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Abstract

Sdutions to the growingenergy demand and environment concecas be
increasing theurrentenergy conversioefficiency orseeking alternative energy sowsce
Thermoelectric materials can directly harvest aodvert waste heat from industrial,
residential, commercial and transportation to electricity. However, the low conversion
efficiency of thermoelectric material severely hinders its mass commercial applizat
past few decades, because thermoelecti@ameters including electrical conductivity,
Seebeck coefficiengndelectronic thermal conductivity are intimately interdependent on
each other by carrier concentration. Nanosized matendiit advantges to decouple
the thermoelectric parameters. iy work, thermoelectric performances oftype
MgsSh sBios-based compoundsire enhanced through grain alignment and carrier
concentration optimizatiobue to itstypical layered crystal structurpartid texturing in
the (001) plane is achieved hgt forging. Hall mobility is significantly improved to 105
cm? V1 stin the (00I) plane, resulting in higher electrical conductivatygpower factor
of 18 eW cm! K2 at room temperature Additionally, all of the Mg vacanciesn
MgsSh sBio.s-based compoundare almost eliminatedy simple Y doping and n-type
conduction was successfully achieved without adding extra Mg in the initial composition.
The carrie concentration is optimized through the combination of Y and Mg, leading to a
recordpeakZT of ~1.8 at 773 K in Mgo2Y 0.02Sh1 5Bio 5.

Electrochemial water splittingis capable of converting electricity to chemical
energy storagkas hydrogenwhichis considered to be one of the most promising energy
alternaives Oxygen evolution reaction (OER3s onehalf reaction of water splitting

suffers from nultiple steps of protoiwoupled electron transfer and displays a sluggish
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kinetic process, it is challengg to develop efficient OER catalysts in order to match well
with hydrogen evolution reactiofor overall water splittingWe developa new route to
synthesize highly efficient and robust bulk catalyst of«Né& layered double hydroxide
(NirxFe-LDH) for OER byball milling and sinteringThe nanesheet catalystachiee
100, 500, and 1000 mA cfrat overpotentials of 244, 278, andBmV, respectively, as

well as a low Tafel slope of 58 mV dém 1 M KOH.
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Chapter 1 Introduction

1.1Background

fiGlobal warmingpf 1.5°Coraises humanity alerts about #r@vironment concerns
and weatherextremein 2018 This predication with high confidence asfor every
p e r saoontridugion to control thanthropogenic emission, which would give chance to
keep the global warminigelowl.5 °C by the end of tis century!™ Fossil fue] asone of
mainenrergysources, haseencontribuing to the wotd developmenand society evolution
since the préndustry period? Amounts ofconflicts and problemstand betweehuge
energy demanding and sustainalilevelopment. Bsearch commutyi have made
enormousefforts toseekingfor new cleangcosteffectiveand ecofriendly energystead
of currentenergyconfiguration’® Though slar, wind, tide,and hydropowehave been
well adoptedand benefit humanitythesekinds of energyconversionare accompanying
with some disadvantages, sues complicated design, highmaintenance costand
collateral environmeet pollution!®

In past few decadeshdrmoelectric matials offer a feasible solutionto
predicamentThermoelectric generator, as sedighite energy conversion, exhibits superior
advantage than traditional energy conversion, such as-mwmving parts, nonchemical
reaction, lowcost maintenane, quiet operatin, and zero emissioretc!® The tricky
situation for application isits low convergon efficiency. The performance of
thermoelectric materials was governed by dimensionless figure of Alenwhich was
struggling with1 till the end of lasicenturied® ZT value 1 of thermoelectric materials
indicated10% conversion efficiency from heat to electric power under ideal working

condi t i mirgpod énbugh tdcemnrercialize it in large s€alEhe target figure of



merit for mass prmuction and application should be beyon#!3The emerging of
nanotechnalgy totally changed this situatioddvanced theorieand concept including
guantum well energy filtemg, resonate states, and band enginearegroposed, and
figure of merit ZT was brought up to 2 by combing these tiewith innovative
fabricationprocess in past twenty decadssch as, ball milling, spinningpark plasma

sintering and moleculabeam epitaxy (MBEgtc.[*!

In addition toincreasing current utilization rate of energy circulation, people also
try to seek other advanced alternative energy souBeasg the most abundant of elements
in the universe and one of the highest energy density values per masgieydas been
considerd as the most promising energy alternatives to replace fossil fuel and change the
energy configuration in the futuf®! The combustin of hydrogen is quiet and has
emission but heat and water vapérin past few decadesytirogenmainly is made from
fossil fuel and its production is dominated by steam methane reforming of natural gas,
followed by partial oxidation and autothermal reformiffjHydrogen isgenerallyused in
refining indusry as petrochemical fohydrocracking and desulphurization, ammonia
production, metal refining, methanol production, food processing and electronics sectors
in existing industry. Electrochemical water splitting is anothevell-established
commercial techology to convert eledtity into chemical energy stored by hydrod&h.
This method principally relies on the electrode catalysts. Water splitting is composed of
hydrogen evolution reactiofHER) on cathode and oxygen evolution reacti@ER) on
anodeNoble metels (Pt, Ir, Rugnd heir oxides (IrQ and Ru@®) have been traditionally
acknowledged as the most efficient catalysts for HER and OER, respelfiMdtlywever,

their high cost and scarcity severely hinder lssgale applications. Lately based



cuttingedge baracterization methad like high resolution transmission electron
microscopy, iesitu X-ray absorption spectroscopstc'® the mechanismof water
electrolysisarefurther disclosedt turns ou that nanostructure abeneficialfor exposng

more active sitesaind inproving the electrodes durabili®y! Trarsition metatbased
catalysts with diffeent morphologies displays comparable, even better efficiennytiat

of noble metad, such as metal selenitlé, metal phosphid&® Ni/Fe hydroxides$t® Ni/Fe

double layer hydrades!?® MoNi4 Y etc.OnJanuary 17, 2019, South Korea government
announces f Roatdetogd etacd eBeccoomt he Hydrogen Ec
years, which laid out its goals of leading hydrogen technology worldwide, including
hydrogen vehicles, production and refueling stai As the dilemma between increasing
energy demanding and enviroam concerngelated toglobal warming constantly are
becoming intense, more global attention was paid to hydrogen production in recent years.
Though water electrolysis has been known00 years, the largecale application was

still limited by high cots from noble metal catalysts (Pt/Ir) and proton exchange membrane
in acid electrolyte, or low conversion efficiency in alkaline electrdit®evelopng non

noble metal catalyst with high efficiency és®ntial to promotdargescalehydrogen

technology developmeft!

