g3 of microwire. On the
contrary the smaller size and larger surface area of CADS nanowire can shorten the lithium ion
diffusion length and enables better contact between CADS and conductive carbon. Therefore,
CADS nanowire retains 50% of its initial capacity (200 mAh subjected tahe current density

up to 6 C. After the current density returns to 0.1 C, the capacity of CADS nanowire recovers to
its initial capacity immediately. Hence, from the electrochemical performance of CADS
micropillar, CADS microwire and CADS nanowire, we ceonclude that nanowire structure

makes great contribution to the high capacity and high power density of CADS material.
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Figure 67. EIS spectra for CADS micropillar electrode, CADS microwire electrode and CADS

nanowire electrode. (The inset is magration of the semcircle of CADS Nanowire)

The reaction kinetics of CADS materials was investigated using electrochemical impedance
spectroscopy. The high frequency semicircle represents interface resistance includes contact
impedance or SEI impedance,danharge transfer impedance, while the low frequency line
stands for ion diffusion resistance. As shown in figuré 6oth the interface and diffusion
impedances of CADS nanowire are much lower than that of CADS micropillar and CADS
microwire, indicatingthe lower interface resistance and better kinetics of CADS nanowire. The
interface resistance of CADS nanowire is about 50 Ohm, while that for CADS micropillar
electrode and CADS microwire electrode have much higher value of 300 Ohm and 750 Ohm,
respectivy. The impedance results convince that the high capacity and superior rate capability
of CADS nanowire is due to the large electrochemical reaction interface and short Li diffusion

pathway.
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Figure6.8. SEM images for CADS micropillar (a), CADS microwire (b) and CADS nanowire (c)

after 100 cycles.

The morphology ofCADS micropillar, CADS microwire and CADS nanowire after 110 cycles
were investigated by SEM. As shown in fig@.&a, there are a number wiicro-size short rods
around the large size CADS micropillar, demonstrating severe pulverization occurs after 110
charge/discharge cycles. The CADS microwires maintains its morphology after 110 cycles
(Figure 6.8b), but few short CADS rods and microcradgkgluced by the large strain during
repeated charge/discharge cycles can still be observed. Different from CADS microwires, CADS
nanowire preserves its morphology after 110 cycles in figuse no cracks and pulverization

can be observed. The good mormggy maintenance of CADS nanowires enables its high

cycling stability.
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Scheme6.2. Schematic illustration of lithiation/diihiation mechanism for croconic acid

disodium salt.

6.4 Corclusion

In summary, during repeated lithiation/delithiation, CADS will gradually convert to croconic
acid dilithium salt through ion exchange (Sche®®®), as suggested by theoretical calculation

and evidenced by the potential shift in CV scans and reduction ‘oEd&entration in cycled

CADS electrode. More importantly, CADS nanowire with small size (150nm) and large surface
area, can effectively avoid pulverization and enables stable contact between CADS and carbon
black, providing high capacity, high rate cagtisgband long cycling stability. Due to the large

size of CADS microwire, large volume change exists and leads to the formation of cracks and
microcracks, as evidenced by SEM images of cycled CADS microwires. The microcracks which
lose contact with carbohlack are not electroative, resulting in capacity decline in the initial
cycles. Therefore, nargize CADS has much better electrochemical performance than-micro

size CADS.
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The CADS wires with diameters from Xn to 150 nm were synthesized using a facile-anti
solvent crystallization method. The CADS nanowire with small diameter and large surface area
shows high capacity, long cycle life and excellent rate capability due to its shiort hnd
electron diffusionpathway, large surface area and low strain. CADS nanowire can retain its
initial capacity after 110 deep charge/discharge cycles at a low current density of 0.2 C, and
deliver a high capacity of 100 mAR'@t 6 C. The theoretical calculation shows that @ADS
gradually changes into more stable lithium croconate through ion exchange process during
lithiation/delithiation. The ion exchange process is confirmed by ICP result, which shows the
high content of lithium ion and low content of sodium ion in thelad CADS electrode. Since

the naneorganic material exhibits superior electrochemical performance, our research work

paves the way for further improvement of organic battery performance in the future.
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Chapter 7 Graphene Oxide Wrapped Croconic Aal Disodium Salt for

Sodium lon Battery Electrodes

7.1 Introduction

Sodium ion batteries are the most promising alternatives to lithium ion batteries due to the low
cost and abundance of sodium element in the &&rthThe chemical similarity of sodiution

toward lithium ion enables some electrode materials used in Li ion batteries to be applied for Na
ion batteries®* *7 Inorganic materials synthesized through enetgmanding ceramic
processeS? are the most common Li ion electrode materialsweleer, to satisfy the emerging
largescale applications of energy storage, next generation battery electrodes should be made
from renewable or recyclable resources via low energy consumption processes. One possible
approach is to use electrode materialsritated from biomass or recyclable organic materials

via solution phase rout&s.

