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Abstract

Due toits high theoretical specific energy and loast rechargeableinc-air batteries have
attracted tremendous attentioras a promising nexdeneration energy conversion system.
However,there are somehallengeghat need to overcome before jiisacticalapplication One
of the key issuess the slowreaction kinetican the air cathodeof the batteriestowards the
oxygen reduction reaction (ORR) and oxygen evolution reaction (OERf$. would cause
insufficient charge/discharge efficien@and mor cycle stabilityof the batteries Therefore,the
developmenof efficient ORROER bifunctional electrocatalystsith high catalytic activity and

durabilityis essential for thdevelopmenbf rechargeable zinair batteries.

In this work,a seriesof catalyst design strategies have been expltr@mprovethe activity
and durabilityof cobaltbased bifunctional catalystespecially under the oxidative condition of
OER reaction. The latter would cause catalyst oxidation and aggregatidntherefore
deterioratehe cycling performance of th@-functionalcatalysts irzinc-air batteriesIn the first
study, a surface engineering approach was adopted to prefiécent bifunctional catalyst
consists of mildly oxidized, Mloped CeSg catalyst supported on Mloped reduce graphite oxide
(O-N-CxSs@N-RGO). Thesurface decoratedlectrocatalyst showsxeellent activity forboth
ORR andOER, andmaintainsgood stability over 900 charglischarge cycles at 10 mA ¢nin
zinc-air battery Interestedly, it was found th@-N-CoySs nanoparticlesesponsible for the OER
reactionwere completely converted into GOs; after OER reaction indicating CozO;4 is the
actual active phaser OER On the basis of this observatiome propose and demorestie that
oxides insitu generateadobalt oxidesduring OERreactionare more active than the directly
calcined oxide. This work advances fundamental insighdthe desigrof metal chalcogenides

based bfunctionali c at al yst s 0.



On the recognition fothe high catalytic activity of surfaceengineered Gs& material a
threedimensionallyordered mesoporouU8DOM) structuredsurfaceengineered Coss catalyst
was developed to explore the benefits tbb 3DOM structural design for its catalytic
performance Different from the N-RGO supportedO-N-CoxSs, the 3DOMCmSg catalystis
self-supported which containsonly an inner carbon layewithin its mesoporoustructure.Due
to the 3D interconnected architectureddarge surface arethe air electrodedelivers excellent
cell performance and cycling durabilitlowever,the partial structure crush of-GloeSs after
long-time OER testingvas observedjemonstrating thahe highly oxidative operating condition
of rechargeable zinair batteriescould cause significant structural integritgsuesof porous

chalcogenidelectrocatalysts.

Thus in the last studya new strategyocusing onthe oxidationresistivecatalyst support
designusing oxygen vacancy(OV)-rich, low-bandgap semiconductevas propose. The OVs
promote the electrical conductivity of tlsemiconductosupport, and at the same time offer a
strong metabupport interaction (SMSI)The SMSlenables the catalystgith small metal size,
high catalyic activity, and high stability.This strategy is demonstrated by successfully
synthesizing ultrafine Co metal decoraBfOM titanium oxynitride (3DOMCo@TiQNy). The
catalystnot onlyexhibitsgood ORROER activities butalso shows excellemycling sability in
alkaline conditionse.g less than 1% energy efficiency losger 900 chargeischarge cycles at
20 mA cm?. Theoreticalcalculationconfirmed thathe high stabilityof this catalystis attributed
to the strong SMSI between Co and 3DAMDxNy. This study will providean alternative
strategy for thedesign of efficient and durable neprecious electrocatalysts using @ih

semiconductors as suppaontaterials

In summary, a series @htalystdesignstrateges for efficient and durablebi-functional ORR-

Vi



OER catalyst wre developed in thisvork. It was foundthat NH3 treatment is an effective
surfaceengineering approach to develop highly active GBER catalysts.The in-situ
transformation or oxidation of @8 into CaO4 observedn postOER analysisadvanced our
understanding fothe chemical structural transformatiorand real catalytic phasdor OER

Acat al ysto. Moreover, the r essppdriedsCsSschtalygst t h a't
could also benefits thecatalytic performace by facilitating the mass and electronic
transportation within th@DOM framework Finally, based on our uf-date understandingf o

the OV in semiconductomphysics andheterogeneous catalysia novel bi-functional catalyst

support design strategy wasoposed and demonstrated using-@h TiOxNy semiconductor.
Excellent cyclingstability andactivity performance of such semiconductor supported cobalt

catalyst in rechargeable zHad@r batteries is achieved.
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CHAPTER 1

Introduction and Motivation

Rechargeable zirair batteries have attracted extensive attention because of thewosbw
and highenergy density{1084 Whkg?), which isapproximately five times that of lithiuion
batteries!! The practical applicationf rechargeable zirair batteries, however, requires active
and durableir electrodeslectrocatalysts for botbxygen reduction reaction (ORRhdoxygen
evolution readon (OER). Pibased materials are the most active ORR catafysitereas Ru/lr
oxides are usually considered as the dpestorming OER electrocatalystd However, hese
materialsare expensive and exhibit poorfboinctional ORROER &ativity. Therefoe, developing
low-cost andefficient ORR-OER bi-functionalcatalyss is one of the major challengés zinc-

air batteried

Nowadaysthe most promising neprecious bifunctional catalysts are derived from carbon
transition metahybrid material$>® These materials have received considerable attention due to
their unique physical and chemical propertig} the carbonmaterial as a supporensurethe

good conductivity of the catalystd) when doped with N, S or transition metal elements, e.g. Fe,

Co, it shows excellent ORR activjif§’? andits ORR activity is originated from thi/S-dopant
neighbairing carbm atoms, the edges (or defect) sites and theI@ (M=Co, Fe) centewithin
the carbonstructurg!!*19 jii) the transition metalgovernthe OER activities especially their
oxides, hydroxidesghalcogenidephosphate or nitriddave been reported exhibits good OER

activity.[1619

Despite thee progres achieved in thedevelopment of activéi-functional catalysts,to

further improve the power performance and energy efficiency ofaimuatteriesthe search for



high-performance bi-functional oxygen electrocatalysts isstill under increasing demand
Recently, arfaceengineering e.g. NH etching, cation or anion substituting, heteroatom ithgp
of transition metal chalcogenides and nitridesve been reporteccan effectively improve
catalyticactivities especially towards OER*?2 Moreover,since theORR-OER reactions occur
at the Q gas/catalyst/electrolyte thrgdase interface, catalysts with porous structarght
facilitate the mass transfer process, e.ggé¥ diffusionwithin the catalystwhich couldfurther
improve the electrochemical performancestaf batterie®*?! Therefore, surfacengineering
of cobaltchalcogenidesombined with gorousstructual design, e.ghreedimensional ordered
macroporous (3DOMijnorphology might further advancethe developmenof efficient ORR-

OER btfunctionalcatalystdn zinc-air batteries

In fact, the practical application of thenc-air batteries requires the aforementioned hybrid
catalysts not only exhibit high ORBER activities, but also present good stability during the
reactions.However, acritical issue in the development of durable ORER bifunctional
catalystgs thatthe highly oxidative operating condition of rechargeable-aindatteries causes
oxidationof bi-functional oxygen electrocatalyst§ This would leadto structual and chemical
changeof the transition metamaterials The insitu transformation of thaspreparedcatalyst
during OER reactiomasraiseda questionthatwhat are the real active OER componeintghe
i c at ald whkich kighlight the importanceof postOER characterizatiorof the asprepared
bi-functional catalyst to identify the real catalytic OER component In addition carbon
electrochemical oxidation ocauduring OER which causes the loss or aggregatiorcarbon
supportedransition metalcatalysts, and therefore degrades the electrocatalysis durability and

performancé?®29

To alleviatethe carbon electrochemical oxidatiom OER somestrategies were proposed



including coating the carbomaterialswith corrosionresisive TiO2,1*%33 or developing stable
perovskitesoxides as active cataly$t® Indeed,metal oxides are more resistive to oxidation
than carbon, butthey usually hae a low electrical conductivity which hinders the
electrocatalysis efficiery. Therefore, a ideal catalysfor rechargeableinc-air battery should
have corrosiomesistance properties und®xidizing conditions of OER, accompanied with good

conductivity and bfunctional catalytic activity.

In summary,previous studies havedemonstratg that i) surface engineang of transition
metalchalcogenidess an effective strategy to prepare actdBR-OER bifunctional catalysts
i) the study ofreal active phase for OER mecessaryndhasattraded increasing attention for
researchersii) a combination ogurface engine@ng andporousstructure design woulbdenefits
the overall performanceof the catalyss byprovidinga high surface area and the short diffusion
path of the recants and produatghin its porous channelandiv) the selectioror synthesisof
conductiveoxidationresistantsupportmaterialsis essentiafor the durability performanceof

ORR-OER bi-functionalcatalystdn zinc-air batteries

Therefore, in thistudy, a series of catalyst design strategiegetieeenadoptedand proposed
for the development acdictive and durable ORROER bifunctional catalysts.First, using NHs
etching surface engineering a highly active bi-functional catalyst thatonsistsof surface
decoratednitrogendoped mildly oxidized CosSg crystals and nitrogedoped reducgraphite
oxide sheet@®-N-CoSs@N-RGO) was developedn order toprobe the real active OEphase,
ex-situ characterizatioof the aspreparedcatalyst was performedhe developmenbf efficient
surfacedecoratedCoeSg catalyst wadgurther extenatd bydesigring it into a 3DOMstructureto
evaluateits effectivenessn improving theelectracatalysisperformancein zinc-air batteries

Moreover to addresshe carborcorrosionissuein zinc-air batteries a novel catalyst support



design was proposeshd successfully demonstratby using 3DOM structuredOV-rich, low-
bandgapoxide semiconductaasoxidation resistiveeonductivesupport and atthe same time to
obtainhighly dispersedultrasmall cobaltnanocrystat asactive and stabl8DOM-Co@TiONy

bi-functional catalysfor zinc-air batteries

1.1Research objectives

Based on the above, the goal of this research dgevelop efficient ORFOER bifunctional
electrocatalysts for rechargeable ziat batteres. To achieve this goal, aeries of catalyst
design strategiethat mayboost the activity and durability performance of transition metal

materials toward ORRERwere explored. The specific objectives of this study are:

i) to develop efficienteducedgraph@e oxide supportedCeSs ORR-OER bi-functional catalyst

using surface engineerigproache.g. NH etching

i) to provide insightson the real catalytic phasef cobaltbased materialander the oxidative

operating of OERy exsitu characterizatioof theasdevelopedtatalyst;

iii) to evaluate theeffectiveness oBDOM structuraldesign on the catalytic performance of

surfaceengineered Css catalyst

iv) to develop a higly active, oxidationresistiveand durablebi-functional catalyst using OV

rich conductive semiconductag.g.TiOxNy) as support.

1.2 Research contribution

i) An efficient surface decorated O-N-CxSg bi-functional oxygen electrocatalysivas

developedlt was revealed that, for the first timéethigh activity ofO-N-CxSg is contributed



by the in-situ generatedCo3Os phaseexposing high-index surfacesOn the basis of this
observation it was propose and demonstrate that oxidesin-situ generated during OER are
more active than the directly calcined ox@ad€his work advancegundamental insighof metal
chalcogenidegicatalyst® and guides the design of actibefunctional catalystsin rechargeable

zinc-air batteries

i) The first 3DOM structuredself-supported NCoSg bi-functional catalystwas prepared.
The investigation on its ORROER activity, durability performanceand itsstructuralintegrity
under oxidative OER reaction reveal that 3D@Mrphologydesign is an effective straje to
improve the overall catalytic perfoamce of transition metal catalysts. Hexer, the partial
structure crushof 3DOM N-CoSg after longtime OER testingimplies that chalcogenide

compoundsnight not suitable for the deg of stucturally robustbi-functional catalyst

iii) Building on a multidisciplinary understanding of OVs in semiconductor physics and
heterogeneous sohgias catalysisa novel ORR-OER bi-functional catalyst design strategy was
proposed todevelop active and oxidationresistive semiconductebased 3DOM structured
electrocatalystThe OVs of semiconductor substra@iOxNy) not only endowsthe oxideswith
excellent conductivitybut alsoinducestrong metakupport interaction (SMSkhat favarrs the
formation and stabilization of highly active ultrafinebaltnanoparticleggoverningOER-ORR
activities. This work sheds light on using GNch semiconductors as promising support to

design efficient and durable nqmecious electrocatalysts.

1.3 Outline of the thesis

This thesis consists sevenchapters as follows:



Chapter 1 givesan overview of the thesis, including introduction and fundamentals of the
ORR-OER bifunctional catalystsThe main objectives and contributions of theeagsh are also

presented in this chapter.

Chapter 2 reviews and summarizes the literature aD®R-OER bifunctional catalysts in

zinc-air batteries

Chapter 3 gives the introductions to the experimental characterization techniques umsed in th

research

Begiming with Chapter, different catalyst design strategtbsitaim toimprovethe activity
and durability performance of the ORBER bifunctional catalystare presentedFor example,
Chapterd presents surfaceengineeringstrategyto design efficient RGO supported\BCoySe

catalysts.

A 3DOM structured Ndoped CeSg catalystdesignis introduced irChapters to evaluate the
effect of catalyst structure on the overall performance ofstivéaceengineered Gse based

catalyst

In Chapter 6an alternative strateggcusing on the catalyst support design to obtain highly
active and durable ORRER catalysts is proposeth this strategyfor the first time, the
concept of OVsnducedstrong metakupport intera@dn (SMSI)is introduced to design active
and stable semiconductbased electrocatalysts with ultrafine dispersion of the acbmlt

phasdor ORR and OER.

Chapter7 concludes the results obtained from this study and provides recommendations for

further studies.



CHAPTER 2

Background and Literature Review

This chapter provides the backgroundztnc-air batteries and the ORBER bifunctional
catalysts The first sectionpresents an overview of the topi. brief introduction ofzinc-air
batteriesincluding its componentand ORR-OER reaction iggiven in Section 2.2.Literature
reviews onthe ORR-OER catalystsare provided inSection 23. Commony used aygen
electrocatalysts design stratege® reviewed inSection 2.4, and the recent progress on the

understandingfareal OERcatalytic phasare discussed in Section 2.5.

2.1 Overview

As an alternative energy and power souiaefossil fuels electrochemical energgtorage
and conversiontechnologes are gaining rapidly increasing attentianCurrently the most
successfulelectrochemicabasedrenewable energy technologiase ithium-ion batteriesand
fuel cells™¥ However their hich coss andinherent safetyssueshave driven the need ttevelop
cheaperadvancedextgeneratiorelectrochemicasystemsd?3! A promisingsolution iszinc-air
batteries in which the selectionof readily accessible zinc and atmospheric oxygamgreatly
reduce itscost! Additionally, it hasa high theoretical specific energy (1218 Wh'kgnd
volumetric energy densityf 6136 Wh L* as well®™ Moreover the zincair battery ussaqueous

alkalineelectolyte, whichis immune to fire hazardnd moresafety!®

In fact, low-rate primaryzinc-air batteriedhave beercommercializecandused inpowering
hearing aidsand navigation lights etc For rechargeablezinc-air batteries however, thar

practicalapplicationis still challenging. The main issues arglow capacity retention angoor



cycling performanceresulted fromzinc dendrite formationstructural change during zinc

regeneration and theefficient catalysis performancef the air electrodel” 8l

Due tothe complexity ofthese problemsin this study, we focus only on theefficient
oxygen catalysidssue in zineair battery. In other words, thieesearch willfocus on the
development of efficient and durablbi-functional oxygen electrocatalysts, which are
responsible for catalyzing both tl@ygenreduction ancevolutionreaction(ORR-OER) at the
air electrode As mentioned earlierthe lack of such active, stable and lowst bifunctional
catalysts represenbne of themajor challenges in the development of rechargeaipleair

batteried®19

In the past yearsextensiveefforts have been devotet the development of efficient and
stable ORROER bifunctional catalysts, aiming faromotethe sluggish oxygen electrochemical
reactions and thusreduce the overpotentsabf ORR and OERreaction**'2 Now, the best
performing ORR catalysts aréPtbased nble metab such asts alloys!***9 and Ru/lr oxides
have been exhibiting excelleattivity for OER® However,the high costof these precious
metalsand poor bifunctionalities havdimited their practical applicationgn zinc-air batteries
Therefore,the focus of this filed is on the development lmffunctional catalysts fronearth
abundant elementsuch asnon-precioustransition metal basedmetal oxide, hydroxide and

sulfide, carbon material, arttieir composite materiald™*9

As efficient and durable Hunctional catalys the above mentioned nepreciousmaterals
shouldnot onlyhavegoodconductivityandhigh ORROER activities, but alsexhibit excellent
stability underthe strong oxidativepotentials of OERThe latter could causecorrosion problem

of carbonbasedi-functionalcatalysts and thereforaffects the durability of the catalystd On



the other hand, the absence of carbon waaklltin alow conductivity of catalyst,which
hinders electrocatalysis efficiencyherefore the appropriate selecticand design e.g.surface
engineering morphology control of electrocatalystswith balanced activity, stability and

conductivityis essential for rechargealaiac-air batteries

2.2 Zinc-air battery fundamentals and ORR-OER reactions

A typical zincair battery comprises of zinc anode and an oxygpermeable cathode
assembled in alkaline electrolyt€o be more specific, it consistd the following four main
parts orcomponentsi) the metallic zinc anode where the zinc redox reaction occuirk;the
alkaline electrolytehatconduct hydroxide ionfOH’) between the electrodeas) the aircathode
that compose of oxygen eletrocatalysts towardRR and OERreactiors; )a membrane
separatgre.g. a microporous polypropgne membranewhich not only canact as a physical
barrier against potential zinc dendrite penetratiom also allows the transporation of OH

between théwo electrods.