1.2 Introduction to thermoelectric materials

This energy corversion from waste heat to electric powéry thermoelectric
materialg TE) depend on Seebeck effect, which wdscoveredy Thomas J. Seebeck in
1821 As shown in Fig. 1(a), kenthe junctions connectingwo dissimlar metal wires
was given taemperaturalifference voltagedrop canbe generatedt the ends of wires

The reversaprocesf Seebeck effect is Peltieffect which was discovered by Jean C.



A. Peltier in 1834In Fig. 1(b)Peltier effectwasdescribedasa presence of heating or
cooling at the junctiorconnecting by two dissimilar metalvhen a current was injected
into a circuit.Thegeneral thermoelectric power generator and refrigevedsrindividually
reliedon Seebeck and Peltier effect, respasi. Fig. 1(c) presents the common schematic

of thermoelectric generator and refrigerataich is consisted of-type and gtype
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Figurel (a) Shematic of Seebeck effecient and (b)Peltier effect. (c) Sche
of thermal generator and refrigerator.



thermoelectric elements wired electrically series andhermaly in parallel® The

conversion efficiencyf thermoelectrigeneratowasevaluated by

_ — 1)

where T andTc are the temperature of hot side and cold side of thermoelectric generator,
respectively?® And ZT is denoted agigure of merit which was used for evaluating the

performance of thermoelectric materialedis expressetly
Y —Y (12)

where S,A, [ and T are the Seebeck coefficient, electrical conductivity, thermal
conductivity ([ [, with[ being the electronic part arffdthe lattice part)and
temperature in Kelvin, respectivéf§! From hernpelectricmaterialsto the generator, it is

an extremely complicated engineering woikhe process of rergy conversionis
accompaying with Seebeck effect, Peltier effect, Thomson @ff@éouleheatingthermal
exparsion and contact resistane&?’! High figure of meritshould berequiredfor high-

efficiencyenergy harvesting in largecale applicatioff®!
1.3 Strategies for thermoelectric performance improvement
1.3.1Nanoengineering on charge carrier transportation

1.3.1.10ptimization of carrier concentration
Based on the definiton of figure of me#f] enhancemerdan be realized bgither
i mproving numerator, wh?),ordecressiagrihe dendmmarqr o we r

(thermal conductivity .9 All of themoelectric parameterare intrisinc properties of



materials Seebeck coefficient igdefined as theéSeebeckvoltage per unit tenmgrature

difference which can ba&lescribelbyMot t 6 s equati on,

Y ——QY-—— ——— | (13)

wheree, n(E), €(E), ks, T, and E are electron charge, carrier concentragmrenergy E
mobility at energy Boltzmann constant, temperature and Felewvel®? Electrical
conductivity is calculated by

. €°,Q (1.4)
the electronic contribution to thermal conducingan be estimated WiedemahRrare law
by

Q L, 0YEQ DY (15)
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Figure2 Carrier concentration depegrce of thermoelectric parameters



where L is the Lorenz factor, and referred to22 48 ¥ K2 C2 for free electron§ 32 |t

is notable that S{I, and a are couple with each other by carrier concdiuma Fig. 2
illustrates the strong interdependence of e#ftbrmoelectric parameter on carrier
concentration. lts extremelydifficult to improve one parameter without deteriorating the
others For example,higher electrical conductivitynormally lead to higher thermal
conductivity andpoor Seebeck coefficient. Low thermal conductivity resuft low
electrical conductivity and large Seebeck coefficidghbwever, itturns outthat the
maximum ofZT value typicallylocates athe range of carrier conceation, around 1€
cm, whichis corresponihg to heavily doped or degenerate semicondudtdinlighten

by this, tining carrierconcentration later was proved to be the most efficient approach to
enhance theroelectric performanceFor example, it was demonstrated that alkaline
metals were effective dopant to adjust the carrier concentration in PbTe/Se confffounds.
¥lSubgroup and lare vety kffective damor fortypenMizsBhy-lmsed
Zintl compounds$®® Though the efforts that carrier concentration contributes to
thermoelectric performance enhancement is important, the biggestngealdé high
efficient thermoelectricmaterials is to decouple interplay of charger carrier in
thermoelectric parameterén 1993, Hicks and Dresselhaus introduced that quantum
confinement of charge carriers in laimensional materials, which enable maiépng
power factor independently ddramatically increaséT value beyond £7:3When nane
structure based concepts were introduced into thermoelectric fielsignificant
achievements and innovative breakthrough were made in past two deBased.on
optimized carrier concentrationamo technology is capability of precigetngineering

band structur€ and tuning phonon and electron transffSttFor example, thermal



conductivity can be effectively suppressed with minimizing influences on power factor, or

Seebeck coefficient was improved without deteriorating electrical conductivity.