Several organic materials have been investigated as electrodes for Li ion bgffEidsbut

very few or@gnic materials were explored for Naen batteries. The orgic electrodes face two
major challenges in oagic electrolyte batteries: (1) low power density due to poor electronic
conductivity of organic compounds, (2) fast capacity decay during charge/discharge cycles
which is generally attributed to dissolutiofi organic compounds into organic electrolytés

One way to mitigate the dissolution of organic materials in organic electrolytes is use of organic
salts'"?. Among the salts, carbonyl group based organic compounds such as lithium salt of
tetrahydroxybenzoquinond’®, lithium ethoxycarbonybased compounf*”, dilithium trans

transmuconate and dilithium terephthaldt& have been investigated as electrodes for Li ion
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batteries. These organic salts normally contain more than two carbonyl grdugs ave
connected by conjugated carbon matrix. These carbonyl groups are redox centers which enable
the electrochemical reaction to take place in the electrodes. Dbemdjscharge process, each
carbonyl group can obtain an electron and a lithium i@t thduces electron transfer in the
conjugated carbon matrix. The reaction between carbonyl group and lithium ion enables the ion
transfer and electron transfer in Li ion batteries. Although the solubility of organic salts in the
electrolyte has been reded; these organic salts still suffer from fast and continuous capacity
decline during charge/discharge cydiés’. The mechanism behind the fast capacity decline is

still not fully understood.

Most reported organic salts experience phase transfamadiiring lithiation/delithiation as
evidenced by a flat voltage plateau in charge/discharge profile and structure changayin X
diffraction (XRD) patternd’”. The phase transformation is normally accompanied with volume
change. The large volume expemsin the first lithiation can even change the crystal structure of
organic salts into amorphous structure and retain amorphous structure in the following
charge/discharge cyclé€!, which is also observed in Si anod& The structure change of Si

from crystal to amorphous structure is attributed to the large volume change (300%) of Si during

B2 The severe volume change of Si pulverizes the Si particle, resulting in rapid

lithiation
capacity decline during charge/discharge cy&@s Thereforethe volume change of organic

salts during lithiation/delithiation may be also resgble for the capacity decay.

In principle, the carbonyl group based organic electrode compounds used in lithium ion batteries
can potentially be applied to sodium ion bats™® >} However, due to larger ion size of Na

than Li", only few organic salts are suitable for Na ion batteries. In addition, the larger ion size of
Na'" causes much more severe volume change of organic salts, resulting in fast capacity decay of
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organic compounds in Na ion batteried”. Therefore, only few organic compounds were
explored for Naon batteries. Due to the large volume change, these organic compounds showed
quick capacity decline during Na insertion/extractdfl. However, howthe volume changef

organic salts affects the cycling stabilitsgs not been investigated yet.

Pristine CADS

g GO-CADS
. o

Figure7.1 Schematic illustration for mtine CADS, sCADS and GGADS.

In this paper, croconic acid disodium salt (CADS) is used as a model electrode to investigate the
capacity decline mechanism of organic salt electrodes in Na ion batteries. To our best knowledge,
CADS has never been studied as a battery electrode matekialon and Naion batteries. In
addition, this is also the first effort to study the effects of phase change on capacity decay of
organic salt electrodes in Na ion batteriés.shown in figurer.1, three CADS samples, micro

sized pristine CADS, submizmetersize CADS (sCADS), and graphene oxide wrapped CADS
(GO-CADS), are employed to investigate their electrochemical behaviors toward Na. sCADS
and GOCADS are fabricated by ultrasonic spray pyroly€kir results show that the particle
pulverization isa main reason for capacity decline. Minimizing particle size and wrapping
CADS with graphene oxide can effectively stabilize the electrodes during Na ion

insertion/extraction, thus improving the cycling stability.
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7.2 BExperimentalSection

All chemicalswere purchased from Sigma Aldrich and used as receNed CADS with small

particle size of 0.8.0mm (denote asCADS) was prepared by artrasonic spray pyrolysis
method**®. The ultrasonic spray pyrolysis apparatus consisted of ultrasonic droperage,

tube furnaces, and filtration system for particle collection. The ultrasonic generator operated 1.7
MHz frequency atomized the precursor solution to droplets with average diameter of
approximately 1 microns. Two tube furnaces were connectedies seith a total length of 81

cm. Particle collection was set at the end of the system, allowing gas to pass through and
collecting particles from 10 nm to 1Q0n. 200 mg CADS with average particle size omb

were dissolved into 10 mL water. Aerosol droplets containing the dissolved precursors were
generated using compressed nitrogen gas at a pressure of 35 psi in a collision type atomizer. The
geometric mean di ameter of t h ebydrlasgy bezosat wa s
spectrometer. The produced aerosol droplets passed through aydilididfusion dryer and a

tube furnace preheated to 200 °C to remove most of the solvent. The products were collected on

a 0.4 em (pore si ze)rieddnfavduuMbvierd at 100m°C everfightt t er an

Graphene oxide was synthesized 4 MHegrapheng t he
oxide wrapped CADS was also synthesized using ultrasonic spray pyrolysis. 100 mg CADS were
dissolved in 100 mL graphene dgiaqueous solution to prepare the precursor. Nitrogen gas (2.5

L min™? flow rate) was used to carry the solution droplets to the furnace series which was
operated at 200 °C. In the furnace, water was evaporated, and then graphene wrapped CADS
particles wee generated in a residential time around 1.5 s.