Figure 2.1 showsa schematic of a rechargealdec-air battery One can see thatluring
dischargeglectrons and zinc ionwere released at the zinc anpgdeneratingelectricalpower.
Thereleasecklectronsgo through an external load teachthe air cathodewhere atmospheric
oxygenis reduced tdOH" by receiving thedectronsthroughORRreaction Eq. 2-1). In fact, the
ORR reaction occurat the gas/catalyst/electrolygple phase boundaiin the air cathodelhus,
an importantcatalyst desigrstratey is to make itinto a porous structureasily accessible to
atmospheric @in alkaline electrolytewhich would benefitthe overall performance of theic-
air batteriesTo complete the circuitduring dischargethe OH" ions are migratdto the zinc

electrode andhen reactwith metallic zincforming: 1/ (  ions €q. 2-2). The: 1/ (



ions are not stable andan bedecompose into ZnO (Eg. 2-3) and theH2O returns to the

electrolyte

e- Discharge Charge e- ORR-OER
bi-functional catalyst

~

7 A !

Zinc Electrode Separator Air Electrode Gas diffusion layer

Figure2.1 Schematigllustrationsof a rechargeablanc-air battery

The ar electrode reactian
0,+2H,0+4e & 4 O, +0 . A= sV SHE (@)

The zincelectrode reactisn

Tt/ v @ 1/¢ cA CZ
T/ ( v 1/ ¢k ( / Ch
T el v :1T1 (1 Ah%n pg BOB (% i

The overall reaction:
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During the charging procesbie zinc-air batterystoreselectric energy through OER reaction
(backward reaction in E2:1). The OER reaction occurs at the electretiztrolyte interface,
whereas zinc is deposited at thec electrodesurface (backward reaction in E24). The
overall reaction during zinc-air battery dischage and chage was shown in Eq2-5. The
theoretical equilibrium potentiaf this reactionis 1.65 V, but itis reducedio 1.35 1.4V in the

operating celtue to the activation, ohmic aedncentrationoss!?!

ThecatalyticORRreactionin the alkaline mediunproceeds in several steggseou®xygen
diffusion from the atmosphere to the catalyst surface, oxygen absorption on the catalyst surface,
electronstransferfrom the electrode to oxygeagctivationor breaking of the oxygebond, and
the formation and sequentremoval ofOH from the catalyst surface to the electrolyBxygen
canbereduce to OH by direct 4electron pathway or to peroxid®y 2-electron pathwaysge

equations 3, 27). The most desirable ofier ORRis the 4electron pathwaif?

02(g) + 2 HO(aq) + 4el 4 OH() (2-6)

0O(g) + HO(aq) + 2ef HO-(l) + OH (2-7)

The strongbond energy498 kJ mof) of the oxygen moleculmakes ORR reactiokinetics
unfavourableto proceed?d On the other hand)ER reactionis also verycomplexandinvolves
multiple sequentialelectron transfersteps as well as oxygexygen bond formation.The
reaction of OERIs also very slow and kinetically sluggist?¥ Thus, theelectrochemical
conversionefficiency in zineair batteries is limited byhefi hi-agcht i vat i of@WRRbar ri er

OER-reactionsin electrochemistrysuchactivation barrier isisuallyreferredto as overpotential.
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Therefore, the development oighly active catalyst towardsoth ORR and OERIs to lower
their overpotentiad. In addition asmentionedn Section 2.1 the stronglyoxidizing potentialf
OER might causestructuraldamageor degradatiorof the catalyst, and thus alsmposea big
challengefor the stability ordurability performanceof the oxygen electrocatalys#ccordingly,
anefficient ORR-OER bifunctionalcatalystwould have the following featuresigh activity for
both ORR and OEFfhigh electrical conductivitygoodelectrahemical stabilityeven under the

high oxiddive electrode potentials

2.3 ORR-OER bi-functional electrocatalysts

As mentioned before, theearcity high costandpoor ORR-OER bi-functionalactivities of Pt
and Ir/Ru basedoreciousmetalsprohibitedtheir practical applicationin rechargeableinc-air
batteres Therefore, m the past decadegriousnonpreciousORR-OER biunctionalcatalysts
have beendevelopedwhich can bedivided into two maincategoriesi) hybrids of transition
metatbased materialfoxides chalcogenides, nitrides, carbiflesd carbormaterials ii) metat
free carborbased catalysts. Arief introduction of these Hunctional catalysts ipresentedn

this section.

2.3.1 Transition metal/carbon hybrid catalysts

Transition metal oxidegcluding Mn, Co, Ni, and Fehave been extensivelxploredas
ORR-OER btfunctional electrocatalystsn the form of single, binary or ternargpinel oxides
(AxBs 1Q4), such asCoz0s, NiC0,0s and CaMnzxOs, etc!?® Additionally, perovskitetype
metal oxides with a formulaf ABO3, such ad.ap.sCa.4C00s, have been reportechpable of
simultaneously catalyzingoth ORR and OERreaction?®?7 The advantageof using metal

oxidesas electrocatalysimaterialdie oni) their structural diversitythat allows it to bemixedor

12



doped and thereforgheir electronic structureand ORR-OER activities can be tunetirough
metal cationsreplacemenbr exchange, etf?® ii) they have sufficient stabiliy in oxidative
electrochemicalenvironment$?®d However, they also have some intrinsic drawbacks. For
example,most of theseeportedoxides e.g. CaOs, exhibit good OER activities but poorORR
performancé?® Meanwhile, metal oxides catalystsisually havelow electronic conductivity

which limitstheir utilization as an aglectrode catalyst

To overcome this problem, condtive carbon materials such gaphae, carbon nanotubes
and carbon blackare commonlyadded as he catalystsupport®¥ Many studies have
demonstrated thahe hybrids metal oxides with carbon materiatre an effective approach to
improve the catalytic activity of ORR-OERE233 A recent study reported bgeng et al®4
represents a typicaffort in thedevelopmenbf suchcarbonrhybrid catalysts, in whicla free
standing cobalbxide/nitrogerdoped CNT (CeO4/N-CNT) composite aerogeVasprepared by
anchoringCaoz04 inside of an interconnected, conductive CNT aerogel film. The composite
aerogel film shows high Hunctional catalytic activities for ORR and OE&hd therefore waas

an air electrode for flexibleinc-air batteries.

In addition to metal oxidekabon hybrids metal hydroxide andchalcogenidegarbon
compositesare also investigated in ORBER.[®38 For example,Qian et all*? found that
NiCoFe trinary layered double hydroxidse (LDHs) show modes$ bi-functional ORR/OER
activities Recently, Wang and ceworkers® developeda highly efficient bifunctional
electrocatalystby depoging 3-5 nm NiFe-LDH nanoparticles on CoN-codoped carbon
nanoframes (Co,}CNF). The NiFeLDH/Co,N-CNF electrocatalyst displayed an OER
overpotential of 0.312 V at 10 Acm'2and an ORR halfvave potential of 0.790 Vshowing

excellent ORR-OER activities In that study, the highperformance of theLDH/carbon

13



electrocatalysasconsideredriginated fromthe high electrical conductivity and excellent ORR
activity of Co, N-CNF, together withthe highly OER activeultrafine (3i 5nm) NiFe-LDH
nanoparticlesln additionto the LDHs, chalcogenidesuch aCaSg nanoparticles anched into
an N, S co-implanted threelimensional carbon matrix (€&@NSCM)was foundhighly active
towardsORR-OER electrocatalyis*® Noted thatrecently thereare studieseportthat metal
chalcogenidesand hydroxides are thermodynamically less stablihan metal oxides under
strongly oxidizirg conditionsof OER. This hasriggeredthe studiesonreal OER catalytic phase
in transition metatbased catalystd*®*4d For example,Hu et all® found that NiSe was
completely converted into Ni(Oklkrystalafter OER reactionunder alkaline conditionsnd the
latter was claimedasthe real OER catalysRecentsynchrotron radiation Xay absorption and
in-situ Raman spectroscoyalysisindicatesthat, duringOER, there is @ynamic conversion
between CgDs, Co(OH) and CoO(OH)species?®®*l All of these studieshighlight the
importanceof postOER characterizatiomf the aspreparedi-functional catalyst toidentify the

realcatalyticOER component

2.3.2 Metal-free catalysts

Metalfree materials as Hunctional catalysts toward both ORR and OER were also reported
among thenthe hketeroatom (N, S, P,) doped carbossed materials represents giignary class
of metatfree catalystsn alkaline mediun®*®49 |t is believed thatatalytic actities of these
carbonbased metdiree catalystare primarily attributedo its largespecific surface areandthe
unique electronic structe, for whichtheintegrationof N, S, Pheteroators can efficientlytune
the electronic structure of the surrounding carbon ammisontrol the local charge densit!
For exampleYang et al’® synthesizech metatree catalyst that consistsf threedimensional

(3D) graphene nanoribbon networks-@®RW) doped with nitrogenThis carborbased 3D N
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GRW materialwas foundexhibits goodbi-functionalelectrocatalytic activities for both ORR and
OER.Moreover, that studgxperimentally demonstrated that the electlonating quaternary N
sites were responsible for ORR, whereas the elegtidrdrawing pyridinic N moieties in N
GRW served as active sstdor OER.Although, these arborrbasedcatalyss have an intrinsic
drawback:they aresusceptibleto electrochemical corrosiomherefore, the proposed research
will focus on the development of efficient and durablefupictional catalyst based amon

preciousmetal oxidegditrides.

2.4 Oxygenelectrocatalysts designstrategies

In the previoussectionsa briefsummaryof the ORROER bifunctional catalysts materials
hasbeen givenln this sectionwe present a shodiscusfon on thestrategiesised to desigor
engineerthe material structureand propertiedor efficient and durable bi-functional oxygen

catalyss performance.

24.1. Coupling strat egy onenhancedbifunctionality

One promising strategy to achieve catalyst bifunctionalityyisntegrating ORRand OER
active components into a fawable nanostructure. To this end, a ecoeona structured bi
functional oxygen catalyst consisting of LaNi@nd nitrogerdoped carbon nanotubes (NCNTS)
was explored®? In this coupled catalysteach NCNT serves as an ORBtive component
anchored on the OERctive LaNiQ core. The coupling effect arising from the cowrona
structure provides the key to exemplaryfumctional activity of the catalyst compared with
stateof-the-art Pt/C and LalNDs catalysts. Likewise, nitrogedoped graphene when chemically
couplingwith other transition metal oxides such as perovskite (e.g5t@&C.sF€e 0.203) and

spinel (e.g., C#D4) has shown improved catalytic activity for ORFER*¥ Although the
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reaction mechanisms associated with the actufairmtional active sites in these hybrid catalysts
remains unclear, the metil bonds derived from synergistic coupling of nanomaterials were

found to be the crucial factor for the ORR and OER enhancérfiehtr instance, higher ORR

and OERactivitieswere achieved by a @04/N-doped graphene hybrid catalyst in comparison

to those of Cgls/graphene and GOsdue to the formation of interfacial € bonds between

Co04 and Ndoped graphen&? The cowling strategy has also been extendedchemical
bonding of Woon carbon nanotubes via tungsten <carb
pathways for transferring electrons by spin polarization to famlithe ORR/OER catalytic

procesg>d

24.2. Oxygenvacancyenhancedactivity in metal oxides

As discussedin Section 2.3.1, ransition metal oxides with spinel or perovskite crystal
structure have been demonstrated as promising bifunctional catalysts for oxygen redox in
alkaline solutions. In additioto downsizing and nanostructuring metal oxides to improve mass
activity, their catalytic performance can also be significantly enhanced by modifying the surface
electronic structure to yield high intrinsic activity. Oxygen vacancy has been regarded as an
important tool to influence the surface electronic structure and thus catalytic detiftfhey
can be created in the metal oxide crystal lattice by method such as argon plasma treatment and
postheat treatment under reducing environm&rff Removal of an oxygen atom from the
metal oxide lattice will result in electron delocalization on metal catimgighbaring the
vacancy site, which would enhanttee exposure of active sites and charge transfer to promote
catalyst performandé? For instance mesoporous G®s nanowires were reduced by NaBil
treatment leaving oxygen vacancies on the nanowire surface. Relative to prist@e Co

nanowires, the reduced € nanowires contairan increased portion of OERctive C3*
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oxidation state associated with oxygen vacancy formation, resultisghancedOER activity
due to increased number of active sites and electommiductivity®® Moreover, the capability
to control and confine oxygen vacancies on desirable facetbavithportant to realize the full
potential of transition metal oxide as-foinctional catalystsFor example Ling et all®®l
developedh onedimensional singkerystal CoO nanoro(NRs) with desired facets and vacancy
defects The study reported thatompared with other facets of CoGhe oxygen vacancies
present on the oxygeerminated {111} nanofacet§111}-Ov) of CoO NRs are effective for
enhancing charge transfer and assuring optimal adsorption energiesrfoeditges of the ORR
and OER As a reslt, the intrinsic ORR and OER activities of CoO NRs with defett {111}-

Ov facets exceeded those of polycrystalline CoO NRs by factors of 7.2 and 2.6, respectively.
Besides the formation of oxygen vacancies, filling the oxygen vacancies in-deffieCbO with

sulfur wasalsodemonstrated effective famprovingthe electrocatlytic performancé?”

2.4.3. Heteroatomdopantsimproved activity in carbons andchalcogenides

The rational doping of heteroatom (e.g. N, S, P, B and Se) has also e@e@guomising
strategy to design carbdrased metairee bifunctional oxygen catalysts in alkaline melfh.
The introduction of such dopants in carbons can either donate electrons or generate holes to fine
tune electronic properties of adjacent carlabmms and thus generate catalytic active sites for
ORR and OER®Y By doping carbon with more electronegative heteroatoms sudh asnet
positive charge is created on surrounding carbon atoms, which improves the chemisorption of
oxygen and electron tnafer, leading to enhanced catalytic activities for GRER!"Y On the
other handthere are studies reported tltiping heteroatomswvhich are less electronegative
(e.g., B) intographew, will create positively polarized active sites for catalytic @sst’d In

addition to single atom doping, binary (e.g., N/S, N/B, and N/P) and ternary (e.g., N/B/P and
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N/F/B) doping of nanostructured carbon catalysts have been demonstrated to improve catalyst
performancé’? which can be attributed to the synergistic electronic interactions between the

different dopants and adjacent carbon at&rhs.

In addition to carbons, transitianetal chalcogenides can be doped with heteroatoms such as
P and N, improving their talytic activity and stabilitysubstantially’4™ For exampleHaoet al.
[ introduced N dopants to Ce®8anospheres via a hydrothermal reaction. The N doping can
have a positive influence on the electronic density and configurations of r@m®sphees,
which minimize the reaction barriers and thus make thenfithed CoSnanospheres highly
efficient OER catalystsGuo et al!”? prepared (N, P)oped Co% nanoclusters that were
embedded inside Ti#O nanoporous films. The resulting catalyst exhibited improved
electrocatalytic ORR/OER activities in an alkaline electrolyte (onset potential of 0.91 V for ORR
and 1.41 V for OERs. reversible hydrogen electrode, RHE) that were 50 and 160 mV higher
than that of CoS nanoclusters. The improvement was largely due to a decrease in charge transfer

resistance of the Ce®anoclusters after doping of N and P.