1.3.1.2 Energy filtering

Improving power factorusually is one of the approaches to boost TE efficiency,
and simultaneously give rise thigh output powef'! Power factor is the product of
electrical conductivity and Seebeck coefficient. Improvement of power factor should result
from thestraightincrease of Seebeck coefficient as opposed to good electrical conductivity,
becase Seebeck coefficientlose not straight affect thermal conductivity, while
manipulating electrical conductivity would inevitably influence the electronic part of
thermal conductity.®? From Mot t 6s equat i ofs,deteBrénecbye c k c o
carrier density of sttes (DOS) near Fermi level and average energyarfjecarrier, which
sugget thateither high DOS or higher average energy of charge carrier can give rise to
improved Seebeck coefficielt! The typical case is thaigerlattice which is formed by
alternating mateails with thickness of 3 nm. W@ntumwell structure created by
superlattice lad to confinement of Hplane charge carrier, artdie DOSin each well

structure was enhancesharply resulting in substantial improvement of Seebeck

| N = T2
E, oB{ =% o] Conduction Band
| S I Y vorrer= — b4
| I —
Valence Band
matrix Nano second matrix
phase

Figure3 Schematic of energy barrier between nano inclusion and matrix.



coefficient and power factowhen it comes t@T value, superlattice presents its drawback
that heat notonly flow through inplane well, but also out plane, which offset the
enhancement of Seebeck coeéfitt. The transfer of charge carrier is confinement in-two
dimensional space, but heat flembodiesulk phenomena. Thoughinner well was tried

to makeup this disadvantage, tunneling effect between adjacent quantum well normally

mitigate the improvedgwer factor**

Inspired by the effect of quantum well in superlatticenergy filtering was
introduced into bulk materials byompositing the second nanosized phaseinviblk
material§*®! Due to the difference of band structueaergybarrier will be created cross
the gran boundaryig. 3 presents a typical band engineeriegign for energy filtering.
Electrons with low energy normally were trapped or filtered leybérrier, andcarriers
with high energy will flow throughresulting in increased average energy of charge carrier
and higher Seebeck coefficient. Tyl reduced carrier concentratiorservicing in
transportation wouldeopardizeelectrical coductivity, dramatically improved Seebeck
coefficient will mitigate this les, leathg to enhancement opower factof*®! It was
demonstrated thanergy filtering was createat the coherent grain boundaniehenfull -
Heusler nano inclusions of «#sHfo.7sNi2Sn were dispersed to half-Heusler nano
materialsof Zro2sHfo79NiSn Normally, the cater concentration was expected to be
increasedf the matrix wacompositedvith metal inclusions, but obviously carrier density
was decreased by 40% at room temperature. It was claimechéhanprovement of
Seebeck coefficient mainlyebefis from thefiltering of low-energy carriemvolving the
transportatiorat low temperaturd t 6 s u n e x p e the reodilitytwas inopkoged r v e

dramatically, which compensate the loss of carrier concentrdtially leading to the



power factor increased by 60% eiom temperature compared to the pure matrix
Zro.2sHfo.78Ni2Sn. At high temperatte, low carrier concentration compared to undoped
matrix did not induce bipolar effect, andrrier concentration rigapidly with temperature,
which was attributed to the giipation of low energy carrier, which access energy
channel by gaining suffient energy from the thermal energy.

It should bespell outthat energy filteringc o u | ek rcdrrectly introduced by
simply compositing nanosized inclusion with matfix.The phase separated by
boundaies should becoherat or structural similaty to guarantee lattice matching at the
boundarieswhichcan promise the boundariggermally stabland lowenergy Othemwise
both high energy and low energy carrier would be scattered simultanetheschievable
amount of Seebeck coefficient improvem, and carrier concentration reduction is
strongly depmedent on energy barrier E, which can be manipulated by precisely

controllingnanainclusion size, boundary tilt angle and inclusion disperstdn.

1.3.1.3 Band convergncy

In heavily doped semiconductors or degenerate semiconductors, Mott equation is

simplified as
a PbT: Ph, M.Te b
@] ez 2 O Ny g\
0 I ~500 ~900
S ol L Afw
- : 00} o AEcs
o (B S 02F— a A
i i 0.4 \
L\ iz L iz ' ™

Figure4 Relative position of light valence band and heavy valence band def
on dopant elment and temperature in PbTe/Se.
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"y a: — (16)

whereh is the Plank constanty is the effective mass. It can be observed that effective
mass isanother option tamproving Seebeck coefficienMultiband convergerehas the
advantage oproducing largem” without explicitly reducing the mobilit{#® Specifically,

band convergence dfigh symmetry crystaltgictureslike PbT&Se)“® (Bi,Sb)yTe;

and SnTEY can be realizety tuning band offset between the light and heavened

band The lighthole valence banldcateatL pointsof the highly symmetric Brillouin zone,

and theheavy banddefined as heavkiole valence band exists at tEepoints®? The
difference of light band and heavy banadssribedo the different effecive mass of charge
carrier®® As shown irFig. 4, there is an energy offset between two seprated valence band,
which is materials dependent. The value in PbTe normally is ~ 0.15 eV, and ~ 0.3 eV in
SnTe at 300 K. The band convergence was descriltée asdistibution of charge carrier
betweentwo vakence bands when theandZ band edges are moving closBiormally,

only charge carrierg the lightbandtakespart in transportatianAfter band converging,

the overall effective massould be enhanced due to participation of heeffgctive mass

from theheavy valence bantkading to intense impneement of Seebeck coefficienthe

effective mass after carrier redistrubution can be calculated by

a: 0! ar, (1.7)
where Ny stands for the number of degenerate valleys ganis theaverage (single val)
density of statesffective mass oflegeneratealley®? Roomtemperature TE materials
(Bi,Sb)yTes displays substantial band degeneracy, with ¢ for conduction band and
valence ban®? It also find out thaPbTe has band degeneracy 4lfdrand and 12 fof

band®3!
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Band convergency can be produced at desired temperatw@mper dopankig.
4(a) presents typical relative energy of valence lsamd PbTesSe 15 As the
temperature rises to 500 K band andZ band start to converge, leading to transportation
contributions from bothH. band andg band which is benificial for keepingeebeck
coefficientincreasing at high temperature. Combining with strong phonon scattgfing,
value of 1.8 is reached at ~800 Band convergency also could be realized by doping in
the matrix,for example Pbi.xMxSe (M= Mg, Mn). With increasing content of Mg or Mn
in the matrix, the energy level of bathandZ band begin to reduce, butband reduces
much faster thafé band, reulting in descreased energy offset betwkend E band.
Finally, a highZT valueof 1.6 at 700 K and 2.0 at 873was achieved by Mn and Mg

doped PbTe, respectivefy!