Scanning electron microscopy (SEM) image was taken by HitackiGahalytical ultrehigh

resolution SEM (Japan); Transmission electron microscopy (TEM) images were taken by JEOL
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(Japan) 2100F field emissioFEM; X-ray diffraction (XRD) pattern was recorded by Bruker
Smart 1000 (Bruker AXS Inc., USA) using CuKl
spectroscopy (FTIR) was recorded by NEXUS 67CGIRTInstrument;UV/vis spectra were
recorded on an UAL700 spectiphotometerThermogravimetric analysis (TGA) was carried out
using a thermogravimetric analyzer (TA Instruments, USA) with a heating rate of 10 “Grmin
argon.

The CADS and sCADS were mixed with carbon black and Polyvinylidene flugRY®F)

binder toform slurry at the weight ratio of 45:45:10, separately. The@IDS was mixed with

carbon black and Polyvinylidene fluoridPVDF) binder to form slurry at the weight ratio of
70:20:10. The electrode was prepared by casting the slurry onto coppeirigibugoctor blade

and dried in a vacuum oven at 100°C overnight. The electrode was cut into circular pieces with
diameter of 1.2 cm for coin cell testing. Na ion batteries were assembled with sodium metal as
the counter electrode, 1 M NaGJGn a mixture of ethylene carbonate/dimethyl carbonate
(EC/DMC, 1:1 by volume) as the electrolyte, and Celgard®3501 (Celgard, LLC Corp., USA) as
the separator. Electrochemical performance was tested using Arbin battery test station (BT2000,
Arbin Instrumens, USA). 0.7 V and 2.0 V (vs. Na/Rawere used as low and high cutoff
voltages for the galvanostatic tests. After the cell reached the cutoff voltage, it was rested for 10
min for subsequent charge or discharge. Both the cltasgharge current densignd specific
capacity were calculated on the basis of the mass of CADS in the electrode. Cyclic
voltammogram at a scan rate of 0.1 mVketween 0.7 2 V (versus Na/N3 was recorded

using Solatron 1260/1287 Electrochemical Interface (Solatron Metrdligjy,
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7.3 Results and Discussion

7.3.1Morphology and Structure
o o

(o) (0] +2Na*, 2e NaO ONa

-2Na*, 2e"
NaO ONa NaO ONa

Schemeér/.1 The sodiation/dsodiation mechanism for croconic acid based molecule.

Croconic acid disodium salt has a fimeember ring structure with three carbonyl groups and a
carboncarbon double bond (schen7el). Its chemical structure is very similar to dilithium
rhodizonate which has been reported as an organic electrode for lhatteries!®. The
carbonyl groups in this compound are redox centers which can react with Na ions and gain
electrons through the reaction as shown in schémeDuring the sodiation, each carbonyl
group, connected by the carboarbon double bondjains a sodium ion and an electron. At the
meanwhile, the carbecarbon double bond is broken, and two new caidaybon double bonds

are generated. During the desodiation, CADS molecule is recovered. The reversible reaction
between CADS molecule and sogtiuons enables CADS to be an electrode material for Na ion

batteries.




Figure 7.2. The SEM images of pristine CARS, sSCADS(b), and GZADS(c).

Three CADS samples, micized pristine CADS, submicrometgze CADS (sCADS), and
graphene oxide wrapped CADS (&IADS), were used to investigate the capacity decline
mechanism. The sCADS particles were synthesized by dissolving pristine CADS intoandter,
then rapidly evaporating the CADS solution using thasonic spray pyrolysisThe GQ

CADSs were synthesized by rapidly drying the graphene oxide and CADS aqueous solution at
200 °C using theultrasonic spray pyrolysisThe morphology of three CADSamples was
characterized by scanning electron microscopy (SEM) as shown in Hdur&he pristine