2.4.4. Corrosion resistantsupports

As mentioed previously, ® ensurethe goodconductivity and large surface areaf the
oxygenelectrocatalyststhe besiperformingredox catalystgare usuallycompositée with carbon
materials, such as carbon nanotubes, and grapkweever the highly oxidative operating
condition of rechargeable zirar batteriescan causesignificantoxidationor corrosionof these
carbonbased osupporteddi-functional catalystsThis wouldcausesevereassuesn thestability
of the catalystsespeciallyfor thoseunder harsh ORER operating conditions) the mass

losses of the carbon would lead &gglomeration othe supported namparticle catalyst ii) the
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formationof surface GO groupswould lower theconductivity ofthe catalysts All of these will

degradehe performance ofhebatteries

To alleviate the corrosion problem some strategies have been propogede common
approach igo usemetal oxides asuppot. For example, 3DOMtructuredCo:04 suppored Pd
catalyst(Pd@3DOMC:04) was reportedcan exhibits good ORR-OER activity and superb
stability (Figure 2.2a)."8 In sucha catalyst, the C#Ds support is actually active component
towards the oxygen reactions, especially for OER, whereas the Pd is an ORR activ@lphase.
zinc-air batteryequippedwith such Pd@3DOMCo04 catalystcould stably operate for 300
charge/discharge cyclder 50 h (10 min per aoutpdrfamng @OM-i sc har
Ca304, P/C, and Ir/C (Figur@.2b). In addition to the oxygen electrocatalysis active support,
corrosionresistanfTiO> support has also been developed. The:Bigpport is not active for both
ORR and OER, but usdd firmly anchorPt catalysthrough strong metaedupport interaction

showirg improved ORR activity and durability!”® Recently, TIN has been investigated as

conductiveelectrocatalyst support materials ®RRE% For these supporting materialsoththe

active Ca0s and inactiveTiO> oxidessupporthave an intrinsic lovwconductivity drawbacland
thereforehindersthe electrocatalysis efficienTiN is conductive but not suitabtef i r ml y f h ol
the active supportedcatalysts due tits nondefective surface structur€hus, practical catalyst

suppot materials must be designed such that their surfaces inhibit excessive oxidation and/or are

concealed by conductive oxide layers.
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Figure2.2 (a) Schematic conversion of f@posited 3D ordered mesoporous spinel cobalt oxide
(Pd@3DOMC304). (b) Chargadischarge cycling performance of the rechargeableainc

battery using Pd@3DOM 0304, 3DOM-C030s4, Pt/ C and I r/ C obtained
period and applied AReproduced withermissiot’® of 10 mA

In summary,due to their low cost and goodatalytic activity, transition metatbased
materials, suclas oxides chalcogenidesare promising ORFOER bifunctional catalystsin
particular, when theyare hybrid with carbon materials oundergoessurface engineering
treatment, thdransitionmetalcarboncompositesusually exhibit excellent ORRORR activity.
However the challenge of carbesontainingbi-functional catalystss the oxidativepotentialsof
OER especiallywhencarbon wasised asupportingmaterial for whichthe oxidation of carbon
support woulddeterioratethe catalyticperformanceof the hybridcatalyss. Meanwhile,during
OER reactionthe oxidationof the transition metal surfaces could atsur In additionto the
stability issue it raised aquestionin the electrochemical community thathat is the real
catalyticphase for OER reactiomherefore, the design @fficient and durable ORROER bt
functional catalyss for zinc-air batteriesshould include i) a careful selection of conductive
support, andactivetransitionmetal materialsii) a rationalmorphologydesignto maximizethe
exposureof active sitesandiii) an indepth understanding on theal catalytic phase under OER

working conditions
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CHAPTER 3

Experimental Methods andCharacterization Techniques

This chapter provides general descriptions tbe characterizationtechniques and
electrochemicalanalysismethod used in this studyMore detaiéd informationon specific
nanomaterials synthesis procedures and electrocheeviahlationparametes are givenn the

experimentaimethods section included in each chapter.

3.1 Electrochemical testing methods

3.1.1 Rotating disk electrode (RDE) test

RDE is a woking electrode used ithreeelectrodehalf-cell testing system in which the
electrode rotates during experimetastudyelectrochemical activity of variougdoxcatalysts
Figure 3.1a shows the typical RDE testingget The working electrodéglassy carbon digc
rotates in aglass celfilled with anelectrolyte The counter electrogde.g.a graphite rodis used
to complete the circuit. The reference electrode allows for electrode potential measurement and
control versus a standard electrqu#ential. The catalyst or active materials areoatedon the
glassy carborelectrode(Figure 3.1b) During ORRand OER testingthe three electrodes are
immersed in the oxygen/nitrogen saturated 0.1M KOH electrolyte solutgpectively For
instance,in a typical measurement of ORR activity, the potential of the working electrode is
swept fom 0 to-1.0 V vs. SCE atherate of10 mVs? in oxygensaturated electrolyte condition
At the same time,he electrode is continuously rotated (i.e., at 900 rpm) to induce convective
electrolyte flow that ensures a steady supply of oxygen saturated electrolyte to the catalyst layer

(Figure 3.1Db).
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Figure 3.1Schematic diagrarof a) Standard threelectrodecell used for RDE measuremerii¥
Rotating disc electrode upon which the catalyst is deposited

3.1.2Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)

Both CV and LSV are potentiodynamic electrochemical measurement tectsiggexl to
analyze the electrochemical signatures of catalysts under investigatorefers to a method
where the electrode potential is swept repeatatihconstant scanning rafmV s?) (i.e., 10 mV
s1) and a certain rotation speeide(, 900rpm) within a desired potential windowhile LSV
involves sweeping from an initial value to a final value. In a typical measurement of the ORR
activity, the electrode potential is swept from 0 V-1 V vs. SCE in an oxygesaturated 0.1
M KOH electrolyte cellt a certain rotation speed while the potential range for OER is 0 V to 0.9
V vs. SCE Then the electrode potentialas calibrated with respect ton &HE, for unified

evaluation of catalytic activity, accordingEguation 31.
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Erne=Esce+ 0.244 V +0.591 xpH at 25 €

13

Or, the calibration can be performed in the high purity hydrogen saturated electrolyte with a Pt

wire as the working electrode amdle asur i ng t he

vol tage

apkh bet we

example rotating disc voltammogram of 3D graphene aemmggborted Ni/MnO catalyst in 0.1

M KOH solution is shown in Figure 3.2. An efficient bifunctional oxygen electrocatalyst should

minimize the overpotential for both the ORR and OER, allowing for aal id®ersible oxygen

electrode.

Current / mA cm2

30
—— Ni-MnO/rGO (Ni:Mn=3:1) OER
o S Ni-MnO/rGO (Ni:Mn=1:3)
Overpotential Overpotential
for ORR for OER

=7
[

b Limiting current ' 1.23V
-10

M {E9 (02/H20)

Potential / V versus RHE

02 04 06 08 10 12 14 16 18

Figure 32 The overall LSV polarization curves of the catalysts with different Ni/Mn ratios
within the ORR and OER potential window (Rotation rate: 1600 rmp; Sweep rate: 3)iV s

3.1.3 Galvanodynamic charge and dis@rge testing

The chargealischarge properties dhe zinc-air batteres equippedwith the ORR-OER

catalyss can bemeasured by the galvanodynamic technidlige galvanodynamitess were

performedby applying a current range of 0 A to targetvalueat a fixed current rate (&), and

at the same time, theell potentials of the air cathode versus the zinc anodemeasuredAs a
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result, the polarization curvesssociated with the catalytic oxygen reactware obtained
(Figure 33), which can be usedo determine theoverpotentialsof oxygen electrcatalysis

processandtheresistances that arise from the battery operation.

| —— Pt/C+IriC
—— Col/Co,0,@PGS

W

Charging

Discharging

Voltage (V vs. Zn)

o 50 100 150
Current density (mA cm™)

Figure 33 Typical charge and discharge polarizatiomasfor zinc-air battery!?

3.1.4 Galvanostatic cycling

Galvanostatic cyclings an electrochemicatechniquethat is usuallyusedto evaluate the
durability performanceof the oxygen electroatalyss. During the cycling testa repeated cycle
of fixed currentis appliedin alternating polarity for eriodof time, and the celpotentialwas
recorded(Figure 34). The fixed currentis the same magnitude butith opposite polarityto
obtain the charge and discharge regimesk the batteries Both pulses cycling and extended
cycling testcan beperformedby varyingthetime interval for each cycl& he rechargeabilityof
the battery can be evaluated by pulse cycling in short intervalsyhereasextended cycling
determineghe more practical cycling capabilities of the batteéfe repetitionof such proess
will allow us to track the change of cell potentidiliringthe charge and discharge of batteries,

indicativefor the stability of the air cathode or catalysts.
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Figure 34 Typical galvanostatic discharge/charge battery cycling¥est.

3.2 Characterization techniques

3.2.1 X-ray diffraction (XRD)

XRD is atechniqueprimarily usedo identify the crystal structuref crystalline material and
can provide information oratomic spacingbulk composition etc. Based on constructive
interference of directed X-rays and crystalline samplaliffraction patterns at the angles
corresponding to specific crystal planesl be generatd* This is made possible by the fact
thatthe wavelength ofX-ray is typically the same order of magnitudé1(Q0 angstroms) as the
spacing between atomic planes in tnmgstalline and he constructive interferena&cursonly

when the conditionsatisfyB r a g g 0as shdwa by Equation3below.

ne = 2dsind (3-2)

where n, >, d, and d represent the order of

rays, thelattice spacing and thediffraction angle, respectivelySince each mineral ha#s
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featureddiffraction patters or d-spacing a comparison ofneasuregatterrs or d-spacing with

standard reference patterusl allow us toidentify the crystalline sample

3.2.2 Scanningelectron microscopy (SEM)

SEM is an important imagingnstrument It uses signals that derive from electr@ample
interactions at the surface of solid speciméasimage the morphology and topological
characteristics of micrscale and nanscale naterials To be more specific,he working
principleof SEMis to scan the sample with an extremlyh-energynarrow electron beam, and
a variety of signalsare generated through the interaction between the electron beam and the
samplesurface Among thee signals the secondary electronand backscattered electrorsse

used toshowmorphology and topography on sampglarface

3.2.3 Brunaueri Emmetti Teller (BET) method

Brunauer Emmett Teller (BET) theory aims to explain the physical adsorption of gas
molecules on a solid surface and serves as the basis for an important analysis technique for the
measurement of the specific surface area of matéli&ET theory builds upon the foundational
Langmuir adsorptiortheory, which provides a model for mongdéa molecular adsorption, and

extends this theorp multilayer adsorption using three assumptions:

1. Gas molecules can adsorb on a solid surface in an infinite number of layers;
2. Individual adsorption layers do not interact with one another; and
3. Largmuir theory can be applied to each individual adsorption layer.

These three assumptions form the basis for the BET equation shown below (EqiBtion 3
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- (3-3)

wheren andp are the saturation and equilibrium pressure of adsorbates at aejiveerature,

3 and0 are the total adsorbed gas and monolayer adsorbed gas quantity,satite BET
constant. By measuring the pressure and total gas adsorptiogienstemperature, a plot
showingpj0 N jn p v&o njn canbe created. Finding the slop anihtercept of this
data allows the monolayer adsorptian and BET constant to be calculated. Once these
values are found, the total specific surface lwamlerived based on the cresstional area dhe
adsorbate species and the mass of the sample used for charactetizakisnresearchBET is
used to identify the surface areand pore volumeof the developed3DOM metal

oxide/nitridésulfidecompogtes

3.2.4 Transmission electron microscopy (TEM)

TEM is a microscopy techniqudat allows direct visualization ofmaterialsmorphologyat
nanometer scaléHigh resolution TEM(HRTEM) imaging caneven showsnorphologyof the
sampleat atomic level In TEM, a beam of electrons is transmitted through an -titira
specimen<100 nnj or a suspension on a gridteracting with the specimen as it passes through
it. Based on electron diffraction theory, the signals from the collected diffracted etectnote
projectedto ahigh resolutionmageof the sampleTEM is a powerful tool for material scienge
andwidely usedn imagingtheinternal structurgatomic arrangemenemndcrystal orientatiorof

nanomateria

As discussedabove, INTEM, the images are formed by electrons passing through a thin

specimen However if the electron beam is focused to a fine s@0%0.2 nm) andthen
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scanned over the sampie a faster patterl{! This would generatea scanningtransmission
electronmicroscopy (STEM)mageof the sampleproviding atomby-atominformation of the
materials. More importantly, the lectron energy loss spectroscopy (EELS) in STEMs a
powerful tool to distinguish elementsand identify the oxidation states ahetal atoms The
combinedSTEM and EELSanalsis would provide accurateinformation on theinter-atomic

structure and chemicplopertief the materials

3.2.5 Energydispersive xray spectroscopy (EDS)

EDSis atechnique used for the elemental analysis specimenin EDS,the surface ofa
samplewasbombared by ahigh-energyelectron beagmwhich mayleadto anX-ray excitation
The energy of the Xays emitted from aampleis a characteristiof the emitting elemenwith a
unique atomic structureAccordingly, the elemens in the specimencan be determined.
Moreover, he intensity distribution othe scatteredX-rays is used to determine the distribution

of thecorrespondinglement and thus the elemental composition of the sample was measured.

3.2.6 X-ray photoelectronspectroscopy (XPS)

XPS is a surface characterizationtechnique used to determine the functional groups,
elemental compositigrand chemical statef the samplesurface.Typically, X-rays ofa fixed
energyis usedo de-irradiate the sample, causing the inner electrons of the atom to be excited to
emit. The amount of electrons escaping from the surface of the mdtgried 10 nm) can be
detected and analyzed based on the electron binding ei&igy,the elementsnthe surface of
the material can be identifigdroughthe featuredrelationship between the energy spectrum and
the number of electrongn other wordsXPS determineghe elements and the quantity of those

elementsof the sample surfacas well In addiion, XPS is alsa unique and valuable tool for
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understandingsurface chemistrylocal bonding environment of a spegied a materialby

analyzingthe shift of the bondingnergyof the element, referred to shemical shifb.
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CHAPTER 4

Two-dimensional Carbon-supported Cobalt Sulfide

Bi-functional Electrocatalyst

In this chapterwe developedan efficient two-dimensionalcarbonsupportedcobalt sulfide
bi-functional catalyst which consist of surfacedecorated e.g.oxidation and nitrogen doped,
cobalt sulfide supportedon N-doped reducedgraphee oxide O-N-CoSs@N-RGO) The
ORR/OER activity and stability of this composite catalyst vesr@uated The resultshowthat
O-N-CoSs@N-RGO possesses excellebt-functional activity especially for oxygen evolution
reaction (OER), anéxhibitsgood stability over 900 charglischarge cycles at 10 mA &in
zinc-air battery. Moreovetthe real OER catalytic phase of this material wiasitified we found
that ON-CoeSg was completely converted into oy after OER showingoxide is actual active
phasefor OER reactionFurthermorewe propose and demonstrate that oxidesitingenerated
during OER are more active than the directly calcined oxides. This work advances fundamental
insight of met al chal cogeni de sbi-fuctionakcdtalystt s 06 an
This chapter is organized as followSection4.1 preserd a background and motivation of this
study. Details about thexperimental characterization aadalysisare described isection4.2;
Resultsanddiscussiongare presented iSection4.3. A summary ofthis work is provided at the

end of this chapter.

4.1. Introduction

The development of efficient 4unctional electrecatalysts for bottORR and OER is of
critical importance for rechargealdac-air batteriesPreciousmetalssuch as Pt, Ir, Ru are the

best performing catalysts for oxygen eleatedalysisin alkalinel* 2 However, the scarcity and

30



poor catalyticbi-functionality hinder their application izinc-air batteriesThe most promising
nonprecious bifunctional céalysts arederived fromcarbontransition metalge.g. Co, Ni, Fe,
Mo, etc.) hybrid materials® The carbon as supportensures the good conductivity of the
catalysts, and when doped with N, S or transition metal elements, e.g. fesl@oysexcellert
ORR activity.¥) On the other handhé transition metals, especially their oxides, hydroxides,

phosphidesulfide or nitride canexhibitgood OER activitie§®!

Recently, srface engineang, e.g. NK etching, cation or anion substiiag, heteroatom
dopng, of transition metal chalcogenidesand nitridescan effectively improve their activs,
especially towards OER'? Many studies have attributed the enhancemeoaiafytic activities
to synergisticeffector vacancy sites on thesegeneered transition metal surfaces™>! Howevey
other studies have reported that, during OER, there prigjressive oxidation of the metal

based material§®2% and the oxidized metal surfaces might fesponsible for the catalytic

activity.?>?2 These reportsaiseda questiorthat, in the absence of pg8ER characterization of

the asprepared catalysts, the explanations on catalytic activity might be inadequate and
sometime norconvincing®®t! On the other handthesereports also impy that considering
surface oxidation in the development of metadlcogenidesatalyst might be also beneficial for

OER activity.

Based on the above, in the present studg,have engineered m efficient bitfunctional
catalystwith excellentORR-OER activity that consists of mildly oxidizedN-dopedimperfect
CoeSs crystals supported on-tloped reduce graphite oxide-{@GCoSs@N-RGO). Meanwhile,
the origin ofits OER activity (ovespotential of 350mV at current density of 10 mA €tmnder

0.1M KOH) was investigated by detailed experimental characterization of Hpeepared
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catalysts before and after OER reactibnaddition, although # oxidationO-N-CeSg crystal
during OER is expectegome questionstill remain For examplewill high OER activitybe
maintained (goodtability performance) after catalysts oxidati@md why Addressingthese
guestions will provide wdepth knowledgefa he i ntri nsic OER activity
chalcogenides andill potentially guide thedesign of efficienbi-functional catalyss especially

with OER activity.