E

\ 4

Figure 5 Resonate states was produced when Fermi level aligns witl
distorted density of states.
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1.3.1.4 Resonat states

As aforemensionedstrategy for Seebeck coefficiemnhancementimproving
density of states near the Fermi level isthaofeasibleapproachBased on Mahafofo
theory, DOS can be increased when the Fermi level of a semiconductorpabgesly
within the range of the excess DOS in the b@fid. 5) This situation occurrs thathen a
local impurity energy level was created by the proper dopant in the semiconductor and
valence or conduction band can resonates with -5’1 It has been demonstrated that TI
impurity level produced a distortion of the electronic DOS and enchance the Seebeck
coefficient, leading to peakT of ~ 1.5 at 773 K in jiype PbT&®®

The band convergence or resonate states can be traced by the deviation of
dependance of Seebeck coefficent on the carrier concentration, which was named as
Pisarenko curves. The theoretic Pisarenko cufeeshermoeéctric materials & be

calculated by a simple parabolic band model (SPB) as shown in following equation,

Y — = — and (1.8)

I L, (1.9)

where r and Ris the scattering parameter, and Hall coefficient, respectivg) 5 the

Fermi integral and] is the reduced Fermi ener§§. Zhanget al. investigate Al dopig

effect on rtype PbSeCompared with the situan of Cl and | doping matching well with
Pisarenko curves, Al doping exhibit enhanced Seebeck coefficent at the same concentration,
which is 4®6 higher that of SPB model. The synergistic effect of enhai@sbeck
coefficient and low thermal conductivitpom nanosized phonon scattering resultZn

of 1.3 at 850 K59
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1.3.2 Nano effect onphonontransport

Thermal conductivityn thermoelectric materials contributed by latticpartand
electronigpart Only the lattice part is independen the carrier concentratioso reducing
the lattice thermal condticity is a direct approach to enhance figure of merit in
thermoelectric material&’ Phonons as the quantized energy toritattice vibration are
the carrier for thermal transport in the latti€astracting phonon transport or enhance
phone scattering ikelpful for reducing lattice thermal conductivit2honon normally
encounter scattering from different source such dscte inclusion,and boundaries
which has a size distribution, from namomicro meters: 6! Fig. 6 illustrates the kbkcale
hierarchical structure for fulvavelength phonon scatterirfgnergy waves transping in
lattices have a spectrum of wavelengths, which is corresponding to different mean free path
(MFP)for phonon. Strong and efficiestattering anbe expectewvhen the size of defects,

inclusion and boundaries are comparable with the mean fre€p&tif? The advantage

Boundary any{
hase interfgce:

Nano-
Precipitate

Point defects,
lattice distortién

Figure6 All -scale hierarchical structure for fwllavelength phonoscattering.
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of nanomaterials is torpduce more boundary interfaces to entegsttonon scatteringdt
should be emphasized thall milling and cold pressing is one of the most popular and
efficient methods to synthesize nasize thermoelectric compount§s.%! Amounts of
nanosized defects and grain boundaries are created, leadimgntyp scattering of short
and intermediate MFP phonon. Benefiting from largely reduced lattice thermal
conductivity ZTvalue of ptype BiTes compounds achieved 1.4 at 37¥K Subsequently,

al spectrum of wavelenptscattering is alsproposedand the corresponding materials
design was named as-altale hierarchical architectureBhe based principle of adicale
hierarchical architectures is to build different sizesottering source corresponding to
different MFP phonon&®! For example, point defects atomiescale lattice disorddor
short MFP phonons, grain boundaries, dislocation, lamellar/multilayers for medium MFP
phonons and mesosized grains or precipitation for long wavelefiytbf! In order to
realize all-scale hierarchicalrchitecture scattering, advanced fabrication process is
adopted. Point defects and atora@ale lattie disorder usually are introduced by dopffi.
Mass fluctuationor strain field phonon scatteringan be realized byolid-solution
alloying.** 8 Multiple boundaries, dislocatioand precipition can be obtained by ball
milling, melt spinning, and annealiffg: "% "XIBy taking these approachesghiZT value

of 2.2 at 915 K is achieved intgpe PbTe, which is attributed to atomic lattice disorder
and nanosized endotaxial precipitdféslt was demonstrated thaigh thermoelectric
figure of merit of 2.2 is achieved in Na dopedch P&uw.o:Te by effectively suppressing
lattice thermal conductivity througtombining scattering effect of point defects, lattice

dislocations, and nanosized interfaces.
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A P h ogasselectror r yst al 6 (PGEC) was another pu
for thermoelectric performance enhancemE&hPGEC thermoelectric materials possess a
desirable single crystal structure for good electronic properties, and a disordered atomic
arrangement akin to amorphous material for extremely low thermal conductivity. Of
interest is the fact that PGEC system possess features in common with Skutterudites and
clathrates, which originates from its crystal structure. Binary skuttesuuit® a normal
formula MXs (M =Fe, Ni, Co, Rh, Ir and X = P, As, Sb), and crystalized #oded
symmetric cubic structure. The unit cell is composed of eight cubes of M occupying the 8c
sites (Y4, Y4, ¥a), with six of these cuilkers with square rectangle of X occupying 24g (O,
y, Z) sites. There are two remaining voids left in the unit tedl, diameter of which was
estimated to range from 0.17 to 0.2 Btn’* ">IThe main approach of obtaining phoron
gl ass ther mal conductivity is idsavithcmad at e A
diameter largemassinterstitialssuch as trivalentrafe ar t h i ons. These f
usually produce localibrational modes and disorder, which can strongly scatter phonons,

leading to large reduction in the lattice thermal conductitAty’!