CADS consist of long bars and some irregugtuctured particles which tend to aggregate to
form microsize particles (Figur&.2a). As shown inFigure 7.2b, the sCADS particles have
spherical morphology with the particle size of-Q.6 um, which is about ten times smaller than
that of pristine CADSFigure7.2c shows the SEM images of GCADS, in which all the CADS
particles are encapsulated by the folded and winkled graphene oxide. The morphology of the
GO-CADS composite is very uniform with particle size typically less than 1um, which is similar
to sCADS. Thiss attributed to the uniqueltrasonic spray pyrolysisAs water evaporates, the
amphiphilic GO sheets would migrate to the surface of the droplets to form a shell. Since the

diameter of the precipitated CADS particles was much smaller than that ofrtiseladroplets,
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further water evaporation could collapse the GO shell, resulting in a crumpled morphology that
encapsulates the CADS partick¥). The transmission electron microscopy (TEM) images of
GO-CADS in Figure7.3 also confirm that all the CADfarticles are encapsulated by the folded
and winkled graphene oxide. The enedigpersive Xray spectroscopy (EDS) elemental
mapping imagegFigure 7.3c, 7.3d and7.3e) reveal that CADS is uniformly distributed in the

GO shell since sodium mapping imagesdaps with carbon and oxygen mapping images. The
content of CADS in GECADS is 37 wt%as determined by thermogravimetric analysis (TGA)
results for GO, CADS and GOADS as shown in Figuré.4. The GO is treated by ultrasonic
spray pyrolysis under the samondition as GE&CADS. For GOCADS, the Na ion can penetrate

through the defects and opend of GO to react with the inner CAEY,

(c

Figure7.3. TEM images of GE&CADS (a, b) and EDS elemental mapping images of the GO
CADS particle, marked by purple square in (b), for carf@dnoxygen (d) and sodium (e).
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Figure 7.4 The TGA analysis for graphene oxide (GO), CADS and graphene oxide wrapped

CADS (GO-CADS).
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Figure7.5. The XRD patterns for CADS (black line), sCADS (red line), andGADS (blue

line).

The structures of three CADS samples are identified by the XRD. The XRD patterns of SCADS
and GOCADS are the same as the pristine CADS as showkigare 7.5, indicating that the
sCADS, GOCADS and pristine CADS have the same crystal structure. However, the XRD peak

of pristine CADS is slightly sharper than that of SCADS and@GADS, demonstrating the
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crystalline structures of CADS were not wea#vdoped due to rapid precipitation (1.0 s of

residential time) inultrasonic spray pyrolysigrocess.

7.3.2SodiationDesodiationBehaviors
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Figure 7.6. Electrochemical performances of materialfie galvanostatic charpgischarge
curves of pristine CADS (a), sCADS (b) and ®3aDS (c) between 0.7 V and 2.0 V versus
Na/Na at room temperature. Cyclic voltammograms of pristine CADS (d), SCADS (e) and GO

CADS (f) at 0.1 mV ¢ in the potential windovirom 0.7 V to 2.0 V versus Na/Na

The charge/discharge behaviors of pristine CADS, sCADS andC&S in different cyclesat

a current density of 20 mA™gare shown in Figur&.6. The voltage profiles of all three CADS
samples show serials voltage plateand the potentials of first sodiation plateau are lower than
that in the subsequent sodiation procegsnonstrating that all three CADS samples experience
successive and revérke phase transformations during sodiation/desodiaiwhthe stress/strain

due to large volume expansion in the first sodiation induces a large overpotential. The large
overpotential is significantly reduced in the subsequent cycles due to the intndfaiefects

in the first sodiation. The sCADS has larger overpotential than pristine CADS, because more Na
ion (250 mAh/qg) is inserted into SCADS in the first plateau than that (150 mAh/g) in pristine
CADS. Minimization of the CADS patrticle size from®10 nm to 0.51.0 nm does not chamy

the voltage plateaus (Figure 7.6a andy,.6ut the capacity (287.8 mAR‘gof SCADS is larger

than that (246.7 mAh™Y of pristine CADS due to the reduced particle size and consequently
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improved kinetics of the foner. The capacity of SCADS is very close to the theoretical capacity
(288 mAh @') of CADS, which is calculated based on one CADS molecule can react with two
sodium ions. Since GO can reversibly react with,Nmd deliver a reversible capacity of 39
mAh g* (Figure7.7), the initial capacity of CADS in G@QADS after subtracting the capacity of

GO is abouR93 mAh ¢', which is higher than theoretical capacity, probably due to the fact that
carbon black additive is also active for Na ion storage. Thedaghcity of CADS in GECADS
demonstrates that GO shell can effectively enhance the utilization of inside CADS due to the
core shell structure and the higher conductivity of GO than CADS. The slight change in the
voltage profile of GGCADS compared with thieof CADS is attributed to the sloping voltage
curves of GO capsuldt®?. The voltage plateaus and reaction reversibility of CADS, sCADS,
GO-CADS can be more clearly observed in cyclic voltammogram profiles (Frgéde 7.6e and