4.2. Experimental section

4.2.1 Preparation of ON-CosSs@N-RGO composite

Reduce graphene oxide (RGO) is obtained by thestmatk heat treating graphene oxide
(GO) in Ar at90C°C for 1 min, in which the GO was synthesized from graphite powder using
modified Hummers method?4. Then, 30 mg of RGO was dispersed in 150 mL of water by
ultrasonication for 1 dur. Cobalt nitrate hexahydrate [Co(N&@H >0, 655mg] and sodium
dodecyl sulfate [SDS, 865mg] were added to the RGO dispersion. Ammonia soluti@d(28
10mL) was dropwisely added to the solution with a rate of 5 mL ™imder stirring at room
temperature. The above suspension thias put into oil bath at 90 € wih stirring for 6 lours
under ambient atmosphere. After that, the solution wagturally cooled down to room
temperature. The suspended black product was collected by centrifugation aad witsiDDI
water and ethanol, and then freezeed. The asbtaired powder product, referréd asCo-S
O-N-RGO precursor, was thermahock treated under Nttmosphere at 700€ in tube furnace
for 5 mins, andthen cooled down to room temperature in Ar. The resulting produdD4Bl-

CxSs@N-RGOcomposite.

4.22 Preparation of hollow Co030a4, O-N-Co9Ss and N-RGO
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The hollow CagOs was derived from the following steps: first, 30 g glucose and 0.1 mol
Co(CHCOO)H 20 were dissolved into 300 ml distilled water under vigorous magnetic stirring;
then, the solution was transferred into a Teflon container, sealed in autoclave for hydrothermal
reaction at 180C for 400 min. The precipitation product was washed, and ocgetlifwith
distilled water and ethanol for 3 times, respectively. The resulting product was dried at 70 € for
10 h and collected as precursor; finally, hollows@pproduct was obtained by annealing the
precursor at 500€ for 1h in air, with a ramping rat& 1€ mint. For the synthesis of -®-

CxSs and NRGO, the same procedure as in the development -Of-CSs@N-RGO

composite was used but without the addition of RGO and Co precursor, respectively.

4.2 .3 Characterization

X-ray diffraction (XRD)was carried out on a Rigaku D/Max 255@a§ diffractometer with
Nif il tered Cu KU radi at i oggof theagprepafed comipbsStwas ) . Th
investigated using field emission scanning electron microscopySEM) (Zeiss Ultra Plus,
United Kingdom) and highresolution transmission electron microscopy (HRTEM) instrument
(FEIPhilips CM 300, United StatesX-ray photoelectron spectroscopy (XPS) (Thermo Scientific
K-Alpha XPS spectrometer) was used to investigate the chemical compositiorasptiepared
composite. Note that, the pofDER characterizations (e.g. XRD, XPS) were performed using
the catalysts sprayed on carbon paper. Thus, their XRD figures show some pattezcsidion

background.

4.2 4 Electrochemical activity evaluation

The halfcell electrochemical evaluation of the ORMER activity of the asprepared

composites wasonducted via rotating disk electrode (RDE) voltammetry using a-tiee&rode
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system and potentiostat (CH Instruments 760D). Ink solution was prepgreaixing the
composites and carbon black (Vulcan Carbon2@rin a 2:1 mass ratio in-firoparol solution

with a total mass concentration of 4 mg lThe working electrode was prepared by coating
the ink onto a polished glassy carbon disk electrode ant active material loading of 0.40 mg
cm? A graphite rod and saturated calomel electrode (SCE) were used as the counter and
reference electrodes, respectively. All potentials were referenced to a reversible hydrogen
electrode (RHE) by adding a value @.245+0.059%H) V. The electrolyte is 0.1 M KOH.
Cyclic voltammetry (CV)analysiswas performedat the scan rate of 50 m.sThe ORR and

OER activities were measured in the &d N saturated electrolyte, respectively, througV

at the scan rate ofl0 mV s'. The OER and ORR activityof asdeveloped catalysts and
commercial Pt/C or Ir/C catalystgere normalized by the geometry area of RDE electabtiee
sameloading. The potentialan OER and ORRwere corrected for iR losses and background
current respectivelyThe latter is the current obtained whepnidlpurged into thelectrolytein

ORR test.

4.25 Rechargeablezinc-air battery test

The fullcell Zinc-air battery tests were performed using hemede plastic prototypes
Polished Znc-platewas used as the Zinc electrode. Th&l T wSs@N-RGO air electrode was
prepared by spraying catalyst ink otibe@ front side of @arbon papegas diffusion layer (GDL;
SGL Carbon 39 BC; lon Power Ijcwith an active catalyst loading of 0.67 mg &nThe
catalyst ink is prepared from 2.67mgNdCorSs@N-RGO composite, 1.33mg Vulcan X2
carbon black, 13.33mg 15 wt% Nafion (LIQUion solution, lon Power Inc.) and 5.0 mL 1
propanol Stainless steel mesh&asused as theurrent collector for the air caidde in which it

was placed in contact with theacksideof the carborpaper. Thecurrent collector for th&inc
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anodes copper foil. The electrolyte is a solution of 6 M KOH and.Zn(CHzCOO).

4.3Results and discussion

The ON-CooSs@N-RGO composite was devel oped by Ather
Co, S, N and RG&@ontaining precursor (C68-O-N-RGO) under NHatmosphere at 700€ for 5
min. The merits of such synthesis procedure aretie thermal shock heat treatment can rasult
a fast and imperfect @8s crystallization processt) NHsz as a reduction agent not only prevents
the formation of cobalt oxideduring calcinationbut also provides the Nopingsource for N
RGO and Ce¢Sduring crystallizationThe formation of NRGO isessentiafor the ORR activity
of the compositeFor CoSg crystallization the NHs treatment wouldesult in Sdeficient CeSs
surfaceswith distorted bulk crystal structureii) using RGO rather than GO as precursor
component ensures mildxidation of the CeSg crystal surfaces when NHatmosphere was
changed to Ar right after the thermal shock treatment. A highly oxidized catalyst surface might
form calcined cobalt oxides. As discussed later, a mild oxidizedirapdrfect CosSe crystal
rather than calcined cobalt oxides is more beneficial for OHiese features of the-&-

CxSs@N-RGO composite are confirmed by characterization analyses.

Figure 4.1a and 4.1b show the SEM and HRTEM images of theNG&CoxSs@N-RGO
compositerespectively. The two lattice fringes withsgacing of 0.29 and 0.49 nm in HRTEM
indicates that (311) and (111) planes ob&a@re the exposed catalyst surfaces. Hereaftesethe
two surfaces are referréd as ON-CmSg (311) and ON-CxeSg (111). TEMELLS mapping of
the ON-CxoSS@N-RGO compositeclearly indicates the fhsertion in the bulk Cgss crystal
(Figure4.1c), in which Co, S and N are uniformly distributed within the partithee O element,

however, was founan both the RGO sheet and the ouserface of ON-CmxSs particle,
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suggesting surface oxidation of thesSocrystal

d=0.49nm
CoSs{111) 2=
\

SOnm

Figure 4.1a) SEM; b) HRTEM images, and c) TEElectron energyoss spectroscopy (TEM
EELS) mapping images of-8-CaSs@N-RGO before OER reaction

The formation ofdistorted cubic CeSg crystal was confirmed by XRD characterization
(Figure4.2). As compared with the standard pattern of cubigSg;ahe characteristic peaks of
O-N-CoSs@N-RGO wereslightly shifted to higher angle, especially for the peak around 527
suggesting amall shrinkage of the G&s crystal. Ths shrinkagemight have been caused the
smaller atomic radiusf doped N (65m) than S (88om). A profile fitting of the O-N-CeSs
peaks with standard cubic §3a (lattice parameter: &927A) gives a residual error of 6.69%.
The calculated lattice parametef O-N-CoSs is found to be a8.8254, verifying the shrinkage

of its cubicstructure
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Figure 4.2XRD patterns of th®-N-CouSs@N-RGO catalystbefore and after 9h OER hadéll
test ata constant potential of 1.60¥s.RHE.

In the Co 2p XPS spectra of)-CorSs@N-RGO composite (before OER), there is a sharp
Co 22 peak around 778.3eV (Figure 1lé&his peakis very close to that of metallic Co (777.9
eV), suggesting the reduced natwf the CeSg surfaced?>?7 In the S 2p spectrunfigure 1f,
before OER), the peak at 161.4 eV and 162.5 eV agrees with thar®p 2p,> state in CeS

bond.The minor GCo peak (530.1 eV) ithe O1s spectrum (Figure 1ipefore OER indicates
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Figure4.3a) XPS spectra of the Co 2p) S2p;c) O 1s inO-N-CoySs@N-RGO before and after
OER reaction

The activity of ON-CoySs@N-RGO was measured sV voltammetry with 0.1 M KOH
solution. The results show that delivers an ORRonset potentiabf 0.91V, and ahalf-wave
potential 0f0.81V (Figure4.43. Although the ORR performance of the gsrepared composite
still cannotprovide the same performance as that obtaimild the R/C catalyst, itexhibitsa
much lowerOER overpotential (~350 mV) thancommercial Ir/C (20%Ir supported on Vulcan
XC-72, ~392 mV) when a current density of 10 mA @nis generatedFigure 4.40). This
indicates that this compositeone of the best pafming OER catalysts mild alkaline media

(seeTable4.1).
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Figure4.4 3 ORRactivitiesevaluatedby RDE LSV atarotating speed of 90(pm; b) OER
activity at RDE(1600 rpn) in 0.1 M KOH electrolyte. LS¥adopted at a scan rate of 10 m¥ s
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Table4.1. Comparison of the OER performance (in 0.1M KOH) el @oSs@N-RGO catalyst

with other highly OER active metal sulfides or oxides catalysts reported in the literature.

Bi functional cataly OER ewdrential?at 10

O-N-C @Ss@N-R G O 350mV wolrhk)s
N-C @S/ G 409 MV
CoO & h$GN 357 hVv
Co FeS@NVC 340 MY
Cq0y/ NC 430 MYV
Co@®CNT 390 RV
C@Ost hin film 377 Binv
CaOd N 450 BEnv
Co @G 410 Binv

In addition to the O-N-CxSs@N-RGO, O-N-CmSs and NRGO were synthesized to
distinguish the active ORR and OER component in the composite (Flgirerhe synthesis
procedures are presented3ection 4.2.2The results show thai: O-N-CSs and NRGO alone
only have limited ORR activity, highlighting the importance afombiningCo and NRGO in
improving ORRperformanceii) although the NRGO canfurtherenhance the OER activity, the
OER activity of the GN-CxSs@N-RGO is mainly contributed b®-N-CoSs phase.Figure
4.4b shows that theactivity of the ON-CxSs@N-RGO was mimtained after 2000 cyclic

voltammetry cycles (from 0.9 to 1.7% RHE).

It is alsoworth to mention that th®-N-CoxeSs@N-RGO catalyst was obtained by therrsiock

treatment ofCo-S-O-N-RGO precursor under NHatmosphere at 700CHowever,when the
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Co-S-O-N-RGO precursor was treated a higher temperature 900C, it was converted into a
highly-oxidized, Sdoped Ce4MN and NRGO mmposite(Figure 4.5 and Figure @a), referred

to as O-S-Cos4MN@N-RGO. On the other hand, lwen the thermal treatment was conducted
under Ar instead of Nglat T=700C, the resulting product is-&ped C® and NRGO
composite (SCOO@NRGO), (Figure 4.5 and Figure 4.6aJhe formation of CoO can be
expected since both the Co precursor and GO contains a large amountBothOof the
composites have a similar morphology as IN@oSs@N-RGO. The HRFEM imageof O-S-
Cos4aMN@N-RGO composite was presented figure 4.5b Thelattice fringe was identified as
(111) planewith aninterspace of 0.2hm.3¥ However, it shows mangislocations and stiing
faults, which mightresultfrom the highly oxidation of th€os.4/N surface.Forthe SCoO@N-
RGO composite, itBIRTEM imageshowsa clear ldtice fringewith the d-spacing value of 0.24

nm, corresponding to (11&jystal planesf cubic CoO 39 (Figure 4.6)).
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A A
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Figure 4.5XRD patterns othe O-S-Cos 4sN@N-RGOand SCoO@ N-RGO composite.
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Figure 4.6 alhe TEM-Electron energyoss spectroscopyf EM-EELS) mappingnd b)
HRTEM images fothe O-S-Cos sN@N-RGG, ¢c) TEM-EELS mappingand d) HRTEMimages
of theSS=CoO@N-RGO composite

The ORR/OER activity of th®-S-Cos sN@N-RGO and S-CoO@N-RGO composits were
alsomeasured and compared with that BNECeSs@N-RGO. Figure4.7ashows that th®©-S-
Cos4N@N-RGO exhibits a similamnsetand halfwave potentialas O-N-CoeSs@N-RGO, and
sightly higher thar8-CoO@N-RGO. Also, the OER activityof SCoO@N-RGOis much lower
than that ofO-S-Cos.4N@N-RGO and O-N-CoeSs@N-RGO (Figure 4.70). Therefore, in this
work, we focus on the study of the catalypierformanceof the asobtainedO-N-CogSs@N-

RGOcomposite
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Figure 4.7 Comparison @fectrocatalytic performanaaf O-N-CoSs@N-RGO, O-S-
Cos4N@N-RGOand SCoO@ N-RGOcompositegvaluatedn 0.1 M KOH: a) ORR and b)
OER LSV curves obtaineat a scanrateof 10mV s'! underrotatingspeedof 1600rpm

Hence, he stability perforrance of O-N-CoeSs@N-RGO was first evaluated tbugh the
currenttime curve with the applied potentials at 1.6@/RHE (Figure4.8a). The resulshows
that the ON-CoSs@N-RGO electrodes deliver a stable current over 20 hours mfncous
operation, implying its goofl s t a kfidr OERtWheén used as an air electrddatalyst loading
of 0.67 mg crf) in zinc-air battery, GN-CoSs@N-RGO demonstrates comparatéad even
better charggerformance with that of Pt/C+Ir/C particularlgt high current densitiegFigure
4.8b). In addition, along-term cyclability for over 20 h (at 10 mA cm) was achieved in
ambient air (Figurel.8c), indicating that the IN-CaeSs@N-RGO composite exhibits excellent

cycling performancefor OER.
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potential;b) Charge and discharge polarization cunassl c)Cycling performance of ZAic-air

battey assembled using-8-CosSs@N-RGOas air electrodan ambient air

The morphology and composition of theNeCaSs@N-RGO catalyst after OER hatkll
test (ata constant potential of 1.60¥56.RHE) werealsoexamined. The XRD pattern (Figu4e?)
and TEM imagegFigure4.9ab) showed that, after Bours of OER reaction, EeN-CosSgcrystab
were converted to aggregatedsOgp particles This suggest thatthere is a phase transformation
during OER whichmight also be facilitated by the doped amgberfectcrystallization nature of
O-N-CxxSs. HRTEM imaging Figure4.9c¢) show thathe interplanar spacings on £0n are 0.16,
0.20 and 0.24 nm, respectivelyhieh corresponds to thegpacing (422), (400) and (311) lattice
planes of cubic G®s. This is consistent with that showntime FFT pattern (inset Figur.9c).
TEM-ELLS mapping of the sample after OER reveals that most of S was replaced by O, whereas

N wasno longer observed in the mapping analyBigure4.9d). This olservation suggests that
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N (or at least most of N) waemovedafter OER, which is also supped bythe N1s XPS

analysis(Figure4.10).

b)O-N-Co,S;@N-
(after OER) y

0) -

o-N-Coss,@N-RGo

Figure 49 a) TEM image ofO-N-CoxeSs@N-RGObefore and b) aftedh OER hakHcell test at
constant potential of 1.60¥s5.RHE; ¢c) HRTEM andb) TEM-EELS mapping images of-Q-
CoSs@N-RGOafter OER reaction.
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Figure 410 XPS spectra of N's in ON-CoeSs@N-RGO compositdéefore and after Bour OER

reaction

The Co2p XPS spectrunof the postOER (after 4 and 9 hour reaction)NdCoySs@N-RGO
catalyst are identicdb that obtainedrom com-CozOa. By integrating the peak area of €and
Co?*, the C3'/Cc?* ratio was found to be 1.93:1, which is very close with the theoretical value
of Ca®/C?* = 2:1 in Ca04, which further supportsthe transformation of @-CosSgto CozO0a.
The very minorCo-S peak after OER reaction, as shown i8@iSXPS spectrum (Figur.3b),
also confirms the replacement of S by O WNEC xS particle The inaeased intensity of3 /
peaks imply thatmost of the residue S exists in the fornBof . The substitution of S by O is
alsosupported by the increased intensity 6CO peak in QLs XPS spectrum (Figuee3g after

OER.