Advanced technolaogs were employed to reduce the thermal conductiftyher
approachingo theamorphoudimit, but the figure of meritnprovement still was impeded
by the interdependence of thervelectric parameterslt turns outthat materialwith
intrinsically low thermal conductivity also displays potential for high thermoelectric
performance, which normally has quite complicated atcarrangemerit® 7 80 8lFgr
exanple, Zintl phase, BiCuSeO, and liqultkke materials.Thermal conductivities of
polycrystallineBiCuSeOarereported as ~ 0.9 W hK ! at room temperature and ~ 0.45

W mt K1 at high temperatur€ AgSbTedisplay a very low thermal conductivity in the
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temperature range &00 K (0.3 W mt KY) and 673 K (0.39 W mh K™).18 84  jquid
materialamainly refer to copper based chalcogenjdesvhich Se forms Hgid facecenter
cubic lattice, and copper ions are ramdp distributed around Se sublattice, and behavior
with liquid-like mobility.®5] The Se cubic sublattice provide a crystalline pathway for
charge transfer, and liquitke Cu ions results in extremely low thermal conductivity.

Their combination effect leato peakZT of ~1.5 at 1000 K in CakSe compounds®!
1.4 Electrochemical water splitting

1.4.1 Introduction of water splitting

Watersplittingisd e s ¢ r i b e dissacsationndothyelnogers andloxygen. This
processcontains two separate reaction, hydrogen evolution rea@i&R) and oxygen

evolution reaction (OER§1I t 6 s wel | k n o wthenokt atdblswbstanees i s o

on earh, so the tsociationprocessalways anenergycostprocesswhich is capable of

Cathode Anode
— o
\ 9 m /
Hydrogen Oxygen
@ v ®
= ®
® S
0 @
Hydrogen @ qE, Oxygen
Bubbles E ® Bubbles
’ ®
Cathode @ : Anode
Reaction @ Reaction
< L
\J =0
AH+ —)2H2 e@ @@
i 5H,0—0,+4H*+

Figure7 Schematic of water splitting in electrolysis cell.



converting electricity to chemical energy storage as hydrBgets shown in Fig7, a
electrolysis cell is composed of an anode, a cathode, a power source and eledttante

a DC potential is applied, electranill flow away from the negative electrodenardsthe
cathode, where hydrogen ions consumed the electron to form hydrogen. Meanwhile,
hydroxide ions driven by thelectric field between negative and positive &tmbe move
through the electrolyte and athe anode, where hydroxide ions give away electrons to
form oxygen. And these electrons go back to the positive terminal of the power$burce.

23,88 The half reactinsoccurring oncathode are described faiows:**!

( Ao( , (1.10)
¢( ©°( ,and (1.11)
«( cAo(, (1.12)

where Hgsis adsorbed hydrogen on the active.Sliee other half reaction occurring on
theanode are as following®!

I P A, (1.13)

I |/ ( P (/ A, (@14

/ / P/ ,and (1.15)

o (P g/ [ 1A (12.16)

These steps involve four protaoupled electron transfers and oxygetygen

bond formationThis whole process oabe conducted in alkaline solution, acid solution
and neutral solution. However, alkaline and acid solution provide better charge transfer in
the solution than that of neutral solution, and most of metal electrodes endure
electrochemical corrosion forariger timen alkaline solution than that in acid soluti&h

81 Another disadvantage of conducting water splitting in acid solution is that the cathode
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1.23 =22+ 44, 0, (9)
de~ _ 2
1F = <H,0 -
02 +2
0.0591 mV/PH 20 * 4o~

= 401‘[\1
0.401

E (V)

H
¢ " 201~T.0.829

0 7 14
Figure8 Pourbaixdiagram for water at standard temperature and pressu

must be noble metal because its relatively high kinetros$ lbetter electrochemical
stability [°%

Kinetically, the whole reaction is uphill process and requires an energy input of 286
Kj molat room terperature and atmpressurelridium/Rutheniumdioxide isthe state
of-the-art OER eletrocatalyst$!! The standard potential for OER at PH 0 is 1.23 V vs.
standardchydrogen electrode, lich is the biggesbbstacle for water electrolysigs the
reactionproceed in acid or alkaline solution, the poteritiatease®y shifting 59 nv for

eachrising PH unitaccording to the Nernst equation
0o O —ai&e—, (2.17)

where E, E R, T, n, F, [Red], and [OX] are the potential, patdrat sandard conditions,

ideal gas constant, working temperature in Kelvin, number of moles of electrons
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participating in each mole of reaction, Fdag constant, concentration of reduced
molecules and concentration of oxidized moleclifé&ig. 8 showsourbaixdiagran, and

the stability region for water was limited by the solid red and black lines in a shadow region.
The solid red and black lines are referred to the oxygen evolution reaction and hydrogen
evolution reaction, respectively. The potential E is gsvahaging with PH value
regardless of the highly reducing condition (HER, T1@8tuv wp 6)] or highly
oxidizing conditions (OER% p& o 6 T8t L w p 6 ). Reversible hydrogen electrode
(RHE) was introducetb avoidrequirement omeasured potential changimgth the PH

value so the theoretical potential for OER is always 1.23 V vs. RHE and HER is O V vs.