7.6). In the first sodation/desodiation cycle of CADS, there are three clear cathodic peaks at
1.42V,1.0V, 0.85V and a shoulder at 1.15 V, and four anodic peaks at 1.15V, 1.25V, 1.7 V
and 1.8V are also observed. However, the shoulder at 1.15 V disappears after thedirsind

the cathodic peak at 1.42 V in the first cycle shifts to high voltage to split into two new peaks at
1.5V and 1.65 V in the following cycles. This result suggests that the CADS experiences an
activation process during the first sodiation, whiws been observed in many high capacity
electrodes with large volume changes such as Sn ané*SB. The activation process
characterized by the high overpotential in the first sodiation process is induced by the high
stress/strain raised by the fistdiation. The high stress/strain in the first sodiation generates a
large amount of defects (cracks, dislocations, plastic deformations, etc) in host to release the
strain/stress. Therefore, the relaxation of the strain/stress in the first solidateases the

overpotential and moves solidation potential to more positive values in the following sodiation
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process.After the first cycle, there are four peaks in the desodiation scans, which are
corresponding to the four peaks in the sodiation scans, d#rating the high reversibility of
sodiation and desodiation of CAD$he cyclic voltammograms of SCADS and GCADS are
similar with pristine CADS. There is a broad shoulder at 1.1 V in the first sodiation process of
GO-CADS owing to the irreversible reamn on the surface of GO. After the first sodiation,-GO
CADS displays similar anodic and cathodic peaks as pristine CADS and sCADS. The highly
reversible peaks in the cyclic voltammetry curves and the highly reversible plateaus in the
galvanostatic chargéischarge curves suggest that CADS experiehagidy reversible phase

transformation during sodiation/desodiation.
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Figure 7.7. Electrochemical performance of graphene oXiderge and discharge capacity
versus cycle number (current density: 20 mAR) dor GO; (b) The galvanostatic chafge

discharge curves of GO.

The reversible phase change during sodiation/desodiation is also confirmed by XRD TRgure
In the full sodiaibn state, the original peaks of pristine CADS at 28 degree and 30 degree shift to
24 degree and 26 degree. Moreover, the two peak82atiegree of pristine CADS salt merge

together to form a new peak at ~28 degree after full sodiation. Therefore, XRDoadirm the
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phase bange of CADS during sodiatioAfter the desodiation, the XRD peaks of CADS shift
back totheir originalpositions, and maitain the positions aftel"50ll desodiations, illustrating

that the phase transformation is highly reveesiGlomparing to fresh CADS, a few extra XRD
peaks in full desodiated CADS might imply the uncompleted phase transformation in the active

material.

” the 50th fully charge

" the first fully charge

the first fully discharge
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Figure 7.8.The XRD patterns of pristine CADS (black line), the first fully discharged CADS

(red line), the first fully charged CADS (blue line) and the 50th fully charged CADs (green line).

7.3.3Cycling Stability and Mechanism forCapacity Decay

The cycling stabity of three CADS samples is tested at a current density of 20 m&igure

7.9). The capacity of pristine CADS quickly decreases from 250 miAto 0 mAh g after 60

cycles. If the dissolution of organic salts into organic electrolyte is responsible for the fast
capacity decay, the capacity decline of SCADS should be much faster than pristine CADS due to
the reduced particle size and thus enhanced contdeicsunetween sCADS and electrolyte.

However, the sCADS has much better cycling stability, demonstrating that the dissolution of
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CADS is not the major reason for the capacity decay. The insolubility of CADS in electrolyte is
directly tested by comparing ti@urier transform infrared spectroscopy (FTIR) spectra of fresh
electrolyte and the electrolyte after 50 sodiation/desodiation cyatgse7.10a shows the FTIR
spectrum of CADS. There is a very sharp peak at 1500 which represents the stretching
vibration of the carbonyl groups and carlmambon double bond in CADS. If CADS dissolves in
the electrolyte, there should be a peak at 1500 ionthe FTIR spectrum of the electrolyte after
50 cycles, whereas the spectra of the electrolyte before testftencb0 cycles are nearly the
same in the range from 800 to 2000 cim Figure7.1(h. UV-vis spectroscopy is also employed
to measure the active material in the electrolyte. As shown in figlife the U\tvis spectra of
cycled electrolyte (50 cycles)eaalmost the same to that of the fresh electrolyte, indicating no
active material is dissolved in the electrolyte during cyclédsis, this evidence confirms that

CADS is not dissolved in the electrolyte during the charge and discharge.

= pristine CADS
e sCADS
A GO-CADS

Specific Capacity (mAh/g)

0 20 40 60 80 100
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Figure 79. Desodiation capacity versus cycle number (current density: 20 'MAog pristine

CADS, sCADS and GE&ADS, respectively.
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Figure 7.11 UV-vis spectra for fresh electrolyte and electrolyte after 50 cyclésNethyl-2-

pyrrolidonesolution.