Theaboveanalysis confirmethe complete oxidation of ®-CoeSginto CaO4 during OER.
As shown in previous hatfell andzinc-air durability test (Figurel.8a, and4.8c), even after 9

hours, the catalyst still exhibits excellent OER performaaagin half-cell RDE durability test,
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the output current dpped by 15% after 2Bours.That is the high OER activity was maintained
during, and even after the transformation eNE@CSgto CwO4. This raise another question:
how is this achieved? Interestingly, we found that the (111) lattice plane:©f,Geatured with
large interplanar spawgy (0.46nm), was not detected in the present HRTEBYing analysis. It

is one of the typical surfaces thecommonly observed in calcined & (Figure4.11).

a)l b)

Figure 411 a) SEM and bHRTEM image of calcined hollow GOa particle.

Therefore pased on the above observations, it is reasonable to assurtie tGatsites in the
resulting Ca0s (311), (422), (400high-index surfaceamight be resporsible for the high OER
activity of the postOER (or in-situ generatel CosO4 phase This is consistent withthe
experimental study by Wei et Bfl, in which they reported that tlexposed CeDs (112) high-
index facetshowsmuch lower overpotentidbr OER than 111) surface.This might explain the
higher OER activity of thisn-situ generatedC0:04 than manyreportedcalcined CeO4 catalysts
(Table 4.1). The latter usually contains exposek@o(111) plane Figure 4.1). This means
that, although C#s has been confirmed as theal stable OER catalytic phase, the direct

synthesis of CgD4 by calcination might not be a suitable approach for preparing efficient OER
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catalyst. The Cgs obtained from phase transition under OER might be more active than

calcined CeOg4 crystals.

To further support this argument, we reduced the-Cm®4 in H2 (10%)/Ar atmosphere at
700C for 5mins. The XRD and XPS C2p spectrum show the resulting produch isomposite
of Co-CoO crystals, and the surface Co is in the state of CoO (HMgL?d. As expectedin the
RDE test,it exhibits a ~50mV lower overpotential (at 10nA cm?) for OER than corCozOa4
(Figure 4.12). As shown in Figure4.1Zx, the Co-CoO compositedelivers a stableOER
performanceunder continuous operatiorat an applied potentiabf 1.65V vs. RHE. PostOER
characterizations show thafter the 9 hour OER tesat 1.6V vs. RHE, the Co-CoO crystals
remained intact (Figuré.123). However, the state of surface Co was transformed from CoO into

Ca304 (Figure4.12).
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Figure4.12a) XRD andb) OER activities ofCo-CoO (obtaired from H treatment otom-
Co04) at RDE (1600 rm) in 0.1 M KOH electrolyte at LSV scan rate of 10 myy ¢ Long-
term electrolysis stability d€o-CoOcompositeunder constant potential in RDE tedt Co 2p
XPS spectraf the CeCoO composite before and after 9hour OER test at constant potential of

1.65V (vs.RHE).

Similar resuls werealso obtained for our calcined hollow i catalyst: when reduced by
H», the resulting hollow Co@ 004 composite shows a ~38V lower OER overpotential than
the original hollow CeOs particle (Figure 4.13. Here, it is worth mentioninghat there are
studies reporthe formationof Co(OH)» and CoOOH species during OER on Ga@tdysts in
XPS and imsitu surfaceenhanced Raman sprascopy analysig®™3¥ In fact, the formation of
OH-Co-OH and OHCo-O intermediate surfases very likely to occur during OER, especially
on the outmost CeSe/C0304 surfaces that are in close contact with the @dctant.Bulk-
Pourbaixthermodynamics have dictatéhat as the potential increasdbe stability of Co states
increasesas Co(OH) < Coz0s < COOOH < CoQ, and Cé" is predicted unstable at the OER
region (above 1.23 V vs RHEY 4 Interestingly,in the present studyhere is no evidence for
the formation of Co(OH) and CoOOH species even the XPS analysis. One possible
explanation might be they were oxidized intosOpstates (CoO/C®s) in ambient air. Or, the
formation of CoOOH (C¥) and CoQ (Ca*) crystal iskinetically unfavoured at 18V vs RHE,
because of the lessidativeS in the composite. These S costdbilizethe lowoxidationstate
Co**. Meanwhile, the replacement of S and with O would consume manydigring the local
concentration of OHon the catalyssurface As aresult theoxidationkinetics for Cé* to Cco**
or Cd"* might be hinderedvloreover,considering the fact thai) the formation of Co(OH)and
CoOOH bulk crystals haseen rarely reported) in the present study, @04 crystal was indeed

produced during OER. This indicates that:Qois the real stable phase formed in OER when
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Figure4.13a) OER activities of hollonCoO-C0z04 (obtained from Htreatment of hollow
Ca304) and hollow CeO4 at RDE (1600 rm) in 0.1 M KOH electrolyte at LSV scan rate of 10
mvV st

4.4 Summary

An O-N-CoeSs@N-RGO composite was designed as afficient and stable bifuntional
catalyst for Zineair batteries It was developed on the basis iofperfect crydallization and
surfaceengineering e.g. oxidation and nitrogen doping, 6fxSs crystalsto achieve a high
catalytic activity in particularly for OERWhen used as the air eteode catalyst, the idc-air
batteryexhibits significantly reduced discharge and charge overpotentials and outstanding long
cycling stability over200 cycles a0 mA cri 2 Moreover,postcharacterization reveals that O
N-CmSs was completelyconvered into CaO4 after OER, confirming CozO4 is the eal stable
catalytic phase. As there are increasingly many reports claiming transition metal sulfides as

highly efficient OER catalysts, thabservatiorfurtherclarifies what the OER catalyst really is.
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Moreover,the study suggestdtatthe continuous exposure thifeseoxidizedCo sitesduring O-

N-CmSg transitioninto CaOs might play anessentiakole in the cycling performance of such

catalyst. This is made possible Dythe surface reconstructioduring O-N-CoeSg transition irio

Ca304, andii) the unique Co sites topology tine exposegblanesof in-situ generatedC0z0a.

With such knowledgegur study suggestand experimentallghowsthatin-situ generated metal

oxides, e.g. Cs4, from phase transition of metal chalcogenideseducedmetal oxides during

OER, should be more active than the calcined oxides crystals. This work advances the
fundamental insights on thact i vi t vy and Astabi | dbdasegdoOER f me t

Acatal ystso, providing ORdatdlgsts.ce f or the desig
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CHAPTER 5

Three Dimensional Selfsupported Cobalt Sulfide

Bi-functional Electrocatalyst

The ORR andOER reactionin zinc-air batteries occur at the gas/catalyst/electrolyte three
phase interfaces. Thus, desigmohprecious ORROER bifunctional catalysts that are active,
stable and easily accessible to atmosphesitm@lkaline electrolyte are essenti@herefore, m
this studythe NRGO supportedsurfaceengineeredCoySgs hybrid catalysteported in Chapter 4
was designedinto a seltsupported thredimensionally ordered macroporous (3DOM} bi
functional catalystwhich is composed of honeycorstructuredN-CoeSs embedded wittan N-
doped carbonaceous (NC) layeeferredto as 3DOM N-CoxSs@NC. Benefiting from the
hierarchical3DOM structuredesignand theORR-OER active N\C andN-CoSg componentsthe
3DOM N-CoSs@NC catalystexhibitsa comparable ORR and much better OER performance
with that Pt/Ir-basednoble catalyst The zincair batterywith 3DOM N-CoxSs@NC catalyst
demonstratedutstandinggalvanodynamically charge and dischapggformance and achieved

long cycling stability over 400 h at 10 mA @n

5.1 Introduction

In the previous chaptewe havedemonstratea rational design ddfficient two-dimensional
N-RGO supported CaeSs bi-functional @talyst through an effective surface engineering
tecmique Despite the activity improvement, the actual performance otdneonsupported
Cmsair electrodamight berestricted by theslow mass transfeprocess withirD featured\-
RGObased catalystSince the reactions occur at the @as/catalyst/electrolyte thrgdase

interface, catalysts with porous structure could facilitate the mass transfer process,gag. O
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diffusion, within thecatalyst, and further improve the electrochemical performances of the
batteries®® Moreover, N-RGO would suffer from electrochmical oxidation (or corrosion)
under the high operating potentials of OER #mas degradethe durability performanceof the

catalyst*9

Thereforejn this work, we proposed that, by designsugfaceengineeredCSg into a self
supported porousramework with a threglimensional througicontinuity, it can increase the
accessibility of the active phases to reactants while minimizing agglomeration of nanoparticles
for betterdurability. The3D nanoarchitectures with periodically and continuoupsmetworks
are expectetb offer improved bifunctional oxygen catalysis for rechargeable zanchatteries.

To this end, a hybrid catalytic nanoarchitecture is constructed in which active phases of both
CmS and Ndoped carbon and pores are conneatétiin an electronically conductive 3D
network. Such architecturally arranged catalysh increased surface area and site activity with
high absorptivity and mass transport potential, giving rise toufabde catalytic activity for both

ORR and OER.

5.2 Experimental section

5.2.1 Preparation of 3DOM C@Ss composites

Figure 5.1a showsthe procedure for preparing the thudienensionally ordered hierarchical
porous CeSs composits (3DOM CoSg). First, polystyrene sphere@S) with an average
diameter of ~200 nnfFigure 5.1 band c) were synthesized through emulsion polymerization
reactionusing styrene, polyvinylpyrrolidone (PVP), potassium persubdaDDI water. Then,
the asobtainedof monodisperse PS sphengsre €lf-ase€mblkedinto ordered, clospacked PS

template through centrifugatiofi. After that, a cobaltsulfur precursor was prepared by
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dissong 2.0 gCobal t (1 1) sul f at7e Hhie@pat 18.5 yld solatiorethal Co S O
mixed frommethanol (MeOH) and hydrochloric acid (HCI) [MeOH: HCI volumetric ratio=20:1]

at room temperatureThen, 2.0 g PS template was added to thepmeparedcobaltsulfur

precursor solution and follayd by a 10 min vacuum impregnation. The infiltrated PS teneplat
(Precursor@PS) was filtered andiedr overnight atambient condition The 3DOM CoSs
compositeswere fabricatedby calcinatng the Precursor@PS in Ar and Bldtmosphere at
500AC with a ramp 1 thenaspreparelBD@M @uSsmpterialcan beo n o f
tuned by changing the duration of dlideatment. The resulting powder product etching i NH

for 20min was referretb as3DOM N-CoSs@NC. For optimization purposé¢he Precursor@PS
nanocompositéreatedin NHz atmosphere for 40 min arr (without NHz etching were also

performed the resultingcompositesverereferredto as 3DOM C@Se/CoNo.s7@NC and 3DOM

CoxS/CoO@C respectively.
a) ad % \ < \ y
Centrifugation e 24 ,C‘l’"?\ S e
~\\"-_l! of PS beads AL ' e 4 e
Polymerization \Ll-’( r N Pyrolysis e
of polystyrene )\ & Impregnation yrolysis A
NopmE e Pewer@rs  BOMCG%,  Cos el
b)

Figure 5.1a) Schematic diagram of the procedure for the preparation of 3DQJ#&Co
compositesb) low andc) high magnification SEMmagesof PS template
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5.2.2 Material characterization

The morphologies and microstructures of thepreepared 3DOM catalysts were
characterized using scanning electron microscopy (SEM, LEO FESEM 1530), transmission
electron microscopy (TEM, JEOL 2010F) and scanning transiors electron microscopy
(STEM) -electron energy loss spectroscopy (EELS) mapping. Their crystal structures were
investigated using »Ray Diffraction (XRD, Rigaku Miniflex 600), Highesolution TEM (HR
TEM, Titan 88300 HB). The surface chemical composition of the samples was analyzed by X
ray photoelectron spectroscopy (XPHjermo Scientific Al KAlpha Xray source)pinding
energy scale was calibrated to fix the carbon sp3 peak at 284BE&\analysis vas performed

to evaluate the surface areaB@dfOM N-CoSs@NC composite

5.2.3 Electrochemical evaluation

The electrocatalytic activés of the asprepared 3DOMCmSs composies were evaluated
usinga threeelectrode glass ceath 0.1 M KOH solution. A& SCE electrode and graphite rod was
used as the reference and counter electrodes, respectively. The working electrode is the glassy
carbon electrode loaded with 3DOM catalyst. The catalyst inks were prepared by dispersing 2
mg ofactive 3DOM CoySg compositeand 2 mg of Vulcan X&2 in 1 mL of ethanol containing
0.15 wt% Nafion ionomer. The ink was sonicated for 30min. Then, 25 L of catalyst ink was
drop-casted onto the RDE electrodéneloading ofactive3DOM CoeSg catalystss 0.25mg cm
2. The ORR and OER activities of the 3DOM catalysts were measured updad G saturated
0.1M KOH, respectively, at a scanning rate of 10 mv EBhe same procedure was applied to

measure the ORR and OER activity of commercial precious catalysts Pt/C (28.8 wt. % Pt) and
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Ir/C (20 wt. % Ir), respectivelCa | i br ati on of SCE was perfor med
between the SCE and a Pt wire imse=l in the high purity hydrogen saturated 0.1 M KOH
el ectrolyte. The measured &E between SCE and

calibrated and given as referred to RHE using the equation
VRHE=Vscet0.996 V v p

The kiretics of the asleveloped3DOM N-CxSs@NC catalyst las been investigated
through a series dfSV tests conducted at a rate of 10mV/véith varying rotating speed from
400 rpm to 2500 rpmSpecifically, the number of electrons transferred for ORRBDBOM N-
CxS@NC electrodes was determined on the basis ofkibvetechylLevich (K-L) equation as

given blow!"8:

" T ¢ H&S O~ vV O

where J is the measured current densityisdhe diffusionlimiting current density, Kis the
kinetic current density, bynidtmnsferteceleetrbrenamberode r
F is Faraday constant (96485 C mplG, is the bulk concentration of DDy is the diffusion
coeficentofand g is the kinetic viscosity of the
room temperature, the constants adopted are as follaw$:2x1.0°mol L, Do=1.9X10° cn? s

1 g=02sh1 cm

The electrochemical performance thie catalyst3DOM N-CoSs@NC in zinc-air battery

was tested using a multichannel potentiostation (Princeton Applied Research, VersaSTAT MC).

55



The catalyst was spragoated onto carbon paper and wagd as cathode. The catalyst loading

is 1.0 mg cr?. Theanode and separator are zjslate and microporous membrane, respectively.
The electrolyte is 6.0M KOH solution with 0.2M Zn(@EO0O). The galvanodynamic charge
and discharge profiles of the battery were obtained by scaling the current density fron00 to 15
mA cm?. The cycling tests were conducted at a current density of 10 mAwith 10 min

discharge and 10min charge time for each cycle. The tests westenpm ambient air condition.

5.3 Results and discussion

The crystalstructure of theasprepared 3DOMCmSs composites wasonfirmedby XRD
analysis Figure 5.2showsthatthe diffraction pea&of CowSg (JCPDS:651765)were observed
for the 3DOM N-CogSs@NC. Thetypical graphitic carbon peakasnot detected, indicating the
presence of amorphous carbon in the compdsdethe3DOM CosSe/CaNo.s7/@NC composite
obtainedin 40min NH; treatmentin additionto CosSs, diffraction peaks of CiNo.s7 (JCPDS:06
0691)werefound. The existence @00 (JCPDS:431004)in 3ADOM CaSs/CoO@C obtained
in Ar atmospheravasalsoverified. Interestingly the CoeSg peaksin 3DOM N-CoSs@NC and
3DOM CaeSe/CoNo.s7n@NC werefound shift to higler angles, suggestingl-doping inthe CosSs

crystallattice
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Figure 5.2XRD patterns oarious3DOM CxSg composites

The structure and morphology of #83DOM composite were characterized using SEM

and TEM.Figures 5.3&) presentghe SEM images othe threecompositesclearly showing

their 3ADOM architecturelt can be seen thahe macropores with the size of about 200 ane
interconnected by windows on the wall. TEMagesshowthat, ascomparedvith that of3ADOM
CeSs/CoO@C(Figures 5.3 and CoySe/CozNo.67@NC (Figure5.3f), the 3DOM N-CoeSs@NC
catalystpossesss more uniform and continues wallith a thicknessof ~20nm Figure 5.3¢).

The N adsorptiordesorption isotherms confirm the presence of mesoporous and macroporous
structure in th&DOM N-CoySs@NC with a highBET surface area of 95.75%g* (Figure 5.3).

This ensures high availability of the catalytic active sites, and therefbeneficial forthe ORR

and OER
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Figure 5.3a-c) SEM imagesand df) TEM imagesof 3DOM CoySe/CoO@C 3DOM N-

CxSs@NC and3DOM CasSs/CaNo.s7@NC compositesrespectivelyg) N2 adsorptior
desorption isothermand pore size distribution @DOM N-CoySs@NC composite.