RHE at all PH values.

Cell efficiencyusually isdefined as the ratio @nergydirectly used forhydrogen

and oxygen production to the total energy in@rtd t can be approximated that the

e

circuit

a

n |
Reiut |0 PEM

d !

e

lrno_o:-r-fmni
e v |

Ranode + Rsurface RION + RMEM Rar\ode - Rsurface

Figure9 The distributionof charge resistances in the water splitting.
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percentage of effective voltage for water dissociation in the whole voltage applied on

electrolysis cellEquation was ag-aradic eficiency,

S — (1.18)

whereE ¢ and Een are Gibbs free energghange and cell voltage input. In order to get
higher efficiency, energy loss should be avoi@dsdmuch as possible, which primarily

come from Joul eb<eirmFga9t from the resistan

Good catalysts coulgrotectwater splitting fronthelargeenergy casumption It
has been proposed that catalysts for widespread applishioid satisfy requirements as
following: a) low overpotential fotarge current densityb) chemial stability in the
electrolyte c) robust mechanical strength and no peelingd)ffpng time durability and
no potential drift with time, eimple and ecdriendly preparation process aloav cost!®>
%I Noble metal(Pt, Ir, and Ry and their oxides (Ir@and RuQ) displaylow onset potential
and highy efficient performance foHER and OER, but high coand extreme scarcity
restrics their application, andead to few percentagshareof worldwide hydrogen
production by water splitting#! Good catalysts could ynthesized by well controlling
three critical factorsas mamg active sits as possibléy increasing thesurfacearea
superiorelectrical conductivityof electrode andsuitableabsorption energy of hydrogen

ions. The strategies of optimizing three factors willthlkedin next part.
1.4.2 Strategesto improve efficiency of water electrolysis

1.4.2.1Energy barrier and resistance

Electrons constantly flowalong the whole circuitduring the electrochemical

reaction, indicatingcharge transfeinvolved every singleprocess of water electrolysis
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must overcome the resistance and the batwidorm hydrogen and oxygdwy virtue of
applied potential As shown in Fig. 9, hite resistance includethe resistance of the
electrolyte(Rion + Rvem), whichrefers tathe ions transfer in the electrolytesstance of
circuit (Relectrodet Reircuit), and interfaceresistancebetween electrode and electrolyte
(Rsurfacd, Which mainly refer to the ions exchange between thdrelgi®e and the active
sites!®® The lowerresistancén the circuit and electrodavoid high-energyloss fromthe
joule heatand promoteelectron transfer efficiencyThe major concerns involvehe
resistance oanode and cathod&he catalysts normally groan or bind with the support
materials as the electrode®odcontactguarantee electron transfer between electrode and
active sitellt should be mentioned that bubbles covering on the actives site alst lead
high resistance on the surfacejjsb 6 s | mper at i v ebblds mstapty fromr i d o f
the active site after Hor O; forming®® Xu. et al. studied S-doped effect on HER
performanceof MoSe nanosheetand found out S effectively reduced the charge transfer

resistance from 145.0% to 35.66q, which contributes to faster HBgnetics!®”]

1.4.2.2Large electrochemical active surface area (ECSA)

Large ECSAcan provide more positions and edgesexpose active sites for
adsorption and desorption of hydrogen, hyitte and intermediaté¥: %! The straight
way to enhance ECSA is to produce natroictured catalysts, such as nanowi®s0l
core shell*®? nanosheet&%l and sandwich structuré8 etc.Most welkinvesigated NiSe
for HER has been formed in tbfent structure like nanosheets, nanoparticle, and
nanowireswhich are responsible for their reported large ECSA, leading to highly efficient

performance.
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Threedimensional structure metal substrates such etalfbam and metal sheet
are also adopteds support, and efficient catalysts can be grown on by hydrothermal or
chemical vapor transport, or able to bound with them to increase the active calhlysts.
et al. have devoted lots of efforts to synthesgaod catalysts on Ni foam for HER and
OER,including NiSe/Ni,1WSSe/NiSg?? Ni,P/CoP/Nilt%* NiFeOOH/NI®? etc.Many
of them exhibit remarkable achievemerbr example, 3D structure NiFeOOH synthesized
based on Ni foam using simple rodaemperaturestirring method, reaches current density

of 1000 mA/cm at a potential of 258 mMand also exhibit excellent durabjli®?

Electrochemical active surface arehelectrodesusuallyis proportional to th
double layer capacitance {{; which can be extracted from the cyclic voltammetry (CV)
in the potential range where no Faradaic current is observed. The difference okpositiv
current at oxidation and negative current at reduction is linearly depesrdthre different
CV scanning rate. The half value of the fitting slope was considered as the-xyelble

capacitance.

1.4.2.3Free energy of asorption and desorption

The freeenergy of dsorption normallyindicates the intrinsic properties of the
catalyst, which commonly are suggested by the Tafel slope and exchange current density.

The Tafel equation can be written as
- O o IE (1.19)
whered -2 1" and® 8 il ,F R,andT refer to the current density,

exchange current density, transfer coefficient (its value lies between 0 and 1 for one
electron reaction), Faradayngiant, gas constant and working temperature in KERAn.

The Tafel slop are obtained by thénear relationship between the overpotential and
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logarithm of current densitgnd exchangeucrent densityd, which is the current of the
reversible watesplitting reactiorand can be acquired by the interception of slope with x
axis. Tafel slope and exchange current denaitythe indication of the kinetics catalysts
andratedetermining tep in the whole electrolysis procé€s® A small Tafel slope and
large exchange current density are prefersegictive kinetics and low overpotential barrier.