Another possibility for capacity decline is the pulverization of CADS particles due to the volume

change induced by repeating phase transformation during sodiation/desodiation process.

Pulverizationinduced capacity decdyas been observed in high capacity anodes such as Sn in

Na-ion battery'®®. The pulverization of CADS particles will demolish the integrity of electrode
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structure, resulting in poor cycling stability. The morphology change of CADS before and after
50 sodiation/desodiation cycles is observed by SEM. As shown by SEM imaggsiia 712a

and 712b, the pristine CADS in the electrode has the longlikarshape, but after 50 cycles the

long bar is severely cracked. The long bar is broken into numerous small fragmentations, most of
which do not connect with conductive carbon. The most effective method to reduce the particle
pulverization is to minimize the pinle sizes®. Figure 712c and 712d show the SEM images

of the fresh sCADS material and cycled SCADS. sCADS particles maintain the similar particle
morphology after 50 cycles and no cracks are observed, thus the SCADS has much better cycling
stabilitythan CADS as demonstrated in Figuté. The GO encapsulation of SCADS can further
enhance morphology stability of SCADS as demonstrated in FigtiBe and 712f. After 50
charge/discharge cycles, no obvious morphology change can be observed. The rgpdadog
stability of GOCADS is consistent with the best cycle life of &ADS electrode as shown in
figure 7.9. The FTIR, UMvis and SEM images in Figureé10, 7.11and 712 demonstrate that

the capacity fading is not due to the dissolution of SCADSG@RCADS in the electrolyte, but

the large stress/strain of CADS during repeating phase changes.

Since the particle pulverization will isolate the small pulverized CADS particles from carbon
additive and current collector during sodiation/desodiation psothe isolated CADS patrticles

are not able to electrochemically react with"Na the following cycles, thus dramatically
decreasing the battery performance. However, if CADS particles are encapsulated by a
conductive graphene oxides, the void in the @lath graphene oxide coating can accommodate
the volume expansion of CADS upon sodiation and maintain the connection between inner
CADS particles and outer graphene oxide cover (even they are pulverized), thus improving

cycling stability. As demonstrated Kigure7.9, the graphene oxide encapsulated CADS shows
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the best cycling stability. Further improvement tycling stability is under investigation by
optimizing the ratio of graphene oxide and CADS, increasing the aerosol spray temperature, and

adjustingthe residential time.

Figure7.12 SEM images of the pristine CADS electrode materials before test (a) and after 50
cycles (b); SEM images of the SCADS electrode materials before test (c) and after 50 cycles (d);

SEM images of GE&CADS electrode materials before test (e) and after 50 cffyles
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7.4 Conclusion

Croconic acid disodium salt, a carbonyl group based organic compound, was usezhadean
material for the first time. It is shown that the rapid capacity fading of pristine CADS in sodium
ion batteries is due to the particle pulvatian rather than the dissolution in organic electrolyte.

The CADS experiences a serial phase transformations during sodiation/desodiation process. The
volume change during phase transformations triggers the particle pulverization, which is
confirmed by S results. The sCADS and GOADS fabricated byiltrasonic spray pyrolysis

have much smaller particle size than pristine CADS, and provide much better cycling stability
due to the suppression of pulverization and improvement of electronic conductivitye,Henc
minimizing the CADS particle size and encapsulating CADS patrticles by graphene oxide are two

effective methods to enhance the electrochemical performance of CADS.

144



Chapter 8 One-step Fabrication of Organic Nanorod Electrodes for Sodium

lon Batteries

8.1 Introduction

Li-ion batteries (LIB) are the promising energy storage devices for emerging electric vehicles
and smart grids. However, the high cost and limited availability of lithium sources hinder the
largescale application of LIB forenewable energgtorage!*® **° Naion batteries (NIB),

which share similar chemistry as LIB, are the most promising energy storage devices for
renewable energy due to the low cost and abundance of sodium s8dfteRecently,
considerable researdfforts have been devoted to developing advanced cathode materials for
NIB 2% Among them, sulfuf'% %4 seleniunt™® ** O3type and P2ype sodium metal oxides

[45. 163 sodium metal phosphdfé *® and sodium metal sulfat&’ cathodes stwed excellent
electrochemical performance. However, there are only a few reports on the anode materials.
Although the nongraphitic carbonaceous materfdis ¢! tin B3 8 antimony %%, red
phosphorou8™ Y™ and metal sulfideS” 1’2 anodes show promising performance in NIB, the
high energyconsuming synthetic process, material scarcity, and high cost limit the wide
application of these anode materials in NIB. As a consequence, it is of great significance to

explore energyand costeffective organicanode materials for NIB.