Figure 54a-c show theSTEM-EELS elemental mapping of the selected wall region of the
3DOM CmSg composites.In 3DOM N-CoSs@NC, the intense Co and S signalsduniformly
distributed N throughoutits wall structure indicate thathe successfulN-doping of CeSs
framework (Figure 54b). Figure 54a and c show thatthe O and N elements ddiibuted
throughout the wall structurén the CoSe/CoO@C andCmSg/Co:Nosf@NC composite
respectively However S is only observed on part of 3DOM walls and its linkage partickes
reasonake explanation for thisobservation is thathe framework ofCoSs/CoO@Cis CoO
decorated with Csss, whereaghe wall of CoeSe/C02No.sf@NC is Co2No.s7 combines with N-
dopedCmxSs. The C signals in the external edge ofs&owall manifest that the carbon is

originated from PS during calcination in Ar.

58


mailto:Co9S8/Co2N0.67@NC
mailto:Co9S8/Co2N0.67@NC
mailto:Co9S8/Co2N0.67@NC

9 [Cos wec ] s

Figures 54 STEM-electron energyoss spectroscopy (STEEELS) elemental mapping of a)
3DOM CsSe/CoO@G b) 3DOM N-CosSs@NC, andc) 3DOM CoySs/C2No.67@NC

composites

The high-resolution TEM(HRTEM) image of the3DOM N-CoySs@NC framework reveals
that itsCowSg wall is intimately liningwith anamorphous carbon lay€Figure5.5), enabling a
good conductivity of the catalysiThree different lattice fringesvere observed and their
corresponding fast Fourier transform (FFT) patterns can be indexed to the (3113n@ZP)0)

crystal planes of G&s, respectively, which align well with the XRD resufidgure 5.2.

Yl d311= 0:30nm:
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Figure5.5 a) HRTEM image and) corresponding-FT pattern of SDOMN-CoeSs@NC

composite.

Furthemore, the chemical states of the fabricated 3DOMy&acompositeswere probed
with XPS As shown inFigure 5.6a, the chemical state of Co in tlBOM N-CoSs@NC and
3DOM CoySe/CoO@Ccomposites is similar, in which the peadsCo 2p2and Co 2p2 are
deconvoluted into three componerifbe two gakslocatedat 780.5 and 782.3 eV are assigned
to binding energies of €*and @?*, respectively. Peaks at 786.6 and 802.%aW beattributed
to the shakeup satellite of Co 2pand Co 2p», respectively®!9d Interestingly,a sharp Co 2p
peaklocatedat around 778.4 eV was observed3iDOM CoySe/Co:No.67@NC, which can be
attributed to metallic CBY This observatiorconfirms a further reduced Co chemical state after
NH3 etching In the XPS spectrum of S 2p (Figureoh), the peak at 161.5 and 162.5 eV
representCo-S bondng in CxSe.[*? The increasing peak intensity of Sofrom 3DOM
CxS/CoO@C to 3DOMCS/CoxNo.s7@NC further confirm that more highly crystalline
CxoSs instead of CoO formed after Nktching in which intrinsically benefit for bth OER and

ORR catalytic activity.
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Figure5.6 High resolution XPS spectra of the a) Co 2p, and b) S 2p in 3DOJ& Composites.

Figure 57a shows thathe C 1speaksat around 284.8 and 285.8 e€dnbe assigned to $p
graphitic carbon and S bonds iN3DOM CmxSs/CoO@C An obvious peak shifting and
increasing intensity of <5 (285.%V) can beobserved in both 3DONN-CeSs@NC and3DOM
CSe/CoNo.s@NC, which might resultedrom the N-doping in the carbon layéorming C=N
bonding!*® The Ndoping of carbon layer, as well as thedbping of CeSs, is further
confirmed with high resolution XPS spectrum of the N deeFigure 57b. The N ¥ XPS
spectra of 3DOMN-CoxSs@NC and 3DOMCoSs/CoNo.67@NC suggesting thgresence of
pyridinic N (398.4 eV), pyrrolic N ( 400.5 eV), graphitic N (401.9 g¥hd oxidized N ( 408
eV) evidencing the efficient doping of N atoms in the coatadon layer§®l  On the other

hand, the CioNx peak at 399.4 e\#'% suggest thatN atoms vere successfully doped into the
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CxSs lattice in 3DOM N-CoxeS@NC composite and forms cobalt nitride in 3DOM
CxSe/CoNo.s#@NC. This agree with the N signal in the ELLS mappifgg(re 54 b andc).

The N-doped carbon is believeddwa positive effect on the ORR performanatereas Ndoped

CoeSs is believal can boost the @dtrocatalytic activity toward both ORR a@ER.[2021
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Figure5.7 High resolution XPS spectra of the a) C 1s, and b) N fl&eiBDOM CoSs

composits.

Figure 58a-b showthe electrocatalytic activity 8DOM CaosSg catalystdfor ORR and OER
andcommercil Pt/C and Ir/Gvere useds reference catalysts. The fésishow thgtamong the
3DOM composites3DOM CxSg/CoO@C obtainedin Ar exhibits thelowest ORR (onset
potential 0.82 V ) and OER (onset potential 1.56 V) actiwiganwhile,when comparel to
3DOM CxSs/CoNo.s#/@NC, 3DOM N-CoySs@NC hasa much better OER perforance (onset

potential at 1.52 V) and gltly higherORR activity with a similar onset potential (0.89 V) but
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morepositive halfwave potential (0.82 V). Whetomparedo thebenchmark precious catalysts,
3DOM N-CoySs@NC shows a comparable ORR and much better OER pesfm@nwith that of

Pt/C and Ir/C, respectively. IAt hough it ds ORR o0nsueptwithghePtlCnt i al
catalyst (0.97 V),the 3DOM N-CaSs@NC composite hathe same halivave potential (0.82

V) as the Pt/C catalyst at current density of ~2.7 mA cf The advantage 08DOM N-
CxSs@NC composite is further highlighted by the Koutetkgvich (KL) analysis based on the
ORR LSV curves obtained at various rotation speEagi(e 58c). The calculated ORR electron
transfer number is 3.83.99 Figure 58d), which is very close to the theetical nunioer 4 in the

the pseuddour electron reactiopathway (Q + H2O + 4e = 40H). In addition to the good
ORR performance, 3DOMI-CoySs@NC compositeshows superior OER activity. Specifically,

it has a much smaller OER owgotential (339 mV) as that of commercial Ir/C (425 mV) when a
current density of 10 mA cris generatedOn the other handhe ovepotential for3DOM
CSe/Co2No.67@NC and 3DOM CeSe/CoO@Care 368 mV and388 mV, respectively Figure

5.8b). This enhancedOER and ORRactivity for 3DOM N-CoSs@NC should beattributed to

the N-doped CeSs and theN-dopedcarbon layer Additionally, the porous 3DOMierarchical
architecture can providen expanded surface argahich providesincreasechumber of catalytic
active sitesand afford more efficient mass transport path for electrolyte as well as electroactive

species.
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Figure5.8 8) ORR and) OER LSV curves oPt/C, Ir/C andsarious 3DOMCmxSs composites
andobtained at a scan rate of 10 mVis 0.1M KOH electrolyte at 1600 rpm, respectivety;
LSVs 0of SBDOM N-CoSs@NC in O.-saturated 0.1 M KOH atsweep rate of

10 mVs?! and different rotation rated) the corresponding K plots (J'v e r s st ¥

different potentials.

In addition to the higlODRR and OERelectrocatalytiactivity, the durability obi-functional
catalysts in partidar for OER reaction is another key aspect to be considered
Chronoamperometry testingas carried out at a constant potential 065 V vs. RHE in N2
saturated 0.1M KOH solutiort shows thaBDOM N-CoeSs@NC electrodes exhibited 82.5%
activity retentionover 18 h of continuous operatio(Figure 59 a), in sharp contrast tprecious
catalyst Ir/C that showed significant activity 10$$6%)asmanifested by its gradually decreasing
current over timel(8h). Moreover, wherabricated into air electrodes and tested imaegeable
zinc-air batteries, th8DOM N-CosSs@NC catalystexhibitsa similar open circuit voltag¢OCV)

but longer cycle life than that of Pt/{Z/C precious metal catalyst&igure 59b displaysthe
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galvanodynamically charge and disajp@amolarization curvesf the batteriesising3DOM N-
CxSs@NC andPt/CGIr/C as air electrodes respectively It clearly reveals that botlef the
batteries havalmost same OCV (~1.47 V) whitbe cell with 3DOM N-CoxSS@NC (red curves
in Figure 59 b) exhilts alower overpotentialgoarticulaly at high current densitiethanthat of
the Pt/CGIr/C battery(black curvein Figure 59 b). Moreover, thecycling performance of the
zinc-air battery using 3DOM N-CoxSs@NC and Pt/CIr/C catalyss were evaluatedby
perfornming the galvanostatic charge and dischatgstat 10 mA crm?with each cycle being@
hours. One can see that tB®OM N-CoSs@NC fabricated aielectrode exhibite 98% voltage
retention af t e,.whefe@sbe bdtterywiths Ri/ClCyonly standg for80 hours
before displaying severely enlarged overpotentialBigure 59c). Although the 3DOM N-
CxSS@NC composite showsuperior stability than thePt/C and Ir/C catalysts in both
chronoamperometry anghlvanostatic charge and dmarge cycling test, the 3DOM structure of
3DOM N-CoxrSS@NC wa s found partially crush down

chronoamperometry testing A65 V vs.RHE, sedrigure 510.
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Figure 59 a) long-term OER electrolysis stabiligf 3DOM N-CoeSs@NC under constant
potentialat 1.65 Vvs.RHE in N2 saturate 0.1M KOH; byharge and discharge polarization
curves cycling performance of zirair batterieassembled using) 3ADOMN-CoxSs@NCand
d) Pt/CGIr/C as air electrodetestedn ambient air.

Figure 510a) SEM and b) TEM image of 3BDOM-CxSs@NCa ft er appl i ed
potential atl.65 Vvs.RHE in N; saturate 0.1M KOH.
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5.4 Summary

In summary,a 3DOM surface enigeered N-CoSs@NC composite was designed as an
efficient ORR-OER bifurctional catalyst forzinc-air batteries by a facile hatdmplate method
followed by temperature controlled heat treatment process. The 3D hierarchical horndikeomb
mesoporous structureis bereficial for the ORROER reactions occur at the
gas/catalys#lectrolyte treephase interfacerhe presence of fdoped carbon layer lined the
3D solid network of th@orous architecturirther enhances the electrical conductivity and ORR
activity of the composite catalystSuch seHsupportedcontinuousN-CoSg porous network
provided a3D throughcontinuity for maximum accessibility of the active phases to reactants
while minimizing agglomeration of the 0S¢ nanoparticlesWith all these merits cobined
together,the zinecair battery using the 3DOM HowSs@NC catalyst delivers outstanding
galvanodynamically charge and dischapgeformance and achieved long cycling stability over
400 h at 10 mA cm current dersity. All results clearly suggesting that tlmxygen catalytic
actvity and cycling durability werefficiently improved bydesignactive transition metal hybrid
into 3DOM selfsupport porous structuyralthough partially structure crush was observed after
long-time OER testing. Desigaf a more robusbi-functional oxygerelectrocatalystith high

activity will be presentedn the next chapter.
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CHAPTER 6

Three-dimensional Oxygen Vacancyrich TiOxNy

Semiconductorsupported Cobalt Bi-functional Electrocatalyst

In this chapter, amltrafine Co metal decorated thrdanensionallyordered macroporous
titanium oxynitride (3DOMCo@TiQNy) bi-functional catalyst wapresented. It was developed
througha new catalyst support desigtrategyfocusing on OWrich, low-bandgap semiconductor;
the OVspromote the electrical conductivity ofe@lliOxNy semiconductosupport, and at the
same time offer a strong mewpport interaction (SMSI), whichives small Co catalystsize,
high catalytic activity, and high stabilityThe results confirmed that 3DOM-Co@TiONy
exhibits comparable activities for oxygen reduction and evolution reactions, but much higher
cycling stability than noblenetals in alkaline conditiong.his work sheds light on using GV
rich semiconductors as promising support to design efficient andbléumonrprecious
electrocatalystsThis study is organized as follows: an introduction of this stugydsentedn
Section 6.1. The experimental andomputational methadused in this study are described in
Section6.2. Results and discussions are giwersection6.3. Concluding remarks are stated in

Section6.4.

6.1 Introduction

The practical application of rechargeable zancbatteries requires a lewost, efficient and
stable air electrode catalyst toward both the oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER). The most promising fpyecious bifunctional catalysts are carbon
supported transition metal hyth materiald>® However, carborsupported catalysts suffer from

carbon electrochemical oxidation, which causes the loss or aggregation of supported catalysts
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and degrades the electrocatalysis durability and perfornkahde alleviate this problensome
strategies have been reported including coating the carbon support with ceressstine
TiO2,“® using conductive TiN as an alternative suppottor developing perovskite oxides as
active catalyst§®? However, both Ti@ and perovskite xides have an intrinsic low
conductivity drawback, and nor TiN is an optimum support material to obtain highly dispersed
and active catalysts due to the raefective surface structure. Thus, the objective of this study is
to develop conductive and oxidatiresistant support to relieve catalysgdedation, and at the

same time t@chieve a high bifunctional catalytic activity with enhanced durability performance.

Here we propose that OYich, low-bandgap oxide semiconductor can be promising stippor
to design active and durable ultrafine metal catalysts in electrocat@fygisre 6.1) This
argument is built on our multidisciplinary understanding of OVs in semiconductor physics and
heterogeneous solghas catalysisi) the OVs lower the bandgap oxide semiconductors: the
higher OVs concentration, the higher conductivity of the oxitéd;ii) in solid-gas catalysis,
the OVs on oxide supports would provide 8MSI with the supported metal catalysts, and
results in high metal dispersion, small talesize, high relative catalytic activity and high
stability*>2% That is, the OVs are not only beneficial for the conductivity of the oxides, but it
also offers a SMSI that favars the formation and stabilization of highly active ultrafine metal
nangarticles. Note that, in electrocatalysis, the role of OVs in metal oxides as active
components is well reported for contributing to its enhanced catalytic actitii@sdowever,
the significance of OVs in supporting materials is much less discussed, in particular for
processes involving the oxidative OER reaction. To the best of our knowledge, this is the first
time that the concept of OMeduced SMSI is introduced toedign active and stable

semiconductebased electrocatalysts with ultrafine dispersion of the active phase for ORR and
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Figure 6.1The design strategy for semiconduesoipported metal as electrocatalysts

In this work, we developed an efferit and durable bifunctional catalyst which comprises

OV-rich 3DOM TiONNy supported ultrafine Co, referred to as 3D@M@TiIONy. The as
developedBDOM-Co@TiONy catalyst exhibitgood ORROER activities and superior stability
in alkaline conditionsThe znc-air battery using this catalyst delivers excellent stability Veiis
than 1% energy efficiency lossver 900 chargeischarge cycles at 20 mA &nThe high
stability is attributed to the strong SMSI between Co and 3PNy which verified by
density functional theory (DFT) calculations. This wagkides thedesignof efficient and
durable norprecious electrocatalystasing OWrich semiconductorsas promising support

materials

6.2 Experimental and Computational Details

6.2.1 Catalyst preparation
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The 3DOM-Co@TiONy catalystwas prepared using polystyrene (PS) sphere as template.
The PS spheres have an average diameter of ~200 nm and were synthesized through emulsion
polymerization using styrene, polyvinylpyrrolidone/{®), potassium persulfate, and DDI water

(Figure6.2). Detailed information about the synthesis of PS spheres can be fdéhd in

Centrifugation
of PS beads

Polymerization

Figure6.2 a) Schematic of preparation procedure ford&ads; bjow andhigh magnification

SEMimagesof PS template

For the preparation of 3DOMo@TiONy, 178mg cobalt acetate [Co(@EIOO) L4 H O]
was dissolved in a 11 mL solution that mixed from ethanol (EtOH), titanium butoxide [Ti{OBu)
and hydrochloric acid (HCI) solutions [EtOH:Ti(OB#Cl volumetric raties5:5:1] at room
temperature. The asbtained precursaolution has &o:Ti atomic ratio of 1:20 and was added
dropwisely to the PS template (1mL precursor:1mg PS) under vacuum filtration. The infiltrated
PS template was dried overnight. Then, the PS lempvas removed by calcination in Ar and

NH3 using the following heating program: from room temperature to 300C and stay at 300C
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for 1 h, heat up to 540€C and keep 1 h, raise the temperature to 800C and keep for 20min. The
ramping rate is 1 €/min. The, the gas atmosphere is switched from Ar tozMHd keeps at
800€ for 40min. After that, the gas is switched back to Ar and cool down to room temperature.

The resulting powder product was referteégs 3DOMCo@TiOQNy (Figure6.3).

Co;Ti precursors

Figure6.3 Schematiof preparation procedure for 3DOMo@TiONy catalyst, and the Co
interfaceconfinement effect induced by SMSI and carbon layer

Note that he Co composition or Co:Ti ratio in 3DOMo@TiQNy can be tuned by
changing the amount pdcurs@ cdqludoA.cFpr optithiratiod purpose,t h e
3DOM-Co@TiONy composites with Co:Ti atomic ratio of 1:80 and 4:20 were also prepared,
which are referretb as 3SDOMCo@TiONy (1:80) and 3DOMCo@ TiONy (4:20), respectively.