It has been proposed that HER in acid solutiontainsfour possible steps/olmer step

(/7 Ao ( / and (1.20)

(" °o( (1.21)
Heyrovsky step

( (/ Ao( (/,and (122
Tafel step

( ( ©°¢(, (1.23)
where Hgsand(~ denotes adsorbed hydrogand active adsorbed hydrogeon the

catalystsite. Eqn 1.21is the Volmer equatiorwherein is assumed to be 0.5, and Tafel
slope for this step was estimated to be 120de¥* (&0 ¢&—). The steplescribed* is

absorbed onto the active site of the surfaeeslectrochemical dischaegstepEqgn 1.2

is proposed to be the spdler processwhich mainly present the migration of unstable
adsorbed © to a stable siteTafel slope forthis step is estimated to be around 60 mV.
Eqgn 1.8 and Eqn1.24 are identified as Heyrovskyd Tafel reactions, respectivety”

1081 And the Tafel slope are associated with these two steps are 40 M\a80 mV
dec?, respectivelyH: is generated through electrochemical desorpfiafel slope ofL20,
40,and30 mV dec?!, are referred to be Volmer, Heyrovsky and Tafel sep.example,

Volmer step would be the ratketermining step when the Tafel slope is around 120 mV
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dec!. Rate determining step may involve into tielmer-spilloverHeyrovskyprocess
when the Tafel sige is fall in the range of 560 mV dec'. Noble metal Pt normally exhibit
30 mV ded of Tafel slope, which suggest th@lmer-Tafel reaction process is the rate
determining step.

Low Tafel slopas strongly correlated with thede energy afiydrogen ohydrogen
oxide ionsadsobedto the catalystsurface It is alwaysan effective way tmbtain low
Tafel slope bychangng the electronic structure and lowey thefree energy ohydrogen
adsorption First principle ensity funcion theory often was hired to evaluate th&,
which is a quantitative parametergauge the bonding strength of hydrogen and niétall.
CoPhas beerxperimentallydemonstrated to bekafunctional catalyst for overall water
splitting. DFT calculation displays thattis not stabl€or Hydrogen ion adsorbeat P site
and Gy is nearly-0.14 &/ once hydrogen was adsorbed by Co, which is much larger than
that of Pt,-0.009 &/. However, this value can be suddenly lowereeédt688 & at Co site
when partial Co was substituted by, Bving rise to weakened-go binding strenip and
promote Gu toward zero accordingly®® Hou. et al. also investigate the effect of
vacancies and P displacement of Se in cobalt phosphatetenielectronic structure. It
was claimed that the weakesthlidnd was obtained after P substituting due to the longest
length of H bond. Besides;®o bond indued one of Co atontsansition from oxidation
state to the reduction states, which is helpfulotver the Coulombic potential for atom
hydrogen adsorption and shorten the distance between two neighboring H atoms for
hydrogen desorption in HER. The synetigigffects of vacancies and P substitution lead

to 10 mA cn? at overpotential 150 m¥
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Chapter 2 Characterization

2.1 Thermoelectric materials

2.1.1 Thermoelectric properties characterization

Theelectricresisainceandthe Seebeck coefficient were measuredalopmmercial
system ZEM3ZEMS3, ULVAC) with dimensions of about 2 mm2 mm x12mm. Figl10
shows the schematic of resistance and Seebeck coefficient measurement in ZEM3. Electric
resistance was tested by direct current (DC)-fwobe method. When a current was
injected into the sample fronmé blocks, potential V between the two thermocouple
sample contact points can be read from thermocouple probes. Seebeck was obtained by
static DC method. When a temperature difference was applied on the sample through the
heater concealed in the bottorodk, a thermal electromotive ford® was subtractefifom

two thermocouple probesh&rmal conductivity was calculated by ‘06 ", whereD is

Heating furnace

Ve Ve Ve VN

Upper block
— 7/ 1
/ Thermocouple #1
DC %{: dv
//2 Thermocouple #2 L
| —— AT Heater
NV Lower block

AN

Figure 10 Schematic of measurement principle of Seebeck coefficier
electrical conductivity.
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the thermal diffusivity determined by Laser flasbhnology(LFA 457, Netzsch)For most
of thermoelectricemiconductor, pellets with diameter 12.7 mm and ttaskril.5 mnor

lower are prepared for the diffusivity measuremertte Bpecific heab was obtained by

differential scanning calorimetry thermal analyzer (DSC 404C, Netzaol)density”

was measured by Archimedes methoHall coefficient Ry at room tenperature was
measured by Physical Properties Measurement System (PPMS D060, Quantum Design)
with four-probe configuration. Thickness of samples was controlled below 0.4 mm, and

the magnetic fiel sweeping is controlled between +3 T a¥dT. The Hall carier

concentratiot and mobility’ were calculated by —and’ 2 Y.

2.12 Phase and nicrostructure characterization

X-ray diffraction spectra analysis of pellets and powder were conducted on a
PANalytical multipurpose diffractometr wi t h an Xoécel erator dete
Pro).Microstructures were characterized by scanning electron microscopy (SEM Leo 1525
Gemini FEG, ZeisandFE-SEM, LEO 152%and transmission electron microscope@L
2010R. Microstructure charactes@ion wasalso carried out by JEMARM 200F TEM.

This microscope was equipped with a Cold FEG source for STEM and esmxtigoole

Cs correctas for TEM and STEM, respectivel$samples of thermoelectric materials for
the TEM were prepared by a standard prwe, including mechanical polish, dimpling,
followed by ionbeam milling. Specimens of electrochemical water splitting for TEM was

peeled of by ultrasonic or blades, and then dispersed on copper grid by ethanol.
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2.2 Water splitting

2.2.1 Electrochemgal activity characterization
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Figurell Schematic of double layer structure and the spwaded equivalent circ
during water splitting.