Organic materials derived from biomasses are the best candidates for next generation green NIB
due to their abundance, sustainability, environmental benignity and low!’8osAlthough

several carbonyl group bas@rganic anodes have been reported for NiB'™ the limited

cycling stability, low capacity and inferior rate capability impede the application of these
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carbonylbasedorganic anodes. The organic anodes face three major chall&figé& (1) The
extremely low conductivity of organic materials seriously reduces reaction kinetics, resulting in
large overpotentials; (2) Particle pulverization induced by large volume change during sodium
ion insertion/extraction accelerates capacity decay; (3) Tgredalubility of organic materials in
organic electrolyte induces active material loss upon cycling, resulting in fast capacity fading.
Due to the very low conductivity of organic anodes, 20 wt%~30 wt% of conductive carbon has
to be added intorganiceledrodes and the particle size of organic materials has to be reduced
into nanescale to increase the contact surface among organic materials, conductive carbon and
electrolytes, thus enhancinglectrochemical reaction kinetidé®). The decrease ofrganic
particle size into nanecale can alsalleviate particle pulverizatigrfurther improving cycling
stability. Current technology to reduce the solubility of organic compounds in the electrolyte is
to increase the polarity of organic compounds by formation of organic salts. Up to date, only
nanosize organic salielectrodes show reasonable performance. As battecgrode, thenanc
sizeorganic salelectrodes are fabricated through two steps: (1) Synthesizingsimaarganic

sals using chemical/physical process; (2) Mixing nareeorganic saltsvith conductive carbon,

binder and solvent to form a slusiyk, and then casting onto current collector.

%\c(emomaz + Carbon black + Na alginate slurry
’. A
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Figure8.1. Schematic illustration of nanorod electrode preparation process.
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In this work, 2,5Dihydroxy-1,4-benzoquinone disodium salt (DHBQDS) nanorod anodes were

in situ fabricated for the first time by orstep process through integrating the nanomaterial
synthetic process into electrode casting process, simplifying the electrode preparation process.
Due to the high solubility of DHBQDS amgbdium alginatébinder in wate, the DHBQDS

carbon blacksodium alginate aqueouslurry was casted on the Cu foil, and the DHBQDS
nanorod crystals and nais@e sodium alginatevere uniformly ceprecipitatel on the carbon
surface during the electroakying process as shown in figugel. Due to the fast ionic and
electronic conductivity oDHBQDS nanoroetarbon nanocomposite and uniform distribution of
DHBQDS sodium alginateand carbon black, the DHBQDS nanorod electrodes dehver
reversible capacitpf 167 mAh @ at a high currentdensity of 200 mA g after 300 cycles,

which is 87% of its initial capacity (capacity decay rate of 0.051% per cylddejeduce the
dissolution of DHBQDS in the electrolyte upon cycling, a thin layer g©AWith thickness of 1

nm or 2 nm was coated on the DHBQDS nanorod electrodes using ALD. The reversible capacity
of Al,O; coated DHBQDS nanorod electrodes remains at 212 riiAtt g low current density of

50 mA g after 300 cycles with a very low capacitgcay rate of 0.049% per cycle. The®{

coating remarkably suppresses the dissolution issue as evidenced by the fact that the Coulombic
efficiency achieves ~100% for AD; coated electrodes after first few cycles. The ALD enhanced
organic nanorods reprast the best organic anode in-Ma batteries in terms of reversible

capacity and cycle life.
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8.2 Experimental Sdwmon

Synthesis 02,5-Dihydroxy1,4-benzoquinone disodium sakll chemicals were purchased from
Sigma Aldrich and used as receiv@b-Dihydroxy-1,4-benzoquinonavasdispersed in ethanol
alcohol with sodium hydroxide powders in 5% excess. The solution was stirred at room
temperature for 24 h, and then the solution was filtered to collect the precipitation. The
precipitation was washed thi ethanol and dried in the vacuum oven at 4©@vernight.2,5

Dihydroxy-1,4-benzoquinone disodium sals collected as orange powder.

Atomic Layer DepositionThe DHBQDS electrodes were placed into an atomic layer deposition
system (Beneq TFS 500) fa@l,0s; deposition. Higkpurity nitrogen at 150C was used as
carrier gas for the whole process. To obtain th®Alayer with a thickness of 1 nm or 2 nm, 10

or 20 precursor pulse cycles of ALAI,O; were performed. Each cycle included alternating
flows of trimethylaluminum (TMA, 4 sec, Al precursor) and water (4 sec, oxidant) separated by
flows of pure nitrogen gas (4 and 10 sec, respectively, carrier and cleaning gab)cKiess of

Al,O;3 layer was about 1 A for each precursor pulse cycle.

Material CharacterizationsScanning electron microscopy (SEM) images were taken by Hitachi

SU-70 analytical ultrehigh resolution SEM (Japan); Thermogravimetric analysis (TGA) was
carried out using a thermogimetric analyzer (TA Instruments, USA) with a hegtrate of

5 °C min* in argon; Xray diffraction (XRD) pattern was recorded by Bruker Smart1000 (Bruker
AXSInc., USA) wusing CuKU radiation. An XRD sam

sodiatedHBQDS nanorod electrode to avoid its contact with air.