Wi th the absenc én the prec@sors@uiian)thelabtaihed@roduct isamed

as 3DOMTIOxNy (Figure 6.4). Moreover, in addition to the 3DOI@o@TiONy obtained with
40minsNHs treatment, two otheCo@TiONy samples were also developed by changing the
duration of NH treatment (10mins and 1lhour), which were referred to as 3O TiONy

(in NHz 10min) and 3DOMCo@TiQNy (in NHs 1h), respectively. The oxidized form of the
3DOM-Co@TiONy was also synthesized by annealing the 3DOM@ TiONy sample in air at

450 f ors. Th2 resulting product was identified as@@TiO,, as seen iRigure6.4.
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Figure6.4 XRD patterns of vadus 3DOM composites

6.2.2 Material characterization

The morphologies and microstructures of thepared catalysts wecharacterized using
scanning electron microscopy (SEM, LEO FESEM 1530) and transmission electron microscopy
(TEM, JEOL 2010F). Their crystal structures were investigated usiRgyDiffraction (XRD,
Rigaku Miniflex 600). The surface chemical compositibrth@ samples was analyzed byray
photoelectron spectroscopy (XP3), GaussiarLorentzian mix is usedhile analyzing XPS
peaksThe background used was the "Smart" background, which is a corrected Shirley

backgroundThe binding energy scale was calibrated to fix the carbon sp3 peak at 28%%8 eV
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BrunauerEmmettTeller (BET) analysis was performed to evaluate the surface area of 3DOM

Co@TiOQNNy composite.

6.2.3Electrochemical evaluation

The ORROER performance of the gsepared 3DOM composite catalystasevaluated using

a threeelectrode glass cell in 0.1 M KOHIstion. An SCE electrode and graphite roasused

as the reference and counter electrodes, respectively. The working electrode is the glassy carbon
rotating disk electrode (RDE) loaded with 3DOM catalyst. The catalyst inks were prepared by
dispersing 2 mgf catalyst and 2 mg of Vulcan XZ2 in 1 mL of ethanol containing 0.2 wt%
Nafion ionomer. The ink was sonicated for 30min. Then, 25 |L of catalyst ink wascdsipd

onto the RDE electrode, which results in an overall loading of 0.5 mfiy This includs 0.25

mg cn? active catalysts (e.g. 3DOM Co@Td®) and 0.25 mg cri Vulcan XG72,
respectively The ORR and OER activities of the 3DOM catalysts were measured updedO

N saturated 0.1M KOH, respectively, at a scanning rate of 10 faWse sameprocedure is
applied to measure the ORR and OER activity of commercial precious catalysts Pt/C (28.8 wt. %
Pt) and Ir/C (20 wt. % Ir), respectively, with a loading of 0.2 mg2cifhis loading of
commercial Pt/C and Ir/C catalysts is commonly used asergferloading in the literature, and

their catalytic performances measured in this work are in line with reported.#gfks

Saturated calomel electrode (SCE) is used as the reference electrode in all RDE testing. The
calibration of SCE was pefomed by measuring the voltage oE
immersed in the high purity hydrogen saturated 0.1 M KOH electtéi€ he measur ed
between SCE and RHE is 0.996V. Then RDE potentials are calibrated and given as referred to

RHE using tle equation: ¥He=Vscet0.996 V.
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The electrochemical performance of 3DE@BO@TIONy in zinc-air battery was tested
using a multichannel potentiostation (Princeton Applied RebeaversaSTAT MC). The
catalystwasspraycoated onto carbon paper and wasd as cathode. The catalyst loading is 1.0
mg cm?2 The anode and separator aiec-plate and microporous membrane, respectively. The
electrolyte is 6.0M KOH solution with 0.2M Zn(GBOO)». The galvanodynamic charge and
discharge profiles of thieattery were obtained by sedlthe current density from 0 to 150 mA
cm2. The cycling tests were conducted at a current density of 20 nfAitin 10min discharge

and 10min charge time for each cycle. The tests were operated in ambient air condition.
6.2.4 Computational Details

The DFT calculation was carried out using the generalized gradient approximation (GGA)
with theP e r eBauw-Kren z e r h exthangdaBdEcprrelation functiof® All calculations
were performed using the VASP pack&tjé? A Du dfaWoever m acting on the
(referred as GGA + U) was ap’PAi pdwavé&he ul oV & |
400eV wdle Bullsum done was integrated using the Monkhétatk sets of 2X2x1 k
points mesh. Thed i ¢ h i orutile Ti©2i(140) and (100) surfaces were mbeé by nine
atomic layered slabs with @3 1 2 )  a nnit ce(, 3esp2dtively. On the other hand, the
stoichiometric Ti O (110) a midealprhi®ldygredslabs $ iacgs w
21 and @ni2t respectively The tetrahedral Gocluster is adopted to model Co

nanoparticle because it is the smallest 3D unit that can provide adihrersional structure to

probe both metainetaland metasupport interactions*33 Al | the sl abs have a
of 15 . During the <calculations, the botto
remaining | ayers and the adsorbates were allo

forces acting onr tthreanat®.m&3 ae \&/,jElbOparMtl 00) ed uc e
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surffacef cont ains vacancy) were constructed by pl e
bridging oxygen rowEO:sunr fthees, EiTansem drcetaimedelrdy cT
(110) and (1003urfacesver e bui |l t by removing three and tw
of their surfacesthe metaseppart adhesion interactionagg was calculated by

the following equation: &= -(Esupport+metal EsupportEmeta), Where Eupport+metaepresents the total

energy of the sumpted system, &pportand Emeta are the energy of isolated support and metal

system, respectively.

6.3 Results and Discussion

As discussed in the experimental sectithg 3DOM-Co@TiOWNy bi-functional catalystvas
prepared by thermal treatirRStemplate soaked with cobalt acetate [Co§CBOYA 4,®] and
titanium butoxide [Ti(OBuj) precursor solution with an atomic ratio of Co:Ti=1:20. At different
heating stages, Ar and NHatmosphere w@as used. This ensures an oxygefeficient and
reductive environment that is beneficial for OVs formation in thexNliGupport. It should be
mentioned that the calcination of PS beads not only forms the 3DOM morphoblayglso
generates an ddoped carbonaceous Eyenwrapping the Co@Tiy framework(Figure 6.3)

Such Ndoped carbon layer is introduced mainly to improve the ORR activity of the comiJosite
rather than as conductive supporting material. The carbon layer also provides further
confinement for ultrahe Co metal catalyst on Ti@y (Figure6.3), which will be discussed later.

The crystal components of Co@ kD were identified as metallic Co, TiO, TiN and rutile BiO
through XRD analysis (Figur@5, before OER). For the sake of comparisBROM composites
without the addition of Co precursor or ammonolysis treatment were also developed. The
resulting products were identified and refertedas3DOM-TION and 3DOMCo@TiOx« (Ar),

respectively (Figuré.4).
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Figure 6.5XRD patterns of 3DOMCo@TiOxNy before and after OER reaction

Figure 6.6a shows the 3DOM morphology of th@DOM-Co@TiONy composite: it has
macroporous pores of ~150 nm and interconnected walwidinga stong structural support
for the composite Scanning transmissioalectron micoscopy (STEM) imagehows that the

3DOM interconnected walls are built by aggregated nanopar(iigsre 6.65.

Figure 6.6a) SEM and) STEM image of 3DOMCo@TiONy.

Interestingly, theSDOM-Co@TiONy was found featured witlan IV type N> absorption
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desorption isotherp®” seen in Figuré.7. This indicates that, in addition to the macropores, it
contains mesopores, leading to a high Brund&iremettTeller (BET) surface area of 266 my>.
Together with its 3DOM poroustructure, the high surface area ensures high availability of
active sites, and low mass transfer resistance within the catalyst, sHiemeficial for the

electrochemical performance of the catalyst
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Figure6.7 N2 adsorptiondesorption isotherms anpibre size distribution of 3DOMO@ TiONy

composite.

Figure6.8 shows theigh magnification electron energgss spectroscopy (EELS) mapping
of the 3DOM-Co@TiONy catalyst. It revealghat theaggregatechanoparticlesformed the
3DOM walls, as obseed in STEM,are TiQNy, andtheir outer surfaceare homogeneously

covered with Cavith an atomiccomposition 000.79%,see Tablé.1.
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Figure6.8 STEM-Electron energyoss spectroscopy (STERELS) elemental mapping (Ti, Co,
O, N, and C) of 3BDOMCo@ TiONy.

Table6.1 XPS surface atomic composition of thepaepared 3DOMCo@TiONy and 3DOM-
Co@TiQ (Ar) composites

Ti Co C O N
3DOM-Co@TiONy 12.62 0.79 58.07 18.85 9.67
3DOM-Co@TiCx (Ar) 17.07 1.18 44.38 37.37

A high resolutionSTEM mapping image shows that ti@@TiONy nanoparticlesappearto
exhibit-shketél c Bigure 6.9)t Additmnally, one can see that C element is
uniformly distributed on the outermost surface layer of the Co@Nyj@articles, suggesting

thereis a carbon layer covering the 3DOM walls. This carbon layer not only improves the
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conductivity of the composite, but may also ast confining layer to restrict ultrafine Co onto
TiOxNy, and therefore can further contribute to the stability of the ABC»@TiOMNy. To
distinguish the contribution othe carbon layer and Tily components to the composite
conductivity, the electrical conductivity of 3SDORMo@TiONy and 3DOMCo@TiC (Ar) were
measured. Both of the composites have a carbon layer. However,nithectaity of 3DOM
Co@TiQNy (5.11 S crm) is one order of magnitude higher than that of 3DOM@ TiO« (Ar)
(0.76S cmt), seen in Figure 6® This shows the conductivity of the 3DGEL@TION
composite is mainly contributed by TiR)y, rather than the carbon layer. All of these
observations strongly support the successful synthesis of ultrafine Co on conductiig. TiO
Note that, he high resolution TEM (HRTEM) imag# the 3DOM-Co@TiONy compositeand
the corresponding FFpattern furber confirm the existence of ultrafine metallic Co phase on

TiOxNy (Figure 6.10).

[1E7  3DOM-TiO,

[l 0.76 300M-Co@TiO, (A

|

—_—
0 1 2 3 4 5 6
Electrical Conductivity (S cm'")

.~ 3DOM-Co@TiON, 511

Figure6.9a) STEM image and high magnification STEHMELS mapping of Ti, Co, O, N, and C
elemants; b) Electrical conductivitgf 3DOM-Co@ TiONy.
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Figure 610a) HRTEM images and corresponding FFT pattern of 3DCM@ TiONy
composite; b) Line profiles of thespacing of the Co@Tily in (a).

The local chemical environment on the surface of 3DOM@TIONy (before OER) was
examined by XPS. Its Ti 2p speatnuvas deconvoluted into three overlapping doulleigure
6.1139. The minor Ti 2p» peak located at 455.2 eV can be assigned to TiN or TiO. The other
two peaks cemed at 456.8 eV and 458.3 eV are referredd4diON and reduced Tig or Ti2Os,
respedtely.?839 The Ti 2p., signal at 459.1 eV associated with Ti® very weak, which
confirms the low oxidation state of Ti in TiRy. The Co 2pspectrumof 3DOM-Co@ TiQNy
has a characteristic 2ppeak of CoO rather than metallic Co, suggestingultrafine Co was
mildly oxidized in the air (Figure 6.11bThe N 1sspectrumshows the existence of-N-O
(396.2 eV), NTi (397.2 eV) and NC components in Tiy [**41 (Figure 6.11} The OVs in
3DOM-Co@TiONy was probed by the O 1s XPpectrum(Figure 6.119. The peak at 530.1

eV is associated with lattice?Ofrom O-Ti or O-Co bond,*?*3 and the peak at 531.6 eV
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represents the ndattice (defective) ® or OH specie&§¥ Although the formation of OH

species on the catalyst surface is possiblg, its exposure to the ambient atmosphtre

defective & is consistent with the wide distribution of?Ti Ti** and T#* states inthe Ti 2p

spectrum (Figure 6.1)aindicative ofenrichment of OVs on the Tiy surface.The locations

of OV can bedistributed across both of the TiO and Til@ttice of TiQNy. This is becausg

TiO itself is commonly featured with high OV content (11~2098)ji) TiO2 with OV has been

reported to be obtained in a lawxygen atmosphetés*7 therefore the exishce of OV in TiO

and TiQ lattice obtained under the strong reducing atmosphere efdNRevitable
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Figure 6114a) Ti 2p;b) Co 2p; c) NLs; and § O 1s XPS spectrum of 3ADOICo@TiONy
before and after 16 hours of OER hedfll test ata congantpotential of 1.60V vs. RHE.

Further evidencef theOV comes from a close inspection of the shape of e O( O
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and TeL (T 2pY¥3d) core edge sCo@TiONE(Eigus 6.43pwhicht r um o
provides chemical and electronic informati@n buried atoms that are in a bdike
environment’® The OK edge yne structur e h&sordériegeand r epor
damps out as the OVs concentration incre&8ess shown in Figuré.12the GK edge yne
structure 0 wa s-Go23iOQN, wdamPpared with thdd GFMDONO@TIO, (Ar),

indicating the high OVs concentration in kX. This is also consistent with the distinct peak

shift in Ti-L edge towards low photon energy, as OVs are electron donors. The@y®e signal

is not appanet, supportive for the low loading of Co (0.79%) on JNQ

— 3DOM-Co@TiO, (Ar)
— 3DOM-Co@TiO,N,

-

Count (a.u.)

Ti L, ;-edge :
Co L-edge

O K—:edge

420 450 480 510 540 770780790800
Energy loss (eV)

Figure 6.12Comparison of EELS spectra of-I[j O-K and CoL core edges acquired frotine

asprepared 3DOM composites.

The beneficial effect of OVs in SMSI within EGOxNy was supportedby DFT calculations.
Here, TiQ and TiO surface were used as representative crystals for 3D@®ITIONy because
they are the two main crystalline oxides in Wy observed in our preand postOER XRD
analysis (Figures.5). The TiN component is neglected simplify the DFT model. This is a

reasonable assumption because we only focus on the OV sites. The (110) and (100) surfaces are
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used to model the TiQoxides because they are the reported stable surfaces on rutil&%TiO
and featured planes for Ti® avell. The adhesion energy of tetrahedral €laster on the OV
sites of norstoichiometric cubic TiO and rutile TikJ110) surfaces are 12.13 eV and 12.98 eV,
respectively, indicative of the SM@Figure 6.13) In addition, we found that, for (110) sw&

the 3D Ca cluster was stablenly on the nosrstoichiometric (reduced)surfaces, whereas
distortion of the Cg cluster occurs on the stoichiometric surface. For instance, on the
stoichiometric TiQ (110) surface, although it has a much higher adhesnangy (19.65 eV)
than that on reduced rutile Ti@110), the severe distortion of £duster results in many GO
bonds, suggesting that the stoichiometric 2I{0OLO) surface is not fawbable for the nucleation

of metallic Co.
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Figure6.13 The moststable geometries and the corresponding adhesion energy ciu€er on
reduced and stoichiometric TiO and FiQ10) surface: blue (Co), cyan (Tigd (O).

On the (100)urfaceof TiO. and TiO, the tetrahedral structure ofs@tbuster is preseree
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and the nosstoichiometric (reduced) T&and TiO exhibit stronger SMSI than that on
stoichiometric model (Figuré.14). Moreover, we found that on both of the reduced (110) and
(100) surfaces, the Co tends to incorporate into the &r@d TiO lattice revealing that the OV

act as sites for the Co nucl@&hus, we can further infer that, in addition to providimgSMSI,

OV sites on the reduced surfaces also act as nucleation sites for Co growth during calcination.
That is, the OV sites are essentialhe hucleation and stabilization of the ultrafine metals. This

is also supported by the fact that surface defects acting as preferred nucleation sites for the

growth of metal particles have been widely recogniZed.
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Figure 6.14The most stable geommits and the corresponding adhesion energy etclbster on
reduced and stoichiometric TiO and FiQ00) surface: blue (Co), cyan (Ti), red (O)

The electrocatalytic activities of the 3DOM composites were evaluated by linear sweep
voltammetry (LSV)with 0.1 M KOH solution. Figures.15 shows that 3DOMCo@TiONy
delivers an ORR onset potenti al of 0.90 V (v

catch up with that of Pt/C catalyst (0.98V), 3D@Bd@TiONy exhibits a comparable ORR
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half-wave pdential (0.84 V) to that of Pt/C (0.85 V). Meanwhile, it also shows much higher
ORR activity than the Géree 3ADOMTION and Nfree 3BDOMCo@TiO (Ar). The linearity of
the K-L plot and the number of electrons (n=4.0) transferred during ORR also indicate fas

kinetics throughout the potential range inspe¢kgure6.16a-b).
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Figure 6.150RR LSV curves of various 3DOM composites obtained at a scan rate of 16 mV s
in 0.1M KOH electrolyte at 900 np.
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Figure 6.16 a) LSVs of 3DM-Co@TiONy in Oz-saturated 0.1 M KOH at sweep rate ofrdU
s and different rotation rates; b) the corresponding plots (3'v e r s sit different

potentials.