The electrochemical tests were performed via typical thlegtrode configuration
in 100 mL 1 M KOH electrolytePt and Hg/HgO were adopted as counter and reference
electrode, respectivelylhe measured potentials vs. Hg/Hg@s converted to RHE by

Nernst equation,
% %, TBIL®WOGES (2.1)

where EgHgo, ande S are the measured potential and standard potential of Hig®.

polarization curves for HER and OER were recorded by linearpwagammety with a

scan rate of 2.0 mVsin the range 0.075~0.425V vs RHE/ 1.1251.625 V vs RHE,
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respectively. And the scan rate for activation was set to 50 W\Besides, all the
electrocatalyticmeasurements are performed at room temperature and iR veasor
compensated by current interruption method. To evaluating electrochemical test system,

commercial Ni foam was adopted as a reference for the polarization curves.

2.2.2Electrochemical impedaice spectroscopy

Electrochemical impedance spectroscopyS{Especifically is related to internal
chargetransfer resistance of electrode and charganster resistance at the
electrode/electrolyte interface in the electrochemical cell. When a voltage is applied on
electrodes in the electrolyte, two layers of it opposing polarity form, which is the
double layer. One layer is at the surface oftetele and the other locates in the electrolyte.

The structure of the double layer is similar with an electrical condenser constituted by two

1 ngh frequency Low freque[\cy

-Zimag (ohm)

Zreal (ohm)

Figure12 Nyquist plots fitting with simplifyingRandlesequivalentcircuit.
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charged areas separateda dielectric. Formed twdouble layer functionally equals to a
capacitancewhich playsan important role

The equivalent circuit was shown in Fifjl, wherethe capacitance andhe
resistance are corresponding to the double layer, and an addit&isneesquals tahe
ohmic drop due to the electron transfer resistance from the electrolyte. Electrochemical
impedance is usually applied an AC potential with changed frequency to an
electrochemical cell and measure the resistance through the celfedbhency normally
ranges between 100 KHz to 0.1 ffzg. 12). Equivalent circuit (1)n Fig. 12just describe
the ideal situation of capacitor, but the capacitance of double laygrosaibly changed
with ion concentrationsurface morphology antempeature electrolyte. The constant
phase element usually was recommended to substitute the cajaditer equivalent

circuit.
Potentiostat
Al H |

G
|
¢ . EfF
D

Counter electrode Working electrode

Figurel3 Three electrode configuration system for electrochemical measute
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EIS data is presented through the Nyquist Plot, then nateite the equivalent
circuit by the model fitting until the curve gemaeed fit well with the measured data. The
internal chargdransfer resistance of electrode, charge transfer resistance at the
electrode/electrolyte interface, and the capacitanceudilddayer can be obtained.

2.2.3 iR compensation

iR compensation issed for correcting voltage drop induced by complicated
electrochemical system in electrolysis cell, especially for the situation where we have large
current and unregular geometry shapig.13 shows the normal electrolysis cell, and its
equivalent circuitwas presented in Fid4. During the electrolysis process, we want to

control and measure the voltage between E and F, which can be expressed as

AR 0o Y o, @2

High Impedance Electrometer

Current
Measurer

Zreference Reference

} electrode
\ Current
? Interrupt
Switch G
Il
C D . E—I—F

|
C Rsolution o] C
gccable counter faradaic

Figure 14 Schematic of equivalent circuit of threkectrodes configuratic
measurement in electrolysis cell.
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where \¢, and Vi are the voltage of electrolyte sace and metal surface of the working
electrode, respectively.éasurelS Voltage of working electrode that we pursue, agg V
known as opewircuit voltage, is a constant offset voltage caused by the potential
difference between working electrode ancerefice electrodegel and R are the current
flowing through the circuit and resistance between the tip of the Luggitiary and the

electrolyte surface of the working electrode. In the equatieBssWe lcel, and Voc can be

read by the equipment, and iR compensation stands fpr the 2 . From the equation,

it can be concluded that iR compensation appliesnanmous influence on the output
voltage, but it is very difficult to correct this existedragr instantaneously during
electrolysis because of sophisticated chemical and @tystaation. Fortunately, there are
two classic methods offered by most of electrochemical workstation to carry out iR
compensation, known as current interrupt iR compenséCl), and positive feedback iR

compensation (PF). Cl propose an instantaneaibad to obtain the voltage drop across
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Figurel5 Current interruption for iR compensation.
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the R. The moment that current in the electrolyte cell is cut off and put back (duration is
about 10>s to 30000>s), the cell vokge will be read immediately before and after this
current interruption. Duetotiear adai ¢ capacitord6s character
(solid back square), the signal of cell voltage was presentéd.id5 which is referred to
the voltage dvp by R. The estimated, is calculated by

6 6 6 6 , (2.3

Tablel Advantages and disadvantages of current interruption and positive feedback

Disadvantages
iR compensation Advantages

Current
Interruption

T No prior knowledge of Ris 1 Need for a large faradiad

reqUIredh . capacitance
1 Rocaljc ange during an ! Time-perpoint
experimen imitati
limitations

1 Compensation is independent
the current range

I Scan parameters such as ramy
limits and scan rates are
corrected automatically

1 Rfaradiac should be
larger tha Ro

1 Value of Ro must be less
than a limit

Positive

Feedback 1 Roneeds to be known

before beginning test

1 Reasonable in very fast 1 Error occur if R changes
measurement during the measurement

I Scan parameters such as ramy 1 The current range must
limits and scan rates are not chang during the
corrected experiment

1 PFcanlead to
potentiostat oscillation

It can be observed that the system is very sensitive and precise from the equation and the
figure due to the extremely short interval, like from a few millivolts to a few hundred

millivolts, from which the voltage reading is also small. There is a bigilphigsof the
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