Electrochemical measurement$he DHBQDS powder was mixed with carbon black and

sodium alginaté’VDF binder to form a slurry at the weight ratio@ff:25:15. The electrode was
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prepared by casting the slurry omopperfoil using a doctor blade and dried in a vacuum oven
at 100 °C overnight. The slurry coatesh copperfoil was punched into circular electrodes with

an area mass loading of0dmg cm?. Coin cells forsodium ionbatteries were assembled with
sodiumfoil as the counter electrode, 1MaCIlO, in a mixture of ethylene carbonatefdthyl
carbonate (EC/DIC, 1:1 by volume) or fluoroethylene carbondtbmethyl carbonate
(FEC/DMC, 1:1 by volume)pand Celgard®3501Celgard, LIC Corp., USA as the separator.
Electrochemical performance was tested using Arbin battery test station (BT2000, Arbin
Instruments, USA). Capacity was calculated on the basis of the md3BIR®DS. Cyclic
voltammograms were recorded using Gamry Refer8068 Potentiostat/Galvanostat/ZRA with

a scan rate of 0.1 mVs

8.3 Results and Discussion

ONa

NaO

SchemeB.1. The molecular structure of DHBQDS.

2,5-Dihydroxy-1,4-benzoquinone disodium sak synthesized by neutralizing 2[Zhydroxy-
1,4-benzoquinone(DHBQ) with sodium hydroxidein ethanol alcoholsolution. DHBQDS
contains two carbonyl groups, connected by a benzene ring, and two sodium ions, bonding with
phenol groups, as shown in scheB&. The 1,4benzoquinone structure provides two active
sites for thaedox reaction with electrons and sodium ions, while the sediygen ionic bonds

remarkably decrease its dissolution in organic electrolyte, but maintain high solubility in water.
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The pristineDHBQDS precipitated fronsodium hydroxidesthanol alcohasolution has a crystal
structure aslemonstratedy the X-ray diffraction (XRD) pattern in figure8.2a. As shown in
Figure8.2n, the pristine DHBQDS particles have irregular rods and particles morphology with
an average size about dm. The thermal stabilityof pristine DHBQDS is measured by
thermogravimetric analysias shown in figure8.2c. Decomposition of DHBQDS molecules
starts at the temperature of 1% TheDHBQDS lose 4% of weight from 158C to 450°C and

15% of weight from 456C to 550°C during feating in argon.
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Figure8.2 (a) XRD pattern for DHBQDS; (b) SEM image of DHBQDS; (c) Thermogravimetric

analysis (TGA) curve of DHBQDS in Ar.
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To investigate the role ofarbon blackand sodium alginatein precipitaton of nanesize
DHBQDS the pristine DHBQDS was recrystallizd from four different aqueous
solutions/slurries due to the high solubility of DHBQDS in water:GHBQDS-carbon black
sodium alginateaqueousslurry with the weight ratio of 60:25:152) DHBQDS-carbon black
agueous lsrry with the same weight ratio (70:30) of DHBQDS to carbon black as in (1); (3)
DHBQDSsodium alginateaqueousolutionwith the sameatio (80:20) of DHBQDSto sodium
alginateas in (1), and (4) aqueol®dHBQDS solution. Each slurry/solution was castad Gu

foils and then dried in the vacuum oven at 200for 12 h that is the same procedure as the
electrode fabrication process. As shown in figBrg@ DHBQDS precipitated fronDHBQDS
carbon blacksodium alginat@queousolution has nanorod structure with a diameter of200

nm and a length of ~jum. However, theDHBQDS precipitated fromother three aqueous
slurry/solutions havarregular shape (Figure 8.4a-c), demonstrating the synergic effect of
carbon blackand sodum alginatein the formation ofDHBQDS nanorods. Therefore, carbon
black and sodium alginate binder not only enhance the conductivity and integrity of the electrode,
but also assist the growth of DHBQDS nanorods. The eyaergicmechanism o€arbon blak

and sodium alginatéor the formation ofDHBQDS nanorods is still under investigation. The
high solubility of DHBQDS andsodium alginaten water enables the uniform distribution of
DHBQDS nanorodssodium alginatend carbon black in the electrode, whwill contribute to

the robustness of electrode and superior rate perfornodiidBQDS nanoroctlectrods.
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Figure 8.4. SEM images of recrystallized DHBQBI®m aqueous DHBQDS solutiofa),
DHBQDS recrystallized fromaqueous DHBQD®arbon blacksuspension(b), DHBQDS
recrystallized fromaqueous DHBQDSodium alginateolution(c) and DHBQDS electrode with

PVDF and carbon black (d).
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