In the case of OER, 3DOIMCo@TiONy exhibits the highest activity among the 3DOM
composites (Figw6.17). For example, when a current density of 10 mA?désngenerated, it has
a similar OER overpotential (~385 mV) as that of commercial Ir/C, whereas the overpotential for
N-free 3BDOMCo@TIiO (Ar) (417 mV) is slightly higher. The Cisree 3DOMTION comppsite
has only minor OER activity, suggesting Co is the active component for TieRhigh ORR

and OER activity of 3DOMCo@TiONy was further confirmed by its Tafel plot (Figusel8a

b).
40
1——3DOM-TIiON
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O T L T
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Figure 6.170ER LSV curves of various 3DOM composites obtained at a scan rate of 1 mV s
in 0.1 M KOH electrolyte at600 rpm.
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Figure 6.18 a) ORR; and b) OHRifel plots of 3BDM-Co@TiQNy, respectively.

In the above analysedhe activity ofthe 3DOM catalysts and commercial Pt/C or Ir/C
catalystswas evaluatedbased orthe geometry area of RDE electrodée OER activity of as
developed catalystsexe also normalized by the electrochemically active surface area (ECSA),

which can be evaluated from the doulslger capacitance (§ using the following equationis?:
"Q 00 Q@ p
%# 3! 0
0 ‘5 ¢ C

where"Qis the charging current, which can be measured from CVs at multiple scarurites.
scan rate. The 4; can be determined as a slope by plotifdggainst scan rate.s@& specific

capacitance, which can be set to 0.035 mF fon1.0M KOH solution®,

Figure 6.1%-c) show the CVs obtained for the 3DOM catalysts, and their corresponding C
determined by CVs in the potential range 0f1.30 V without redox processes. Fig&réd-f)
show that the €sof 3DOM-Co@TiOQNy slightly surpass that of 3DOMo@TiO (Ar), and

both of them arédnigher than that of 3SDOMION. The OERactivities of these adeveloped
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catalysts normalized by ESA also show a similar trengith thatnormalized by the geometry

area of RDE electrodé¢Figure 6.19, revealing that the activity enhancement of 3DOM

Co@TiONy is due mainly to an increase in in8ic surface specific activity of 3DOM

Co@TiON.
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Figure 6.1CV curves of aBDOM-Co@TiONy, b) 3SDOM-Co@TiO(Ar) and c) 3DOMTION
at the doubldayer region at scan rates of 5, 10, 15 and 20 thv 4.0 M KOH solution; )

current density at the potential of 1.2V, where no redox current peaks are observed, as function

of the scan rate derived froncy respectively.

89



—~ 0.05-
£ | ——3DOM-Co@TiON,
< 0.04- 3DOM-Co@TiO, (Ar)
£ | —3pom-TioN
> 0.03-
'w ]
o
3 0.02-
E 4
2 0.014
= /
O
0.00 .

10 12 14 16 18
Potential (V vs. RHE)

Figure 6.20LSV curves évarious catalysts normalized by electrochemical active surface area.

As mentioned in section &1, for a comprehensive comparisgrpose three other 3DOM
composites, including oxidized 3DOMOs@TiO. (air-annealed 3DOMCo@TiIONy),
Co@TiONy (in NHz 10min) and Co@TiNy (in NHz 1hour) were also synthesized and
characterized. Figuré.21 shows that all the three Co@ T, composites treated by NH
exhibit higher catalytic activities for both ORR and OER than the oxidizefDATiO;,
indicating thepositive effect of N present in the Co@7TINy catalysts. Moreover, despite all
three catalysts having similar ORR activities, #dsprepared3DOM-Co@TikONy composite

which obtained bytOmin-NHs treatmentshowsthe highest OER activity.
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Figure 6.2 a) ORR and b) OER LSV curves of various 3DOM composites obtained at a scan
rate of 10 mV $in 0.1 M KOH electrolyte at 900 r.p.m and 1600 rpm, respectively.

Furthermore,he stability of thebestperforming3DOM-Co@TikONy catalyst was examined
by performing a CP test at 10mA @nlt shows that 3DOMCo@TiQN, electrode exhibits a
much more stable voltagéne curve than Ir/C under OER: its output voltage increased by 5%
after 20 h operation, much lower than that of Ir/C (20%), as shown in Fge2e. When
fabricated into an air electrode in a rechargeableainbattery, an open circuit voltage of ~1.47
V is achieved (Figuré.22b). At 1.0 V, the battery delivers a discharge current density of 95 mA
cm? (Figure 6.22¢). Notably, at low voltagesinder 0.8 V, 3DOMCo@TkONy was able to
deliver a much higher current density than that of Pt/C+Ir/C catalyst mixture, confirming the
enhanced mass transfer realized by its 3DOM structure. Additionally, Fagiaedshows that it
reaches a peak power dipsof 110 mW cn¥ at a current density of 135 mA ¢n{0.80V),
higher than that of Pt/C+Ir/C catalyst mixture. The battery stabilities using Pt/C+Ir/C and
3DOM-Co@TKkONy electrodes were further examined at a current density of 20 mAveith
each cycle bing 20 min. As shown in Figuré.22e, the zinc-air battery using Pt/C+Ir/C
electrode shows a conspicuous charge and discharge voltage decay after 30 cycles (charge

discharge voltage gap of 1.36V) despite the narrow initial voltage gap (0.9V), and the
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degradation continues over time.
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Figure6.22 @) Longterm OER electrolysis stability under constant current density atALOnT
2: b) Demonstration of the zirair battery configuratiorg) Charge and discharge polarization
curves;d) Power density plat ande) Cycling performance of zinair batteries assembled using
3DOM-Co@TiONy and Pt/C+Ir/C as air electrodesambient air.

Figure6.23 shows thathe batteryusing 3DOMCo@TKONy electrodedeliversan initial charge
discharge voltage gap of 0.97Which wasincreases onlipy 10 mV (from 0.97V to 0.98V) after
900 cycles, representing excellent cycling stability with less than 1% energy efficiency loss

under highly oxidative operating conditions.
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Figure6.23 Galvanostatic discharge and chacgeling stability of a zinair battery using the
3DOM-Co@TiONy electrode under ambient conditions.

As discussed in our design strategy, the excellent activity and durability of 3DOM
Co@TIiONy are attributed to ultrafine Co and its SMSI with the duetive TiQNy support,
respectively. Essentially, the OV in Tiy, support as well as its 3DOM structurplay the key
role. Thus, we expect its OV and structure should be maintained during OER. To verify this
argument, the morphology and composition & 8DOM-Co@TiONy upon highly oxidative
OER operating conditions (a& constant potential of 1.60V vs.RHE) were examined. SEM
imaging confirms the 3DOM structure of the composite remained intact after 16 hours of OER

testing Figure6.24).

500nm
|
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Figure6.24 a) low and b) high magnification SEM images of the 3DOM@TiONy composite
after 16hour OER hakHcell test al constant potential of 1.60\W¢.RHE).

Interestingly, the XRD pattern showlse TiON and TiQ crystallinein 3DOM-Co@TiONy
disappearsfter OER reactionexhibiting only TiO crystal patterns (Figuées). Common sense
would dictate TiQNy will be eventually oxidized into Tiunder OER. Here, we argue that this
would be true only in the absence of active OER components. In such cases, the outer surface
TiONNywoul d be Aforcedo to catalyze OBRnfaceact i ol
there is onlyslight oxidationon TiONNy: as shown in the Ti 2p XPS spectrum (Figaréla
after OER), the low energy Ti 2ppeak associated with TiN or TiO disappears. Meanwhile, the
intensity of the TiION peak decreases and the>¥{Or Ti2Oz) peak predominates. There is no
obvious increaseof the signal at 459.1eV (corresponding to FjQindicating its further

oxidation is prohibited.

The mild oxidation of Ti@Ny surface is also consistent with the decrease of the metallic N
Ti peaks (NTi-O and NTi) intensity in N 1s spctrum (Figure6.119. The oxidation might
result from its inevitable involvement in catalyzing QEReFigure6.17, from which one can
see that the Gree 3ADOMTION composite exhibits a minor OER activi®n the other hand,
due to its high electricalonductivity, it may receive the electrons released from the active
ultrafine Co during OER, and therefore suppresses its further oxidation. The vanishing of TiO
crystal structure in XRD is likely caused by the migration 6f f@m innercore TiQ lattice
towards the OMich TiOxNy outer surface, as a consequence of the applied positive voltage in
OER. In semiconductor physics, such voltageen G transportation in defective Tids well-
known for resultingn its resistive switching property! Figure 2d shows that the outer CoO

surface of the ultrafine Co nanopatrticles was oxidized ing®eduring OER, indicating G4
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is the actual catalytic phase for OER. As indicated in ths ®PS spectrum, after OER reaction,
there is a significant increase the relative intensity of vacancy?Cand GC peaks Figure
6.119. The latter confirms the oxidation of carbon layer during OER, whereas the increased
intensity of G vacancies might have resulted from the positive volitadaced G migration

by extracting & from the latticé>® Therefore, we conclude that, despite the slight oxidation of
the TiONy surface and carbon layer in the composite, its conductive andc®WiO».x (or

Ti2O3) outer surface was preserved during OER. Tikisthe underlying key factor that
contributes to the high activity and stability of the compogditionally, we found that the
chemical state of Co@Tifly remains almost the same after ORR (Figu®), confirming that

the stability of ORR/OER biundional catalyst is mainly affected by OER rather than ORR.
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Figure 6.259) Ti 2p; b) N1s; c) Co 2p XPS spectrum of 3DOEb@ TiONy before and after
5000 CV cycles of ORR haffell test.

6.4 Summary

Building on our improved understanding of OVssemiconductor physics and its resulting
SMSI in solidgas catalysis, we proposed and demonstrated a rational catalyst design strategy of

synthesizing 3DOMTIOxNy semiconductor supported ultrafine Co as efficient and durable
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electrocatalyst. Benefiting frorthe OVsgranted features of Ti®ly support, including high
conductivity, oxidatiorresistance, SMSI stabilizing ultrafine Co, the 3D@A@TiIONy
composite exhibitedomparable ORROER performance, but much longer cycling stability than
noblemetals in a échargeable zinair battery: it achieved over 900 chamjecharge cycles

(300 hours) at 20 mA cri Moreover, we found that the composite undergoes a composition
transition duringDER. Such transition helps us elucidate the excellent stability of thposie,

which is attributed to the sustained OVs and relative low oxidation stai@OgNy surface

during OER reaction. The strategy presented in this study can serve as a fundamental basis for
selecting and designing higlerformance catalyst support maals for oxygen electrocatalysis

in rechargeable zinair batteries.
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CHAPTER 7

Conclusions and Recommendations

7.1Conclusions

The focus of this research was to devedfijirient ORR-OER bifunctional catalysts in zinc
air batteries and at the same timgrovide insights on thereal OER active phase under its
oxidativeoperating potentiaFirst, an efficient surface engineered (oxidized and nitredgmed)
cobalt sulfide oxygen ettrocatalyst supported on nitrogéoped reduce graphite oxide sheet
(O-N-CxSs@N-RGO)was developed using a surface engineering catalyst dgsggnachThe
decorated EN-CoeSs@N-RGO composite shows excellent electrocatalytic activity especially for
oxygen evolution reaction (OER), and good stability over 900 chdisgpdarge cycles (20four)
at 10 mA cn¥ in zinc-air battery. Interestingly, we found thatNDCosSg crystal was completely
converted into CsD4 after OER. As there are increasingly manyomp that claim metal
chalcogenides, especially metal sulfides, as efficient OER catalysts for alkaline water electrolysis
and rechargeablanc-air batteries, our observations further clarify that oxide is the actual OER
active phase rather than sulfideloreover, with such knowledge, our study suggests, and
experimentally demonstrates thatetal oxides, e.g. GOs, in-situ generated from phase
transition of metal chalcogenides or metal oxides during OER, should be more active than the
oxides crystals syhesized from calcination. This study advances the fundamental insight of
metal chalcogenides a s e d OE R , di which tleelpostOERscbaracterizatios of the as
prepared Bunctional catalyst should be considered ittentify its real active phasdt also

provides guidance for the design of active OER catalysts.
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The surfaceengineeredCoSg catalysts was further invegtted by designingit into a self
supported 3DOM structured cataly$he resulting3DOM N-CoySs@NC catdyst provides a 3D
through-continuity for maximum accessibility of the active phases to react&uoish 3DOM
structure design alsminimizes the likéhood ofN-CoSg nanoparticles agglomeratipwhichis
highly possible to occur ilN-RGO supported-N-CoSs@N-RGO catalysts.As aresult the
zinc-air battery using the 3DOM H8oSs@NC catalystdelivers outstanding charge and
discharge performancandlong cycling stability over 400 h at 10 mA @nis achieved.The
results suggest that 3DOM ssliipport porous structurdesign isan effective strategy to
improve the oxygen catalytic activity and cycling durabilinf transition metkbased bi
functiond catalysts. It is also worth to know that tpartial structure crusbf N-CoSg after
long-time OER testingmpliesthatchalcogerde compoundsnight not suitable for the design of

structurally robustbi-functional catalyst

Finally, as an attempt tpermanery solve the corrosion of bifunctional oxygen catalysts
causé by thehighly oxidative operating condition of rechargealdac-air batteriesbased on
our upto-date multidisciplinary understanding of oxygen vacancies (OVs) in semiconductor
physics and solidjas catalysis, we propose a different strategy for the catalyst support design
focusing on OVsich, low-bandgap semanductor The OVs promotg¢he electrical conductivity
of oxide supprt, and at the same time offarstrong metasupport interaction (SMSI), which
gives small met al size, high catalytic activi
first time that such concept is introduced to design active and stablprecious bifunctional
electrocatalystsThis strategy is demonstrated by successfully synthesizing ultrafine Co metal
catalyst decorated thremensionally ordered macroporous titaniuoxynitride (3DOM

Co@TiQNy). The SMSI is verified by density functional theory calculationise flesulting
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3DOM-Co@TiOQNy composite exhibitcomparableoxygen electrocatalytic activity anduch
longer cycling staitity than noble metdbased catalysts ialkaline conditions The zincair
battery using this catalyst delivers an excellent stability over 900 cdeésgearge cycles at 20
mA cnm?, with 99.5% energy efficiency retentiofihis work opens a newerspective taise
OVsrich semiconductors as pronmg support to design efficient and durable {pwacious
oxygen electrocatalysts for metl batteries.This studywould be of substantial practical as
well as fundamental interest to global research efforts in oxygen electrocatalysis andimetal

battey communities.

7.2 Recommendations

This research represents a promising step towandgi@al design and development of
efficient ORR-OER bifunctional catalysts in zirair batteries. It alsoprovides a clear
understanding ofhe real OER catalig componentin Co-based catalystdlowever, there are
still many challenges ahead for the development of novel oxgigetrocatalysts. The following

are recommendations for future research:

i) The realcatalyticphase of OER

Even thouglwe haveobservedhe conversion ofabalt sulfideinto cobalt oxide during OER,
but this isobtainedunder the operatingotentialof 1.60Vvs. RHE. Asdiscussedn Section 2.5
of Chapter2, recently, there are studies reped that there existsa dynamic transformation
between cobalt oxides and hyakides at different OER workingotentias. Thus, we think that
the realcatalyticphase of abaltbased oxygen et&ocatalysts isorrelatedwith the potentials
which should benvestigatedin the future Such sidy will provide a more comprehensive

understandingof the OER catalysis processand guides the rational design of efficidmt
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functionalcatalystan zinc-air batteries.

i) The synergistieffects betwee@o-M (M=Fe, Ni)on ORROER activity

The present study has shown tBBRIOM TiOxNy semiconductor catalyst support design is an
effectivestrategyto developefficientand stable bifurtonal catalysts. However, only Co is used
asthe active component. As there arereasingmore reports obseing improved ORROER
performanceof Co-Fe, CaNi based oxygen ebirocatalysts. Thantroductionof other transition
metals, e.g. Fe, Ni, into the-dsveloped3DOM-Co@TiONy composite to further enhance its

ORR-OER activity and itsynergistic effectsvould be interesting.

iii) The exploratiorof high-performance semiconduct@upportsan bi-functiond catalysts

The current study has only focused on ®i®xNy semiconductorsupport design on the
development of eitient and oxidatiomesistiveORR-OER catalysts. In fact, iadditionto TiOx-
based mateai, there are many semicamndors that worthy to be searched angbloredin oxgen

eletrocatalysis.
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